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Abstract: Cucumber is the most important vegetable crop in the Cucurbitaceae family. Condon
usage bias (CUB) is a valuable character of species evolution. However, there is little research on
the CUB of cucumber. Thus, this study analyzes the codon usage patterns of cucumber and its
relatives within Cucurbitaceae on the genomic level. The analysis of fundamental indicators of
codon characteristics shows that it was slightly GC poor, and there was weak codon usage bias
in cucumber. We conduct the analysis of neutrality plot, ENC plot, P2 index, and COA indicates
that the nucleotide composition, mutation pressure, and translational selection might play roles
in CUB in cucumber and its relatives. Among these factors, nucleotide composition might play
the most critical role. Based on these analyses, 30 optimal codons were identified in cucumber,
most of them ending with U or A. Meanwhile, based on the RSCU values of species, a cluster tree
was constructed, in which the situation of cucumber is consistent with the current taxonomic and
evolutionary studies in Cucurbitaceae. This study systematically compared the CUB patterns and
shaping factors of cucumber and its relatives, laying a foundation for future research on genetic
engineering and evolutionary mechanisms in Cucurbitaceae.

Keywords: Cucumis; Cucurbitaceae; the synonymous codon usage patterns; codon usage bias; RSCU;
optimal codon

1. Introduction

Cucumber (Cucumis sativus L.), having high-quality genome information, was the first
vegetable crop to be sequenced, and it is widely cultivated worldwide as one of the most
economically important vegetable crop species [1]. The research on cucumber involves
many fields, including breeding [2,3], protected cultivation [4,5], disease control [6,7], biotic
and abiotic stresses [8,9], and metabolic regulation [10,11]. With the rapid development
of sequencing and omics technology, the released genomic information of cucumber and
its related species is growing abundantly, which speeds up the research progress in these
fields [12-14].

Melon (Cucumis melo L.), with a larger genome than cucumber, is the second crop
sequenced in Cucurbitaceae. It has 27,427 annotated protein-coding genes, and it was
believed that transposon amplification is the reason for its genome enlargement [15].
Subsequently, the genomes of watermelon (Citrullus lanatus L.) [16], bitter gourd
(Momordica charantia L.) [17], and bottle gourd (Lagenaria siceraria L.) [18] were sequenced.
The genomic information of four species of Cucurbita (Cucurbita maxima L., Cucurbita
moschata L., Cucurbita pepo L., and Cucurbita argyrosperma L.) has also been released one
after another [19-21]. Not long ago, the genome sequences of snake gourd (Trichosanthes
anguina L.) [22] and chayote (Sechium edule L.) [23] were released by Chinese scholars.
Due to the rapid development of sequencing technology and bioinformatics analysis meth-
ods, the newly released genomes have reached the assembly level of chromosome level.
Comparative genomic analysis is growing in-depth, showing the evolutionary process
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between species, including detection of paleoploidization (whole genome duplication
(WGD)) events. The disclosure of such information provides basic materials for a deep
understanding of the structure and function of the plant genome at the whole genome
level. It provides an opportunity to improve the characteristics of Cucurbitaceae crops at
the molecular level.

Condon usage bias (CUB) is an important phenomenon that can reflect the evolution-
ary relationship of species to some extent [24-26]. Among the 20 amino acids making up
the organisms, except methionine and tryptophan, the other 18 amino acids are encoded
by two to six codons. The synonymous codons usage frequency is often different in gene
translation into protein. In different organisms, there is also a difference in the preferences
for synonymous codons. Such preference for the use of synonymous codons is called
CUB. The evaluation indicators of CUB usually include relative synonymous codon usage
(RSCU) [27], codon adaptation index (CAI) [28,29], effective number of codons (ENC) [30],
frequency of optimal codons (FOP) [31], and codon bias index (CBI) [32]. It is considered
that the formation of CUB is affected by various factors, including GC contents, muta-
tion pressure, natural selection, expression level, and protein length [31,33,34]. Species
with close genetic relationships often have similar CUB characteristics due to bearing
comparable evolutionary pressure [25,26].

The acquisition of genome sequence coding data may be an effective way to speculate
on gene products, gene functions, and species evolution. With the publication of genome-
wide sequences of more and more species, including prokaryotes and eukaryotes, there
are more possibilities to explore the characteristics of CUB at the genome-wide level, such
as in rice, maize, and apples [35-37]. However, in addition to the codon usage table
obtained from the study of melon transcriptome data, the study on the CUB characteristics
of Cucurbitaceae crops represented by cucumber has few relevant reports [38].

In this study, the CUB characteristics of cucumber and the other nine Cucurbitaceae
crops at the genomic level were analyzed through multivariate mathematics, and the
causes of their formation were also explored. At the same time, we identified the optimal
codons of each species and carried out species clustering based on synonymous codon
usage patterns. This work might help us better understand the patterns of codon bias in
Cucurbitaceae and provide help for future research on genetic engineering and molecular
evolution of these species.

2. Materials and Methods
2.1. Sequences Acquisition

The complete coding sequences (CDSs) of B. hispida, C. lanatus, C. maxima, C. melo, C.
moschata, C. pepo, C. sativus, L. siceraria, S. edule and T. anguina were firstly downloaded
from the website of CuGenDB (http:/ /cucurbitgenomics.org (accessed on 16 May 2021)).
Then, they were selected by a homemade Perl script according to the following rules:
(1) each sequence begins with ATG and ends with TAA, TAG, or TGA; (2) the length of
each sequence is greater than 300 bp and can be divided by three; and (3) there was no
intermediate stop codon in each sequence. Finally, a new sequence set was made for
downstream analyses. A total of 20,274 CDS of the whole genome in Cucumis sativus were
selected, including 8,136,638 codons. Meanwhile, a total of 208,519 CDS were selected
from the other nine sequenced species to carry out comparative analysis in Cucurbitaceae.
The information about sequence sources and the numbers before and after selection of each
species are recorded in Table 1.
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Table 1. Sequence information before and after selection in ten species of Cucurbitaceae.

Species Common Names Abbreviations Before Seleftzrsl Numl;\ef:; Selection Sequence Source
Benincasa hispida Wax gourd Bhi 27467 19865 CuGenDB
Citrullus lanatus Watermelon Cla 22596 19904 CuGenDB
Cucurbita maxima Rimu Cma 32076 27769 CuGenDB

Cucumis melo Melon Cme 29980 21959 CuGenDB
Cucurbita moschata Rifu Cmo 32205 28423 CuGenDB
Cucurbita pepo Zucchini Cpe 27868 22990 CuGenDB
Cucumis sativus Cucumber Csa 24317 20274 CuGenDB
Lagenaria siceraria Bottle gourd Lsi 22472 19307 CuGenDB
Sechium edule Chayote Sed 28237 26761 CuGenDB
Trichosanthes Snake gourd Tan 22874 21541 CuGenDB

anguina

2.2. Nucleotide Composition Analysis

GC contents of the triplet codon at different positions (GC1, GC2, and GC3) and as
a whole (GCall) of each sequence were calculated by Perl scripts (downloaded from the
website: https://github.com/hxiang1019/calc_GC_content.git (accessed on 5 September
2021)). The frequency of the synonymous codon at the third position of adenine, thymine,
guanine, and cytosine (A3s, T3s, G3s, and T3s) and total frequency of guanine and cytosine
(GC3s) were calculated by CodonW software (http://codonw.sourceforge.net/, version:
1.4.2 (accessed on 5 September 2021)) with default parameters [39].

2.3. Indicators of Codon Usage

The effective number of codons (ENC), codon adaption index (CAI), and relative
synonymous codon usage (RSCU) for each sequence and the whole genome were calculated
by CodonW software with default parameters.

ENC represents the capacity for codons to encode amino acids. The value range of
ENC is 20 (when only one codon is used for each amino acid) to 61 (when each codon is
used equally). The smaller value of ENC represents the greater bias [30,40].

CAl is a quantitative index, which calculates the similarity of synonymous codon
usage compared with the reference set. It is usually used to measure the relative expression
of genes. CAl value is between 0 and 1. The higher value of CAI represents the more robust
adaptability, namely the higher relative expression level [28].

RSCU is used to measure the overall CUB among genes. It is defined as the ratio
between the number of times a synonymous codon is used and the number of times it is
expected to appear. The expected number of occurrences is the average number of uses of
all codons of the amino acid encoded by the codon. The following formula calculates it:

RSCU = %ni, x;j represents the frequency of codon j encoding for the ith amino acid, n;
j i

represents the number of synonymous codons encoding the i th amino acid.

For 59 codons, when the calculated RSCU value of a codon is greater than 1, it
indicates that this codon has a high frequency of use among all synonymous codons [41,42].
To illustrate the distribution of RSCU values at different positions of codons, a heatmap
was drawn by TBtools software [43], with the first two nucleotides of triplet codons as
ordinate and the third one as abscissa.

2.4. Correspondence Analysis and Correlation Analysis

Correspondence analysis (COA) was also conducted by CodonW software based on
RSCU values. The variation of skewness between sequences is decomposed into 59 axes
in the super dimensional quadrant. The correlation between the axis and codon usage
characteristics decreases with the order of axis; namely, the primary axes explain the
maximum changes in codon usage [44]. The distribution of different sequences or different
codons on the plane composed of the first two axes was drawn in the form of a scatter plot.
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Correlation analysis is used to determine the main factors affecting codon bias. The cor-
relation coefficient between them was calculated by the R language package to explain the
contribution of different influence factors to codon usage bias (CUB).

2.5. The Analysis of the Source of CUB

The effect of mutation pressure on CUB was analyzed by neutrality plot, with GC3
as abscissa and GC12 as ordinate. GC12 is the average of GC1 and GC2. If the correlation
coefficient between two axes is close to 1, all points are close to the diagonal, indicating
that mutation pressure, rather than natural selection, determines the CUB [45,46].

To analyze the effects of nucleotide composition and natural selection, an ENC plot
was drawn with GC3s as abscissa and ENC as ordinate. The standard curve represents the
expected value of ENC, which was calculated as following formula: ENCexp =2 + GC3s +
29/(GC3s? + (1 — GC3s)?) [47]. If the points fall on or close to the curve, GC3s is the only
determinant of CUB. If the points fall below the curve, natural selection is the determining
factor [30,48].

To identify the effect of gene expression level or protein length on CUB, a scatter plot
was drawn with CAI or protein length as abscissa and ENC as ordinate. The relationship
between purine (A and G) and pyrimidine (T and C) in codon composition could also
be indicated by the indicator of translation option (P2), which can be used to measure
the efficiency of codon—anticodon interactions and to evaluate the translation efficiency.
The value of P2 can be calculated according to the following equation: P2 = %ﬂi‘iv
where W=AorU,S=CorG, Y =Cor U.If the value of P2 is greater than 0.5, it indicates
that the bias of codon use is affected by translation selection [49,50].

2.6. Identification of Optimal Codons

When the gene expression level changes, the frequency of the same codon will also
change. If the frequency of the same codon in the gene set at a high expression level is
significantly higher than that at a low expression level, the codon will be identified as
the optimal codon [28]. To determine optimal codons that contribute to the major trend
changes of codon usage, we selected two datasets of genes (5%) taken from each extreme
of the principle trend, namely Axis 1, using the ENC index. Then, we compared the
codon usage in these two bias sets and tested for significant differences. Here, optimal
codons in each species were calculated by CodonW software through a chi-square test with
default parameters.

2.7. RSCU-Based Cluster Analysis

Together with the other nine species, cucumber was clustered according to their
genomic RSCU values with horizontal clustering method by ggdendro package based on
the R language. Each species was used as an object, and the relative values of RSCU were
taken as variables.

2.8. Statistical Analysis and Graph Drawing

Microsoft Excel and R language programs were used to analyze the correlation based
on Spearman’s rank correlation. The graphs shown in this paper were drawn with ggplot2
based on the R language program, except where noted.

3. Results
3.1. Analysis of Codon Usage Patterns
3.1.1. Analysis of Codon Usage Indicators

GC content is one of the essential indicators reflecting genome characteristics. In cu-
cumber, the GC content of individual genes ranged from 28% to 67.3%, with an average
value of 44.2% and 81.13% genes ranged at 40-50% with a unimodal distribution pattern
which was consisted with studies in the dicot plant genome. In ten species of Cucurbitaceae,
the average GC contents were from 44% (in C. melo) to 46.2% (in C. pepo), indicating that
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they were all slightly GC poor. Among them, three species of Cucurbita had values of more
than 46% with similar distribution, and snake gourd and chayote were only slightly higher
than 45%. The other four species had values of around 44% and a similar GC content
distribution with cucumber (Figure 1).

% Species

;%; [ ] Bhi
_%; [ ] cia
5 % | Cma

- | Cme
B o [ | Cmo
—%: I Cpe
—% [ Csa
<>: B

C | Sed

| Tan

20
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GC content (%)

Figure 1. Distribution of the GC contents of genes in ten species of Cucurbitaceae. Note: X-axis indicates the percentage of

GC contents, and Y-axis indicates each species. Abbreviations are used for species names (refer to Table 1 for details).

In cucumber, the GC contents in three codons’ positions (GC1, GC2, and GC3) were
50%, 40.8%, and 41.5%, respectively. The second position had the lowest GC content,
and the first position had the highest. The other nine species had the same characteristics,
with GC1 around 50% and GC2 around 40%. In all codon positions, two species in Cucumis
had the lowest GC contents, and three species in Cucurbita had the highest ones.

The effective number of codons (ENC) value represents the capacity for codons to
encode amino acids, ranging from 20 (which means only one codon is used for each
amino acid) to 61 (which means each codon is used equally). A value below 35 repre-
sents the high bias of codon usage and above 50 represents the weak bias. In cucumber,
the ENC values ranged from 26 to 61, with an average value of 52.4. According to the
statistics, only 22 genes (0.11%) had ENC values less than 35 with higher bias, while 75.54%
of genes had values more than 50 with weaker bias. Together with cucumber, melon also
had about 74.98% genes with a weaker bias, which was the lowest proportion among these
ten species.

Compared with two Cucumis species, three Cucurbita species had the most significant
proportion of genes with a weaker bias, reaching more than 85%. The other five species
had this proportion from 76% to 80%. In each species, the proportion of genes with an ENC
value less than 35 was tiny, about no more than 0.3%, and the average value of ENC was
around 53. These results indicate that the species in Cucurbitaceae all had a weak bias in
codon usage; the Cucurbita genus had relatively lower biases, and the Cucumis genus had
relatively higher ones.

3.1.2. RSCU Analysis

To further investigate features of codon usage patterns and intuitively display the
preference of different codon positions for each type of base, we drew a heat map to show
the variation characteristics of relative synonymous codon usage (RSCU) values for each
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species (Figure 2). In cucumber, 26 codons called preference codons had values of RSCU
more than one, most of which ended with U, and none ended with C. Only one codon
had an RSCU value of more than 1.8, namely AGA. In the other nine species, there was
a similar distribution of RSCU on the different endings of codons. Only the number of
preferred codons ending in A or G varies slightly among species. These results suggest
that cucumber and the other nine species of Cucurbitaceae have similar preferences for

codons ending in U.
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Figure 2. Heat map of relative synonymous codon usage (RSCU) values of ten species of Cucurbitaceae. Note: The vertical
axis represents the first two bases of the codons, and the horizontal axis represents the third-base corresponding to each
species. Abbreviations are used for species names (refer to Table 1 for details). The digits under UAGC represent the number
of codons ending with corresponding bases with the RSCU value greater than one. The digits underneath the abbreviation
of the species name represent the number of codons with the RSCU value greater than one in the related species. Blue to red
color indicates low to high RSCU values. The blank spaces indicate three stop codons (UAA, UAG, and UGA) and two
nonsynonymous codons (AUG and UGG). The size of circles also indicates the relative values of RSCU. This figure is drawn

by TBtools software.

3.2. Analysis of Factors for CUB

To determine which factors affect codon usage bias (CUB) in cucumber and its relative
species, correspondence analysis (COA) was conducted by codonW, and a multivariate
statistical method was used to calculate correlations between different indicators.

3.2.1. Correspondence Analysis

By COA analysis, all genes of each species were distributed in the space of 59 hyperdi-
mensional axes, which could illustrate codon usage changes in different genes. The first
axis explains the maximum changes in codon usage, and the interpretation rate of the other
58 axes decreases in turn. In cucumber, the first two axes contribute 18.66%. The coordinate
of each gene or codon on the two principal axes (Axes 1 and 2) is shown in Figures 3 and 4.
The results showed that three types of genes with different GC contents can be distin-
guished by the first axis, and there are strong correlations between GC contents and the
first axis in each species (Figures 3 and A1). Moreover, AU-ending or GC-ending codons
could be separated by the first axis. Figure 4 shows the almost complete separation of
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G-ending codons and C-ending codons along the second axis. The exception here is the
AGC that encodes serines and GAC that encodes aspartic. It is worth noting that AGC and
G-ending codons are in the same quadrant, which exists in all ten species studied here,
while AGC and GAC are in the same quadrant with G-ending codons, which only exists in
melon. These results suggest that as the first axis was the major contributor to codon usage
changes in each species, nucleotide composition, especially in the third position of codons
were closely related to the codon bias in cucumber and relative species.
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Figure 3. Correspondence analysis of CUB of ten species of Cucurbitaceae: the distribution of genes is shown along the first
and second axes. Note: The red, green, and blue dots represent the genes with GC content higher than 60%, within 45-60%,

and lower than 45%.
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Figure 4. Correspondence analysis of CUB of ten species of Cucurbitaceae: the distribution of codons is shown along

the first and second axes. Note: The red, green, blue, and purple dots represent the codons ending with A, C, G, and U.
The outlier points are marked with the names of the corresponding codons.

3.2.2. Neutral Plot Analysis

To explore the effect of mutation pressure on codon usage bias, the GC contents of
each position of codons were calculated for each gene, and the distribution of all the genes
on the scatter plot of GC3 and GC12 was observed (Figure 5). In cucumber, there was
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B. hispida

GC12

a significantly positive correlation between GC3 and GC12 (r = 0.173, p < 0.01), and the
slope of the regression line was 0.099, illustrating the effect of mutation pressure on codon
usage bias was about 9.9%. In the other nine species, there were also significant positive
correlations between GC3 and GC12. The correlation coefficients ranged from 0.167 to 0.336,
and the slope was ranged from 0.074 to 0.153. Thus, mutation pressure played a weak role
in the codon usage bias of cucumber and relative species, and Cucurbita was less affected
by mutation pressures than cucumbers.
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Figure 5. Neutrality plot analysis of genes in ten species of Cucurbitaceae. The vertical axis represents the GC content in the

first two bases of the codon, and the horizontal axis represents the GC content in the third base. The points on the diagonal
represent that the content of GC3 is equal to that of Gc12, indicating that codon usage bias is mainly affected by mutation.
Otherwise, it was affected by natural selection. The red line represents the linear regression line. Here, the regression
equation and the correlation coefficients of GC12 and GC3 of each graph are as follows: Bhi: y = 0.153x + 0.391, r = 0.286,
p <0.01; Cla: y =0.119x + 0.405, r = 0.232, p < 0.01; Cma: y = 0.092x + 0.42, r = 0.194, p < 0.01; Cme: y = 0.144x + 0.391, r = 0.249,
p <0.01; Cmo: y = 0.094x + 0.419, r = 0.197, p < 0.01; Cpe: y = 0.074x + 0.431, r = 0.167, p < 0.01; Csa: y = 0.099x + 0.413,
r=0.173,p <0.01; Lsi: y = 0.13x + 0.4, r = 0.252, p < 0.01; Sed: y = 0.143x + 0.394, r= 0.336, p < 0.01; Tan: y = 0.133x + 0.398,

r=0.289, p < 0.01.

3.2.3. ENC Plot Analysis

The ENC plot is an effective method to illustrate the codon usage patterns, especially
to detect the influence of GC3s on CUB. Here, it was conducted on genomes of cucumber
and its close species (Figure 6). The results showed that there were similar patterns in
the ENC plot. The distribution trends of genes were close to the expected curve. Among
these species, most of the genes were under the standard curve, which means it can be
inferred that natural selection might play a role in codon usage bias in cucumber and its
close species.

To explore a more accurate relationship between observed and expected ENC values,
the ENC ratio and its distribution were calculated and plotted (Figure 7). About 80% of the
genes had ENC ratios ranging from 0 to 0.15 in each species, indicating that most of the
genes had ENC values very close to expected ones based on the GC3s.
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3.2.4. Analysis of Gene Expression Level, Protein Length, and Translational Selection

Codon adaption index (CAI) has been used to estimate the expressivity of genes.
The correlation between CAI and ENC was calculated and plotted to evaluate the effect of
gene expression on codon usage bias in cucumber and its relatives (Figure 8). The results
show that the absolute value of the correlation coefficient was less than 0.05 in each species,
although the correlation was significant except for in snake gourd. It can be inferred from
these results that the gene expression level might have little effect on codon usage bias in
species of Cucurbitaceae.

N
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Figure 8. The plot of ENC vs. gene expression level in ten species of Cucurbitaceae. Note: the horizontal axis is the value of
CALI the vertical axis is the value of ENC.

To evaluate the effect of protein length on codon usage bias in cucumber and its
relatives, the correlation between protein length and ENC was calculated and plotted
(Figure 9). In cucumber, there was a significantly negative correlation between ENC and
protein length (r = —0.042, p < 0.01). In melon, the correlation was similar (r = —0.014,
p <0.01). In chayote and wax gourd, there were significant positive correlations between
them, while in other species of Cucurbitaceae, there was no significant correlation. It can be
inferred from these results that the protein length might have little effect on codon usage
bias in cucumber, melon, chayote, and wax gourd, while in other relative species, there
were no such effects.

Based on the RSCU values, the P2 indicators were calculated to investigate the effect
of translational selection on codon usage bias (Table 2). Compared with other species, the
values of SSU and WWU were higher, and the values of SSC and WWC were lower in
cucumber and melon, indicating more preference for U in the third position of codons of
them. In cucumber, the P2 was 0.5201, and in the other nine species, the values were all
greater than 0.5, ranging from 0.5047 to 0.5216, suggesting that the translational selection
might play a role in codon usage bias in each species.
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Table 2. The P2 analysis of CUB in ten species of Cucurbitaceae.

Species SSU WWU SSC WWC P2
B. hispida 4.92 5.08 2.67 3.21 0.5120
C. lanatus 4.90 5.06 2.71 3.24 0.5116
C. maxima 4.81 4.85 2.83 3.46 0.5185

C. melo 5.06 5.10 2.57 3.17 0.5176

C. moschata 4.81 4.83 2.83 3.47 0.5194

C. pepo 4.88 4.86 2.79 3.46 0.5216
C. sativus 5.11 5.11 2.53 3.17 0.5201
L. siceraria 4.92 5.08 2.70 3.21 0.5110

S. edule 4.68 4.96 2.93 3.36 0.5047
T. anguina 4.76 5.00 2.81 3.30 0.5079

3.2.5. Correlation Analysis

To reflect the relationship between different indicators of codon usage, especially be-
tween them and the two main axes, the correlation between them was calculated (Table S1).
In cucumber, the first axis significantly correlated with GC3s, ENC, codon adaptation
index (CAI), and protein length (r = 0.893, 0.357, 0.302, and —0.282, respectively, p < 0.01),
indicating that nucleotide composition had a more important influence on CUB. So, the
correlation between GC3s and others was further explored. There were also significant
correlations existing in GC3s and ENC (r = 0.350, p < 0.01), GC3s and CAI (r = 0.230,
p <0.01), GC3s and protein length (r = —0.279, p < 0.01). Such correlations between indi-
cators were like those in other species except for chayote. In the chayote, there were no
significant correlations between the first axis and ENC (p > 0.05) and none between the
GC3s and ENC (p > 0.05). Other significant correlations detected in cucumber also existed
in chayote. These results inferred that the nucleotide composition had an important effect
on the formation of codon usage bias in cucumber and relative species.

3.3. Application of CUB

Based on the analysis of codon usage patterns of cucumber and its close species,
the optimal codons were further identified, helping to improve the efficiency of genetic
transformation and analyzing the relationship between these ten species in Cucurbitaceae
based on their respective RSCU values at the genomic level.
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3.3.1. Identification of Optimal Codons

To identify optimal codons, we firstly chose two datasets comparing 5% of the total
genes using the ENC index from the extreme right and left based on the principal trend,
namely axis 1 (which represented major trend changes of codon usage). Then, we used
the two-way chi-square test to identify codons with significant differences in two biased
sets. The results show that there were 30 optimal codons for 18 amino acids identified in
cucumber, including 16, 12, and 2 U, A, and G-ending codons (Table 3). Leucine has the
largest number of optimal codons, i.e., four. The same results were identified in melon, wax
gourd, bottle gourd, and watermelon. In three species of Cucurbita and snake gourd, there
was one more optimal codon in each species, namely CGU for arginine, while in chayote,
there were two more optimal codons, namely CGU and CGA for arginine. These results
may provide helpful information for the genetic transformation of the gourd crop in
the future.

Table 3. Optimal codons identified in ten species of Cucurbitaceae.

Optimal Codons

Amino Acids U-Ending A-Ending G-Ending
Ala GCU GCA
Arg (CGU) AGA (CGA) AGG
Asn AAU
Asp GAU
Cys UGU
Gln CAA
Glu GAA
Gly GGU GGA
His CAU
Ile AUU AUA
Leu CuU UUA CUA UuuG
Lys AAA
Phe uuu
Pro CCUu CCA
Ser uCuU AGU UCA
Thr ACU ACA
Tyr UAU
Val GUU GUA

Note: the codons shown in bold in brackets are not common optimal codons in ten species.

3.3.2. RSCU-Based Cluster Analysis

To reflect the relationship between cucumber and other plants in the same family,
ten Cucurbitaceae species were clustered according to the RSCU values representing their
respective CUB (Figure 10). The results show that ten species were clustered into four cat-
egories. Among them, cucumber, and melon of Cucumis, three species of Cucurbita were
well classified into each category, respectively. Watermelon, wax gourd, and bottle gourd
were clustered together, closing to Cucumis. Snake gourd and chayote were grouped, which
are more closely related to Cucurbita. From the recent genome study of chayote, the evo-
lutionary tree of Cucurbitaceae constructed by protein sequences showed that cucumber
and melon had the closest evolutionary relationship, and snake gourd and chayote had the
most intimate evolutionary relationship, which was consistent with our study. At the same
time, there is still some difference in these two cluster methods about the classification
location of Cucurbita [22,23]. These results indicated that species clustering based on RSCU
values could provide a reference for their evolution and classification relationship.
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Figure 10. Cluster tree based on the RSCU values of ten species of Cucurbitaceae. Note: the horizontal
axis represents the height of horizontal clustering. The cluster tree is calculated and drawn by the
ggdendro package based on the R language.

4. Discussion

Codon usage bias (CUB), which plays a vital role in gene regulation and molecular
evolution, widely exists in all kinds of organisms, both prokaryotes and eukaryotes [31,41].
However, the extent of preference for synonymous codons varies among species. At the
genomic level, investigation on the characteristics of CUB and analysis of the evolutionary
pressure that led to its formation are significant in studies of genome biology. In the present
study, CUB and its source in cucumber were firstly genome-wide analyzed and compared
within Cucurbitaceae.

The strength of CUB can usually be measured by the effective number of codons
(ENC), showing the difference between the usage of synonymous codons with the same
frequency and the statistical ones from codon usage data alone. When synonymous codons
are equally used to coding the amino acid, meaning there is no CUB, the value of ENC is
equal to sixty-one. In the case of extreme bias, namely, twenty amino acids being one-to-
one relative to twenty codons, the value of ENC is equal to twenty [30,39]. In our study,
the ENC values of about three-quarters of genes in cucumber and melon genomes were
greater than 50, indicating that the CUB of most genes was relatively weak. While in the
genome of Cucurbita, this proportion reached more than 85%, showing that the proportion
of genes with weak bias was relatively larger. The results of comparative studies among
species about the distribution of ENC values illustrated that the CUB of cucumber was
relatively the strongest, although the CUB of Cucurbitaceae crops was generally weak.

A multivariate statistical method to carry out COA could be used to identify the
sources of differences in synonymous codon use among genes. Studies on CUB in peony
and lonicerae flos, in which the mutation is the most determinant factor, illustrated that
the genes with different GC content could be separated along the first axis [51,52]. Similar
features were observed in our study, and there is more evidence to support the importance
of nucleotide composition. The absolute value of the correlation coefficient between the
principal axis and GC3s was the highest. GC3s, representing nucleotide composition,
also had extremely significant correlations with other indexes. The second axis also had
significant correlation with these indexes. Although the absolute value of the correlation
coefficient between the second axis and GC3 was only 0.14, the distinction between the
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second axis and the G or C nucleotide at the third position of the triplet codon could also
be seen (Figure 4).

CUB feature and source analysis have essential applications in some respects. In pro-
ducing antibodies and vaccines or transgenic crops, heterologous gene expression is usually
implemented as biotechnology operations. Understanding host CUB characteristics would
help improve the expression efficiency of foreign genes and further improve the yield
of target products [53-55]. Therefore, the identification of the optimal codon and codon
optimization of the foreign gene based on host CUB are of practical significance. In our
study, 30 optimal codons for 18 amino acids were identified in the cucumber genome,
which will contribute to creating transgenic cucumber with better characteristics.

The classification and evolutionary relationship of species were usually studied by tra-
ditional morphology, karyotype analysis, isozyme analysis, and molecular markers [53,54].
Clustering based on RSCU values, representing CUB characteristics for species, would also
be used to explain the evolutionary relationship of species. Studies based on molecular
and genomic sequences believe that a whole-genome duplication (WGD) event occurred
in about 130-150 Mya of Cucurbitaceae after the divergence of monocotyledons and di-
cotyledons, and Cucurbita diverged from Cucumis occurred 27-25 Mya [22,23]. According
to the evolutionary tree from the above research, Cucumis has closer relationships with
watermelon and wax gourd than Cucurbita, consistent with our study based on CUB. Unlike
our research, a study on CUB in four sequenced cotton species found that RSCU-based
cluster analysis could not reflect the evolutionary relationship among cotton species [55].
For this contradiction, we speculate that RSCU-based cluster analysis is effective at the
family and genus level, although it is not sensitive at the species level due to the high
consistency of CUB.

5. Conclusions

In the present study, the genome-wide codon usage pattern and its shaping factors
in C. sativus were analyzed and compared with nine species in Cucurbitaceae. The anal-
ysis of the distribution of GC content and ENC values throughout the genome showed
that the genomic CUB of Cucurbitaceae plants studied were all weak, and cucumber
was relatively high. These species have similar preferences on codons ending with U.
The principal axis had significant correlations with GC3s, ENC, CAI, and protein length.
Nucleotide composition might play a significant role in CUB, while mutation pressure,
natural selection, together with effects of gene expression level, might play relatively weak
roles in CUB. Using the analysis results of CUB, 30 optimal codons were identified in
the cucumber genome, most of them ending with U or A. Meanwhile, a cluster tree was
constructed based on the relative synonymous codon usage (RSCU) values of these ten
species, showing that cucumber, together with melon, had closer relation with wax gourd,
watermelon, and bottle gourd rather than Cucurbita. These findings may play essential
roles in the studies of molecular evolution and genetic engineering in cucumber and species
within Cucurbitaceae.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11112289/s1, Table S1: Correlation analysis of codon usage index in genomes of ten
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Figure Al. Correspondence analysis of genes in ten species of Cucurbitaceae: the distribution of genes is shown
along the first axis and GC content. The vertical axis represents the GC content, and the horizontal axis represents
the first Axis. Note: The red, green, and blue dots represent the genes with GC content higher than 60%, within
45-60%, and lower than 45%. Bold black line represents the linear regression line. Here, the regression equation
and the correlation coefficients of GC12 and GC3 of each graph are as follows: Bhi: y = —0.174x + 0.448, r = —0.810,
p <0.01; Cla: y = —0.166x + 0.449, r = —0.810, p < 0.01; Cma: y = —0.167x + 0.46, r = —0.811, p < 0.01; Cme: y = 0.171x + 0.441,
r =0.784, p < 0.01; Cmo: y = 0.167x + 0.461, r = 0.812, p < 0.01; Cpe: y = —0.161x + 0.463, r = —0.824, p < 0.01;
Csa: y =0.160x + 0.441, r = 0.770, p < 0.01; Lsi: y = 0.168x + 0.447, r = 0.811, p < 0.01; Sed: y = —0.178x + 0.457,
r=—0.865,p <0.01; Tan: y = 0.171x + 0.453, r = 0.839, p < 0.01.
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