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Abstract To detect the codon usage characteristics of chloroplast genomes in Platycarya genus, the CodonW. CUSP and SPSSAU
software were employed to analyze the codon usage patterns of the chloroplast genomes protein-coding sequence in Platycarya
longipes and Platycarya strobilacea in this research. Results show that the GC content of chloroplast genomes was 37.75% and
37.80%, the average GC content in the 3rd position was 27.16% and 27.25%. the range of effective codon number from 35.19 to
56.98, and there were more than 2/3 genes when ENC value greater than 45, which indicated a weak preference. According to the
results of neutrality plot analysis, ENC-plot analysis and PR2-plot analysis, codon bias in most Platycarya chloroplast genes were
affected by natural selection, while a few were affected by mutations or other factors. And based on the ENC value, five groups of
high-expressed and low-expressed genes were identified, 16 codons were ended with A/U among the 18 optimal codons. The
research has implications on codon optimization, enhancing the expression efficiency of exogenous gene and phylogenetic analysis.
Keywords Platycarya; Chloroplast genomes; Codon bias; Optimal codons

Chloroplast is an important photosynthetic organelle, which provides energy for plant growth and development,
the genetic information independent of nucleus and the chloroplast genome has a simple structure and a large
number of gene copies (Niu et al., 2018; Wang et al., 2019). It has the characteristics of self-reproduction and
maternal inheritance, and the genome size is between 120 and 160 KB (Suiura, 1992). The genetic information of
the chloroplast genome is highly conserved (Wang et al., 2012), generally considered that chloroplast DNA
(cpDNA) is a closed double-stranded circular molecule, and only a few linear molecules. Due to the high
homology of the chloroplast gene sequence, lead to the replication rate is higher than nuclear DNA, many
functions of the chloroplast genome have been annotated, thus becomes a powerful tool for plant systematics
research chloroplast genome (Freitas et al., 2016; Kong and Yang, 2016). CpDNA can be divided into three
categories: chloroplast photosynthetic genes, Chloroplast Expression Genes and other genes related to
biosynthesis (Li et al., 2019). With the development of high-throughput sequencing technology, the chloroplast
genomes of many woody plants such as Rosa chinensis, Cinnamomum camphora and Pinus massoniana have
been sequenced, and the analysis of codon bias has been completed, reveals that the chloroplast genome is
affected by natural selection in evolution, therefore, to analyze the chloroplast genome will provide inspiration for
understanding evolution and natural selection mechanisms.

The genetic information carried by DNA is transmitted in the form of codon during the transformation into protein
(Zhang et al., 2019). Every amino acid is encoded by 1-6 codons, the codons encoding the same amino acid are
called synonymous codons. Due to gene mutation and natural selection, a species or gene tends to use one or more
specific synonymous codons, which is called synonymous codon usage bias (Long et al., 2018; Wang et al, 2018;
Li et al., 2019). Codon usage patterns usually represent a balance between gene mutation and neutral selection,
and codon preference is also associated with phylogenetic relationships in some species (Wu, 2007; Zhao et al.,
2016). Therefore, the analysis of codon usage patterns will help to explore the molecular evolution of species, the
mechanism of protein action, the improvement of expression efficiency of exogenous genes and species
classification (Qin et al., 2013; Qi et al., 2015).
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Platycarya is a small deciduous tree of Juglandaceae, includes two species, Platycarya longipes and Platycarya
strobilacea, with unique fruit morphology, which is obviously different from other genera in Juglandaceae family.
The population of Platycarya in China is mainly distributed in Guizhou, Guangxi and Guangdong karst areas.
Studies have shown that there are a large number of ellagic acid and gallic acid (Wang, 2010; Liu et al., 2016),
quercetin and tannin in the fruits of Platycarya, and the leaves contain high levels of ascorbic acid (Yang, 2010),
Polysaccharides, tannins, and flavonoids can be used in clinic. In addition, as the main constructive species in the
karst ecological area, the genus Platycarya plays an important role in maintaining the stability of the karst forest
ecosystem (Xu et al., 2019).

In this study, the base composition and codon usage patterns of chloroplast genomes of two species of Platycarya
were analyzed, and the optimal codons were obtained, which would provide scientific reference for the application
and research of chloroplast genomes and genetic engineering of Platycarya plants.

1 Results and Analysis

1.1 Codon composition analysis

CodonW 1.4.2 and CUSP were used to analyze the codon composition of the chloroplast genomes of P. longipes
and P. strobilacea. The average GC content of the coding sequence of P. longipes was 37.75%, and the GC1, GC2,
GC3 and GC3s contents were 46.39%, 39.61%, 27.25% and 24.11%, respectively. The GC content of P,
strobilacea coding gene was 37.80%, GC1, GC2, GC3 and GC3s were 46.16%, 39.21%, 27.16% and 24.04%,
respectively. It can be seen that the GC is not evenly distributed on the codon, the base at the third position of the
codon is mainly A/T, and shows a trend of GC1 > GC2 > GC3 (Table 1).

The number of effective codons can reveal the degree of codon preference, the ENC value is negatively correlated
with the degree of codon preference. An ENC value less than 45 means that there is a preference for codons. In
this study, the ENC value of the chloroplast genome of P. longipes was 35.19~56.98, with an average of 46.37, the
ENC value of the chloroplast genome of P. strobilacea was 35.19~53.29, with an average of 46.31. There were 74
genes in the two species with ENC values greater than 45, accounting for 70% of the total coding sequences,
indicating that the codon preference of most of the protein-coding gene sequences of the chloroplast of the genus
Platycarya is not strong. It was found that the ENC values of rpsi4, ndhC, petD, rp12, ndhA and ndhB were quite
different between the two species, and the GC content and ENC value of most of the genes had very little
difference, indicating that the chloroplast coding genes of Platycarya are relatively conserved. The differences
between species are relatively small, which may be due to similar pressures on Platycarya during evolution.

The correlation analysis of the GCi, GCz, GCi2, GC3, GCan, GC3s content, the number of codons and ENC values
of the chloroplast genome in the genus Platycarya were performed, showed that GCan was significantly correlated
with GCi, GC, and GCs, GC; was significantly correlated with GC,, but there was no correlation between GCs
and GCi, GC,, and the three-position base composition of the codons is not similar, indicating that selection
pressure plays a major role in the formation of codon preference in the chloroplast genome of Platycarya, the
results show that ENC value is significantly correlated with GCs;s, indicating that the composition of the third base
of synonymous codons directly affects codon preference, The correlation analysis also showed that ENC value
was not only correlated with GCs;, but also significantly correlated with the length of genes (Table 2; Table 3).

RSCU (Relative Synonymous Codon Usage) refers to the probability of a specific codon in a certain amino acid in
synonymous codon. If the usage of codon is not preferred, the RSCU value of the codon is equal to 1, when the
RSCU of an amino acid is greater than 1, it means that the usage frequency of the codon is higher. The RSCU
values of Platycarya chloroplast genomes were analyzed by Codonwl.4.2, and the number of codons with
RSCU>1 in the two plants was 30, except for the codon UUG encoding leucine. 29 of them all end in A or U,
indicating that the codon preference of the chloroplast genome of the Platycarya ends in A and U, and UAA is
preferred in the use of the stop code, the highest and lowest values of RSCU were coding UUA and CUG of
leucine, the above analysis results show that the RSCU value and preference of codons between the two species
maintain a high degree of consistency (Table 4).
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Table 1 GC content and ENC values in different positions of codons in coding sequence of Platycarya cp genomes

Genes GC content of P. longips (%) GC content of P. strobilacea (%)

GCi GC GGCs GCan GCss ENC GCi GC2 GGCs GCan GCss ENC
psbA 49.72 4350 3220 41.81 27.80 40.36 49.72 4350 3220 41.81 27.80 40.89
matK 38.51 3143 2672 3222 2500 49.65 38.58 3150 2657 3222 2480  49.87
atpA 55.12 3976 2480 399 2320 4744 55.31 39.76  25.00 40.03 2340 47.50
atpF 4540 28.83 3252 3558 2950 51.28 4432  30.81 31.35 3550 2940  50.69
atpl 4879  36.69 2339 3629 2090 43.79 4879 2629 2379 3629 2130 43.83
rps2 43.04 4051 2743 3699 23.70 47.81 42.62 4051 2743 36.85 23.70 48.21
rpoC2 4554  36.19 2698 3624 2510 4854 4562 3601 27.12 3625 2510 48.51
rpoCl1 51.89 3655 2899 39.15 26.60 50.28 50.73 3732 2828 38.78 26.10  49.53
rpoB 50.14 37.82 2680 3825 2440 4794 4995 3791 2670  38.19 2430 47.76
psbD 52.54 4322 30.79 4218 2630 46.70 52.54 4322 3079 42.18 2630 @ 46.70
psbC 5498 46.10 29.44 4351 25.60 4640 53.89 4549 3197 4378 28.00 48.26
rpsi4 46.51 50.00 2791 4147 2560 36.09 4257 4752  30.69 4026 28.10 38.44
psaB 4858 4290 29.50 4032 25.00 4731 4871 4299 29.80  40.50 2530 47.59
psad 52.06 4354 31.16 4225 27.00 49.68 52.06 4354 31.16 4225 27.00 49.68
rps4 50.99 37.62 2574 3812 2440 49.84 50.99  37.13 2525 3779 2390 5048
ndhJ 50.94 37.74 30.19 39.62 2620 47.54 5094 3711 2956 3920 2550 4834
ndhK 4493 4449 2555 3833 2250 51.10 4493 4449 2555 3833 2250 50.8
ndhC 4558 3537 27.89 3628 2150 4494 46.28 33.88 23.14 3444 16.20  47.10
atpE 4851 39.55 30.60 39.55 27.60 48.53 48.51 39.55 30.60 39.55 27.60  48.53
atpB 56.50 4248 27.03 4201 2470 4449 56.50 4248 2683 4194 2450 44.36
rbeL 5840 43.70 2836 4349 2580 46.86 58.18 4410 2940 4389 2670 47.95
accD 4132 3373 2655 33.87 2370 4824 40.74  33.14 2729 3372 2450 48.13
yef4 4270  40.54 31.35 3820 27.60 50.93 42770  40.54  31.35 3820 27.60  50.93
cemA 37.83 2826 3261 3290 29.00 39.55 3739 2826 33.17 3361 28.60 39.49
petA 52.17 3571 3043 3944 29.10 48098 52.17 3571 3043 3944  29.10 49.64
pSbE 44.05 47.62 2857 40.08 25.00 46.7 44.05 4643  28.57 39.68 25.00 46.62
rpsi8 3725 41.18 2549 3464 2320 3822 3725 4118 2549 3464 2320 3822
rpl20 3390 40.68 23.73 3277 2190 4239 3390 40.68 2373 3277 2190 4239
psbB 5481 4637 28.09 43.09 2410 46.72 5481 4637 2790 43.03 2390 46.65
petB 49.08 4356 30.67 41.10 23.60 4296 49.07 41.67 29.17 3997 23.10 40.78
petD 51.08 3925 23.66 3799 2120 3947 5093  39.13 2236 3747 19.00 37.35
rpoA 4620 31.00 2371 33.64 21.60 49.01 46.50 31.61 2340 33.84 2120 4841
rpsil 51.80 56.12 25.18 4436 22.60 43.24 51.80 56.12 2590 44.60 2330 43.24
rps8 40.74  40.74 26.67 36.05 2520 4534 40.74 4148 2741 36.54 26.00 4591
rpli4 5447 3740 2195 3794 2020 46.48 53.66 3740 2276 3794 21.00 47.13
rpl16 51.67 5333 2667 4389 20.70 42.63 50.00 43.68 2647 4338 20.60 43.11
rps3 4823 3451 2345 3540 2040 49.98 48.64 3409 21.82 3485 19.30  48.89
rpl22 3413 3892 2395 3234 1970 4632 3333  38.67 2333 3178 19.10 46.21
rps19 4211 3474 23.16 3333 2090 5236 42.11 3474  23.16 3333 2090 5236
rpl2 4851 44.03 29.85 40.80 29.00 56.98 5127 48.00 31,64 4346 2990 52.68
rpl23 4043 4149 28.72 36.88 2330  48.65 4043 4149 28.72 36.88 2330  48.65
yef2 4143 3436 3660 3746 34.00 53.22 41.41 3440 3655 3745 3390 53.29
rps7 52.56 4487 2628 4124 2350 4571 52.56 4487 2628 4124 2350 4571
rpsl5 35.16 30.77 2637 30.77 2580 35.19 35.16  30.77 2637 30.77 25.80 35.19
ndhH 50.25 3579 26.14 3739 2120 46.31 50.25 3579 2665 3756 21.50 47.46
ndhA 48.19 39.38 2124 3627 1930 46.84 4384 3836 21.64 34.61 19.00 44.23
ndhl 4157 36.75 19.88 3273 1650  40.11 4157  36.75 19.28  32.53 1580  39.84
ndhG 44.07 3446 2825 3559 2540 46.76 44.07 3446  28.81 3578  26.00 47.75
ndhE 4158 33,66 19.80 31.68 1650 4293 41.18 3333 21.57 32.03 17.50 4325
psaC 4512 53,66 2683 41.87 2240  46.63 4512  53.66 26.83 41.87 2240  46.63
ndhD 4043 36.69 27.81 3498 24.00 4748 40.83 3649 2821 3517 2440  47.80
ndhF 3536 3443 2230 30.69 18.10 4293 35.71 3491 2251 31,04 18.50  43.14
ndhB 41.7 3725 3441 3779 3090 51.75 4133 3879 31.77 3730 2780 48.40
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Table 2 Correlation analysis of GC contents and related parameters in codons of P. longipes

Item GCi GC2 GCi2 GGCs GCan GCss N

GC2 0.461%*

GCr2 0.859%* 0.851%%*

GGCs 0.142 0.094 0.138

GCan 0.827%* 0.805%%* 0.955%* 0.426**

GCs;s 0.108 -0.012 0.057 0.919%* 0.327*

N -0.055 -0.27 -0.188 0.274 -0.09 0.325%*

ENC 0.171 -0.144 0.018 0.248 0.091 0.297* 0.291*
Note: **Correlations at a level of 0.01, *Correlations at a level of 0.05, N represents the number of codons

Table 3 Correlation analysis of GC contents and related parameters in codons of P, strobilacea

Item GCi GC2 GCi2 GGCs GCan GCss N

GC2 0.341*

GCr2 0.819%* 0.819%*

GGCs 0.121 0.161 0.173

GCan 0.783%* 0.753%* 0.938%* 0.461%*

GCss 0.115 0.116 0.141 0.928%* 0.393%*

N 0.115 -0.129 -0.008 0.405%* 0.102 0.426%*

ENC 0.241 -0.032 0.128 0.234 0.165 0.296* 0.361%*

Note: **Correlations at a level of 0.01, *Correlations at a level of 0.05, N represents the number of codons

Table 4 The relative synonymous codon usage (RSCU) of two Platycarya cp genomes

Amino Acid Codon P. longips P. strobilacea Amino Acid Codon P, longips P. strobilacea
Number RSCU Number RSCU Number RSCU  Number RSCU
Ala GCA 307 1.13 312 1.12 Leu CUA 284 0.81 271 0.80
GCC 141 0.52 153 0.55 CucC 126 0.36 117 0.35
GCG 127 0.47 131 0.47 CUG 125 0.35 118 0.35
GCU 514 1.89 518 1.86 CUU 438 1.24 433 1.28
Arg AGA 363 1.83 342 1.80 UUA 705 2.00 673 1.99
AGG 115 0.58 112 0.59 uuG 435 1.24 421 1.24
CGA 274 1.38 261 1.37 Phe uuC 380 0.67 370 0.70
CGC 81 0.41 80 0.42 uuu 753 1.33 681 1.30
CGG 85 0.43 84 0.44 Pro CCA 239 1.13 229 1.12
CGU 275 1.38 263 1.38 CCC 152 0.72 151 0.74
Asn AAC 211 0.42 191 0.43 CCG 126 0.60 111 0.54
AAU 783 1.58 688 1.57 CCU 326 1.55 324 1.59
Asp GAC 164 0.39 157 0.40 Ser AGC 94 0.39 90 0.38
GAU 668 1.61 624 1.60 AGU 305 1.26 300 1.28
Cys uGC 56 0.50 56 0.50 UCA 293 1.21 272 1.16
UGU 170 1.50 166 1.50 uccC 209 0.86 210 0.89
Gln CAA 573 1.59 528 1.56 uCG 130 0.54 124 0.53
CAG 150 0.41 147 0.44 UCU 424 1.75 412 1.76
Glu GAA 838 1.54 753 1.53 TER UAA 32 1.78 31 1.75
GAG 248 0.46 232 0.47 UAG 12 0.67 14 0.79
Gly GGA 548 1.58 551 1.58 UGA 10 0.56 8 0.45
GGC 146 0.42 143 0.41 Thr ACA 311 1.26 284 1.20
GGG 210 0.61 210 0.60 ACC 163 0.66 163 0.69
GGU 480 1.39 487 1.40 ACG 97 0.39 97 0.41
His CAC 107 0.43 100 0.42 ACU 416 1.69 400 1.69
CAU 393 1.57 375 1.58 Trp UGG 354 1.00 340 1.00
Ile AUA 607 1.00 547 0.97 Tyr UAC 155 0.40 151 0.42
AUC 310 0.51 296 0.52 UAU 614 1.60 576 1.58
AUU 910 1.49 854 1.51 Val GUA 417 1.56 420 1.58
Lys AAA 850 1.54 706 1.54 GUC 117 0.44 111 0.42
AAG 257 0.46 210 0.46 GUG 137 0.51 137 0.52
Met AUG 454 1.00 442 1.00 GUU 399 1.49 393 1.48
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1.3 Neutrality plot analysis

To evaluate the effect of mutation pressure and natural selection on codon bias in the chloroplast genome of
Platycarya, the correlation between the composition of the first, second and third bases of codon was analyzed,
and a neutral map was drawn. Among the 53 chloroplast coding genes, only 11 genes of P. longips distributed
along the diagonal line or fell on the diagonal line, the regression coefticient was 0.2004, the contribution rate was
20.04%, but the contribution rate of natural selection pressure was 79.96%; only 13 genes of P. strobilacea
distributed along the diagonal or on the diagonal, the regression coefficient was 0.2906, the contribution rate of
mutation pressure was 29.06%, and the contribution rate of selection pressure was 70.94%. The correlation
between GCi, and GCs was not strong, indicating that mutation pressure had little influence on codon bias, the
codon of chloroplast genome was affected by both natural selection and mutation pressure, but natural selection
played a greater role (Figure 1).

1.4 ENC-plot analysis

ENC value was calculated to evaluate the codon preference of the protein-coding sequence of the chloroplast
genome of Platycarya. The standard curve in the ENC-plot analysis indicated that codon preference was
completely determined by gene mutation. The encoding genes of Platycarya chloroplast genome were plotted as
shown in Figure 2, only a few genes (such as matK, rps4, ndhl, ndhC and rpl14) were found in the two species
were distributed along or near the standard curve, which indicated that the codon preference of these genes was
mainly affected by mutation. However, most of gene distribution in the lower part of standard curve, indicating
that the ENC values of most genes were significantly different from the expected values, the codon preference of
these genes was affected by other factors, such as natural selection and genes Length.
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Figure 2 ENC-plot analysis of Platycarya cp genomes
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1.5 PR2-plot analysis

By drawing the PR2-plot diagram to further analyze the factors affecting the codon preference of the chloroplast
genome of the genus Platycarya, the coding genes of the chloroplast genome are not evenly distributed in the four
areas, and most of the genes are located at the bottom right of the plan, indicating that the use of the third base of
the codon in the chloroplast genome is unbalanced, the composition of the third base is T>A, G>C. If the codon
preference is only affected by gene mutations, the frequency of four bases will be equal in PR2 plot plot analysis,
indicating that most of the genes in the chloroplast genome of Platycarya are affected by natural selection or other
factors. PR2-plot analysis can only reflect the factors that affect codon usage patterns, Therefore, it is necessary to
further study the influence of mutation pressure and natural selection on codon preference (Figure 3).
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Figure 3 PR2 bias plot analysis of Platycarya cp genomes

1.6 Determine the optimal codon

The value of ENC is an important index to reflect the degree of codon preference, usually related to the amount of
gene expression. When the ENC value is small, the codon preference of high expression gene is strong, and when
the ENC value is large, the codon preference of low expression gene is weak. Based on the ENC value, five high
expression genes ycf2, rpl12, rps19, ndhB, atpF and five low expression genes cemA, rps18, petD, rps14 and rps15
were selected to establish gene library. Then the RSCU values of the synonymous codons of the two groups were
calculated respectively, with RSCU > 1 was the high-frequency codon, ARSCU > 0.08 was identified as a superior
high expression of chloroplast genome codes, will meet at the same time RSCU > 1 and ARSCU > 0.08 as the
optimal codons, finally 18 optimal codon were selected, of which seven at the end of A, nine with U, only one at
the end of C and G respectively, indicating that the chloroplast genome codon prefer to end with A/U in
Platycarya (Table 5).

2 Discussion

Chloroplast is a kind of special organelle for photosynthesis in plant cells, which has a complete gene expression
system independent of nuclear genome, therefore, chloroplast genome plays an important role in plant phylogeny
and taxonomic research. The GC content of the genomes in most species is conserved, and the GC content of the
nuclear genome protein-coding genes usually higher than 40%, but the GC content in the chloroplast genome
usually less than 40% (Liu et al., 2020). In this study, 53 protein-coding sequences of the chloroplast genomes in
Platycarya were studied, and the characteristics of the codon usage of the chloroplast genomes were analyzed.
The analysis results showed that the codons of the chloroplast genomes of Platycarya mainly end with A/U. And
there is no significant correlation between the composition of the first. second and third base; the use of the third
base of the codon has great A/U preference, which is similar to the results of codons study on chloroplast genome
of persimmon (Fu et al., 2017), camphor (Qin et al., 2016) and Masson pine (Ye et al., 2018), but opposite to the
result of Eucommia transcriptome analysis (Liu et al., 2016), and in the study of tobacco and Arabidopsis thaliana,
the content of GC3 was higher than or similar to that of GC2 (Li et al., 2016).



Tree Genetics and Molecular Breeding 2021, Vol.11, No.1, 1-11
olbreedublser http://genbreedpublisher.com/index.php/tgmb

Table 5 Optimal codons in chloroplast genome of Platycarya

Amino acid Codon High expression gene Low expression gene ARSCU
Number RSCU Number RSCU
Phe Uuu* 24 1.30 97 1.02 0.28
uuC 13 0.70 93 0.98 -0.28
Tyr UAU* 17 1.62 77 1.52 0.09
UAC 4 0.38 24 0.48 -0.09
His CAU 10 1.43 65 1.63 -0.20
CAC* 4 0.57 15 0.38 0.20
Gln CAA*** 18 2.00 79 1.40 0.60
CAG 0 0.00 34 0.60 -0.60
Asn AAU 24 1.50 142 1.53 -0.03
AAC 8 0.50 44 0.47 0.03
Lys AAA* 38 1.55 118 1.28 0.27
AAG 11 0.45 66 0.72 -0.27
Asp GAU 24 1.60 125 1.63 -0.03
GAC 6 0.40 28 0.37 0.03
Glu GAA** 32 1.78 109 1.28 0.50
GAG 4 0.22 61 0.72 -0.50
Cys UGU*** 7 2.00 25 1.32 0.68
UGC 0 0.00 13 0.68 -0.68
Val GUU* 12 1.50 36 1.33 0.17
GUC 2 0.25 17 0.63 -0.38
GUA*** 14 1.75 31 1.15 0.60
GUG 4 0.50 24 0.89 -0.39
Pro CCU 8 0.94 37 1.38 -0.44
CCCH** 15 1.76 21 0.79 0.98
CCA 6 0.71 32 1.20 -0.49
CCG 5 0.59 17 0.64 -0.05
Thr ACU*** 14 1.87 44 1.35 0.51
ACC 4 0.53 26 0.80 -0.27
ACA 10 1.33 41 1.26 0.07
ACG 2 0.27 19 0.58 -0.32
Gly GGU*** 16 1.78 30 0.89 0.89
GGC 2 0.22 13 0.39 -0.16
GGA 14 1.56 64 1.90 -0.34
GGG 4 0.44 28 0.83 -0.39
Ala GCU 9 1.38 34 1.72 -0.34
GCC 1 0.15 13 0.66 -0.50
GCA*** 13 2.00 17 0.86 1.14
GCG 3 0.46 15 0.76 -0.30
Ile AUU** 35 1.75 104 1.28 0.47
AUC 9 0.45 55 0.68 -0.23
AUA 16 0.80 84 1.04 -0.24
Leu UUA*** 30 1.96 65 1.24 0.72
UUG** 28 1.83 73 1.39 0.44
CUU 16 1.04 72 1.37 -0.33
CcucC 4 0.26 27 0.51 -0.25
CUA 12 0.78 52 0.99 -0.21
CUG 2 0.13 26 0.50 -0.36
Ser UCu 11 1.29 75 1.60 -0.31
UCC 10 1.18 55 1.17 0.01
UCA* 12 1.41 59 1.26 0.15
UCG 5 0.59 33 0.70 -0.12
AGU*** 12 1.41 42 0.90 0.51
AGC 1 0.12 17 0.36 -0.25
Arg CGU*** 17 2.32 26 0.83 1.49
CGC 0 0.00 13 0.41 -0.41
CGA 8 1.09 45 1.44 -0.35
CGG 3 0.41 21 0.67 -0.26
AGA 12 1.64 56 1.79 -0.15
AGG 4 0.55 27 0.86 -0.32

Note: *indicates ARSCU>=0.08; **indicates ARSCU=0.30; ***indicates ARSCU=0.50; __indicates RSCU>1
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In general, the GC content of position in codon 1, 2, 3 of chloroplast genome is different, and GC1 > GC2 > GC3.
The base composition of codons in dicot plants prefers to end with A/T, while that of monocotyledons shows
extreme G/C preference (Wang and Roossinck, 2006), this is consistent with the study on the codon base
composition of the chloroplast genome in this study.

The number of effective codons ranges from 20 to 61. When the ENC value is low, it means that the codon has a
higher preference, the ENC value equal to 35 is usually considered as a critical value for judging the strength of
the codon preference. In the research of Platycarya, it is found that the ENC value of the chloroplast genome
ranges from 35.19 to 56.98, and the ENC values of all genes are greater than 35, indicating that the codons of the
chloroplast Platycarya genome are weak in Codon usage. There are a total of 30 codons with RSCU>1 in
Platycarya chloroplast genome, 29 of which end in A/U, and 18 optimal codons are selected by using ENC value
and ARSCU as indexes. The results of the analysis showed that the codon preference of the chloroplast genome of
Platycarya ends in A/U, which is the same as the result of the base composition analysis, is similar to previous
studies on Diospyros plants (Fu et al., 2017) and Populus alba (Zhou et al., 2008).

Studies have shown that the factors influencing codon usage preference include mutation bias, natural selection
(Marais et al., 2003), GC content (Sun et al., 2009; Hunt et al., 2014), synonymous substitution rate, tRNA
abundance, gene length and expression level (Pop et al., 2014), among which gene mutation and natural selection
are the most important factors (Morton, 2003; Prabha et al., 2017). The analysis of neutral plots, ENC-plot, and
PR2-plot shows that the codon preferences of the chloroplast genomes of the Platycarya were affected by
mutations and natural selection at the same time, but the influence of natural selection is greater, and it is inferred
that Similar evolutionary patterns may exist between two closely related species. This conclusion is consistent
with the conclusions of previous studies (Xu et al., 2017), and it may be related to the relative conservation of
chloroplast genome evolution. Through the field investigation, we found that the ecological environment of two
Platycarya is very similar, only distributed in limestone habitat, and both species are the dominant species in
Karst forest ecosystem, the same ecological environment may be the reason for similar evolution direction of the
genus. At present, there are still some dispute on the taxonomic definition of the genus. Some people think that
there is no significant difference between the two species in morphology and statistics, and there are obvious
transitional characters between them, Platycarya is determined as a single genus (Zhang Li et al., 2011, National
Symposium on Systematics and Evolutionary Botany and youth, 2011). However, it is not entirely accurate to
define the taxonomic status of plants only from morphology, in this study, we analyzed the base composition of
chloroplast genome, the degree of codon preference, and the influencing factors of codon preference, although
there are similarities between the two species, they are not identical, so it is not supported to classify the two
species into the same species.

This study is the first time to comprehensively and systematically introduce the factors affecting the synonymous
codons of the chloroplast genome of Platycarya, and also systematically discuss the codons use patterns. The
results of this study can provide theoretical basis for modification of foreign codons, prediction of chloroplast
genes and determination of unknown genes.

3 Materials and Methods

3.1 Materials

The leaves of P. longipes were collected from Fengxiang mountain (106 © 38 ' 0.59 " E, 26 © 22 ' 5445 " N,
altitude at 1205 m) of Huaxi, Guiyang. The collected fresh leaves were stored in dry ice and sent for chloroplast
genome sequencing. After sequencing, the chloroplast genome data were submitted to NCBI database, and the
accession number was MT032191. The P. strobilacea chloroplast genome was obtained from NCBI database with
accession number kx868670. In order to reduce the analysis error, the coding sequence of chloroplast genome was
screened, and the length of CDs less than 300 bp and repeated CDs sequences were removed, finally, 53 CDs
sequences were obtained for the two species for analysis.
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3.2 Analysis of codon composition

Based on 53 CDs sequences obtained from two species after screening, the effective number of codon (ENC) and
relative synonymous codon usage (RSCU) were analyzed by software codonwl.4.2, online software cusp
(http://emboss.toulouse.inra.fr/cgi-bin/emboss/cusp), the total GC content of codon and the GC content of position
1, 2 and 3 were calculated using Excel and SPSSAU (https://spssau.com/front/spssau/index.html).

3.3 Neutral plot analysis

Neutral plot is a method to study the influence of mutation pressure and natural selection on codon usage patterns
(Wang et al., 2018). Synonymous codon mutations usually occur at the third base of codon, and the first and
second bases usually have nonsynonymous codon mutations, and the mutation probability is low. Taking the
average of GC; and GC; as the ordinate and GCs as the abscissa, a neutral map is drawn. Each point in the graph
represents a gene, if all the points in the graph are distributed along a diagonal line, the base composition of the
three codons is not different, and the codon usage is only affected by the mutation pressure, if the correlation
between GC12 and GC;s is very low, it indicates that natural selection is the main determinants of codon usage
patterns.

3.4 ENC-plot analysis

Effective number of codon (ENC) is used to describe the degree to which codon usage deviates from random
selection. The ENC value ranges from 20 and 61. When the ENC value is 20, it means that only one codon is used
for each amino acid, showing extreme preference; when the ENC value is 61, means that the use of codon is
random and there is no preference (Wang et al., 2018). Generally, ENC = 45 is used as the criterion to distinguish
the degree of bias (Ye, 2018). Taking ENC value as ordinate and GCss as abscissa, a two-dimensional scatter plot
is drawn. The expected value of codon preference completely determined by mutation is taken as the standard
curve, the calculation formula of standard curve is: ENC = 2 + GCss + 29 / [GC3s® + (1-GC35)2]. When the gene is
located or close to the standard curve, the codon preference is mainly affected by mutation, when the distance
from the standard curve is far from the standard curve, natural selection has a greater impact on the codon usage
pattern.

3.5 PR2-plot analysis

PR2-plot is used to analyze the composition of the third base of codon, A3 / (A3 + T3) used as ordinate and G3 /
(G3 + C3) as abscissa to draw scatter plot, the central position of scatter plot (when A = T, C = G) represents the
usage of codon without preference.

3.6 Optimal codon determination

In order to determine the optimal codon, five samples with the highest and lowest ENC values were taken as the
low and high expression groups, respectively. The RSCU difference between the low expression group and the
high expression group (A RSCU > 0.08) was defined as the high expression superior codon, and the RSCU value
greater than 1 was defined as the high-frequency codon, the optimal codon is determined when the two conditions
are satisfied.
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