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Analysis of Chloroplast Genome Characteristics and Codon Usage Bias of
Polygonatum kingianum
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(1. College of Agronomy and Biotechnology, Yunnan Agricultural University, Kunming 650201, China; 2. College of Traditional Chinese Medicine, Guangdong
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Abstract: In order to explore the chloroplast genome characteristics and codon bias of Polygonatum kingianum,
the next generation sequencing technology was utilized to sequence the young leaves, and the complete
chloroplast genome sequence was obtained after assembly and annotation. SSR loci, phylogeny and codon
preference of the chloroplast genome were analyzed by MISA, Emboss and Codonw software. The results showed
that the length of complete chloroplast genome sequence of P. kingianum was 155 852 bp, including a pair of
inverted repeats of 26 347 bp that were separated by large and small single copy regions (LSC, 84 633 bp and
SSC, 18 525 bp). A total of 132 genes were annotated in the chloroplast genome, including 86 protein-coding
genes, 8 rRNA genes and 38 tRNA genes. The average GC content of chloroplast genomes was 37.7%. A total of
69 SSR loci were detected, most of which belonged to single-base repeat A/T type. Phylogenetic analysis showed
that P. kingianum was closer to P. tessellatum than other species, which may be related to their geographical
distribution. The chloroplast genome codon usage pattern was more influenced by natural selection than mutation,
and 9 codons were identified as the optimal codon. Therefore, these would provide important reference information

for exploring the genetic relationship and the improvement of exogenous genes in P. kingianum.
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Polygonatum kingianum, also known as jiejiegao
and xianren rice in China, belongs to the perennial
herb of Polygonatum Mill in Asparagaceae. Its wild
resources are widely distributed in southwest China.
In addition, it is engaged in relevant artificial culti-
vation and planting industries in Yunnan, Guizhou,
Sichuan"'3l. Polygonatum kingianum is one of the
source plants of Rhizoma Polygonati which has high
medicinal and edible value®. As a medicinal plant, P
kingianum is recorded in various national medical
books. Chinese ancient medical book (Ming Yi Bie Lu,
Han Dynasty, 220— 450 AD) listed Rhizoma Polygo-
nati as the top grade. Modern pharmacological studies
have found their main chemical components have anti-
aging, anti-tumor, immune enhancement, sterilization
and anti-inflammatory effects’).

As an essential subcellular organelle of plants
and algae, previous study has found that chloroplast is
not only the main place for photosynthesis, but also
participates energy transformation!®!. In addition, chlo-
roplasts also have relatively independent genome. In
most angiosperms, the chloroplast genome belongs to
the maternal inheritance, which has the characteristics of
stable structure, conserved coding region sequence,
rich information”®). The complete chloroplast genome
has been widely used in plant system evolution® '],
related species identification and genetic diversity
analysis!'?], chloroplast genetic engineering, etct!*l.

Codon, also known as triplet code, as a bridge
connecting nucleic acid and protein'¥, is the basic
unit of biological genetic information transmission. In
the case of mutation pressure, natural selection and
genetic drift, prokaryotic and eukaryotic organisms
generally tend to use one or more specific synony-
mous codons called synonymous codon usage bias
(CUB)!3!. Through the analysis of species codon usage
bias, the optimal codon can be determined, which can
improve the efficiency and accuracy of related gene
expression products, infer the function and expression
mode of unknown genes, and provide scientific

basis for exploring species relationship and genetic

evolution!!*17],
Until now, the codon usage bias of some species

18-20 but the research on the codon

has been analyzed!
usage preference of P. kingianum has not been reported
yet. In the present study, Illumina Hiseq was used
technologies for complete chloroplast genome sequence
of P kingianum. Based on this, we analyzed the
sequence characteristics and codon usage bias of chlo-
roplast genome. It was of great significance to provide
a scientific reference for the application and investi-

gation of the chloroplast genome in P. kingianum.

1 Materials and methods

1.1 Material collection and sequencing

Polygonatum kingianum was collected in Teng-
chong City of China. The total DNA was extracted from
100 mg of fresh and healthy leaves using the modified
CTAB method. Then the complete cp genome was
sequenced by using Illumina Hiseq 2000 sequencing
platform. The reference specimen (Ji et Wang 2) was
deposited at the Herbarium of Kunming Institute of

Botany, Chinese Academy of Sciences.

1.2 Plastome assembly, annotation, and comparison
First, we assembled the complete chloroplast
genome with a reference-based assembly strategies with
GetOrganelle using the complete chloroplast genome
sequence of P. kingianum (NCBI reference sequence:
MN934979) as reference. Then, the assembly was edited
and annotated according to the reference in Geneious
V 10.2121, We generated a physical map of the cp
genome using Organellar GenomeDRAW!??), Finally,
the complete chloroplast genome of P. kingianum was
submitted to the NCBI (Accession: MW788495).

1.3 Microsatellite analysis

Perl scripts from MISA were used to perform
SSR identification with the default parameters (http://
pgrc.ipk-gatersleben.de/misa/). The identification criteria

were as follows: mono-nucleotide repeat motifs with
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at least 10 repeats, di-nucleotide repeat motifs with 5
repeats, trinucleotide repeat motifs with four repeats,
tetra-, penta- and hexa-nucleotide repeat motifs with
three repeats. Compound SSRs were defined as those

with a<100-nt interval between two repeat motifs?> 24,

1.4 Phylogenetic analysis

In order to explore the evolutionary relationships
of P. kingianum, the whole chloroplast genome
sequences of two genera of Heteropolygonatum and
Polygonatum from NCBI along with the obtained
chloroplast genome sequence in the present study,
were analyzed for phylogenetic analysis. All of the
chloroplast genome sequences were aligned with
MAFFT implemented in Geneious (10.0.5), and a
maximum-likelihood phylogenetic analysis was per-
formed in RAXML?%) under the GTR-GAMMA model
with 1 000 bootstrap replicates.

1.5 Codon composition and optimal codon analysis

Based on the consideration of reducing sample
error and accurately counting the number of effective
codons, we eliminated the sequences with length less
than 300 bp, duplicate genes, and coding sequences
(CDS) containing Fifty-three CDS
sequences (start codon: ATG; stop codons: TAA, TAA,
TGA and TAG) of the chloroplast genome of P

kingianum were used as research samples to analyze

stop codon.

the CUB ultimately!?”). In order to analyze the rule of
gene base composition, Codon W 1.4.2 software was
used for the analysis relative synonymous codon
usage (RSCU). We also used the CUSP and CHIPS
models in the online software EMBOSS to analyze the
GC content of the first base of codon (GC;), the second
base of codon (GC»), the third base of codon (GCs), total
GC content (GC), and effective number of codons (ENC).
The Pearson correlation analysis of the above parameters
was carried out using SPSS 24.0 software.

The RSCU value of codon more than 1 are deter-
mined to be high frequency codons/?®!. Then taking an
ENC as the preferred standard, five genes with the
highest ENC values and the lowest ENC values in 51

chloroplast genes were regarded as the high and low

expression groups. The RSCU values of 2 datasets
were calculated and compared by 4ARSCU (RSCU in
high and low expression groups). The codons satisfying
both ARSCU>0.08 defined as high expression codons.
Finally, by combining high frequency and high
expression codons, the optimal codons was defined

for the chloroplast genome of P. kingianum'*.

1.6 Neutrality plot analysis

A neutral graph was drew to research the influence
of mutation pressure and natural selection on the
chloroplast codon usage pattern of P. kingianum. GC3
values were regarded as abscissa; the average values
of GC; and GC; of each gene were seen as GC2, which
were ordinate. The correlation analysis of GCs and
GC2 will be helpful to make scientific judgments on
the main factors affecting codon preference!®®!. If there is
a significant correlation between the two data and the
regression coefficient is close to 1, it means that the
codon preference is mainly affected by mutation pressure.
On the contrary, it indicates that base composition pre-

ference is mainly affected by selection pressure.

1.7 ENC-GC3s plot analysis

The effective number of codon (ENC) is a measure
of the degree of species independent synonymous
codon bias in genes. Its value ranges from 20 to 61,
which is negatively correlated with the CUBB!

ENC-plot analysis can intuitively judge gene
codon preference factors. With the GC3s values as
horizontal ordinate and ENC values as longitudinal
coordinate, two-dimensional scatter plot was drawn[*!l,
Standard curve formula: ENCey,=2+GC3s+29/[GC3s>+
(1-GC3s)*]2. This curve shows the functional rela-
tionship between ENC and GC3s only under mutation
pressure conditions. The ENC ratio distribution can
quantify the results obtained by ENC-plot and clarify
how far away or close each gene point is from the
curve. The expression : ENC ratio=(ENC expected
value~ENC actual value)/ENC expected value®.

1.8 Analysis of PR2-bias plot
Based on the analysis of the composition of the
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four bases (A, T, C, G) at the third position of the
chloroplast genome of the P. kingianum, we used Gs/
(G3+C3) and As/(A3+Ts) as the horizontal and vertical
coordinates for analysis. The PR2-bias plot, which
analyzes the nucleotide compositions at the third
position of codons, are usually used to estimate the
effects of mutation pressure and natural selection by
analysing the AT bias and GC bias?®*. Through the
vector emitted by the center of the plane, we can judge
the degree and direction of the 4 kinds of bias!**.

2 Results

2.1 Characteristics of complete chloroplast genome
sequence

The length of the complete chloroplast genome
sequence of P. kingianum was 155 852 bp, with GC
content of 37.7%. It contained a pair of inverted
repeats (IRs, 26 347 bp each), a small single copy
(SSC, 18 525 bp) and large single copy region (LSC,
84 633bp). The average GC content of IR, LSC and
SSC regions were 43%, 31.6% and 35.7%, respectively.
Annotation results showed that there were 132 genes
in the chloroplast genome in P. kingianum, including
85 protein-coding genes, 38 tRNA genes and 8§
ribosomal rRNA genes. The GC contents of these
three types of genes were 38.1%, 53.2% and 55.3%,
respectively. The coding region of the gene was
90 607 bp, accounting for 40.3% of the entire chlo-
roplast genome (Fig. 1). The coding genes families of P
kingiantum chloroplast were involved in four aspects:
photosynthesis, self-replication, biosynthesis and
unknown function. Table 1 shows the gene functions
and groups in the cp genome. Compared with the
chloroplast genomes of other species in Polygonatum
genus, such as P. zanlanscianense (155 609 bp)i*®! and
P humile (156 082 bp)i*"), all cp genomes shared the
same gene order and structure, which displayed a high

degree of similarity.

2.2 SSR analysis of chloroplast genome
With MISA analysis, a total of 69 SSRs were

identified in the chloroplast genome of P. kingianum.

Examination of all SSR loci in the genome showed
that the majority of the SSR loci were located in the
LSC region, with a number of 50 (72.46%). There
were 11 (15.94%) located within the SSC region and
the least number of SSRs located in the IR region,
with only 8 (11.59%) (Fig. 2). The types of SSRs
differed greatly in the number of repeats. The number
of mononucleotide repeats was the largest, with 43,
and all repeating units were A/T. There were 15, 5,
10, and 2, dinucleotide, trinucleotide, tetranucleo-
tide, and pentanucleotide repeats, respectively; while
hexanucleotide repeats were not observed. In terms
of SSR repeat unit types, tetranucleotide repeat units
were the most common, followed by the dinucleo-
tide, trinucleotide repeat units and, finally, the mono-

nucleotide, pentanucleotide repeat units (Table 2).

2.3 Phylogenetic analysis

The phylogenetic graph revealed that most of
species of Polygonatum were clustered into a mono-
phyletic clade with a high bootstrap value (Fig. 3). It
indicated that the resulting phylogenetic tree we
constructed was relatively robust. The sequence of P,
kingianum in this study and P. huanum (P. huanum is a
synonym of P. kingianum) from GenBank clustered
together with a support rate of 100%. It showed that
the conclusion of morphological identification was
supported by molecular evidence. These samples were
clearly divided into three branches. Branch I included
8 species (P. urceolatum, P. punctatum, P. stewardtia-
num, P. oppositifolium, P. tessellatum, P. huanum, P.
kingianum). Branch Il composed 5 species (P. yunnan-
ense, P. arisanense, P. humile, P. biflorum, P. cyrto-
nema). The other two species (Heteropolygonatum
altelobatum and H. ginfushanicum) were classified
into branche III. The verticillate leaf type of Poly-
gonatum are clustered in a clade, and alternate phyllo-

taxis species are clustered in anther clade.

2.4 Codon usage bias of chloroplast genome
2.4.1 Codon composition and optimal codon

From the chloroplast genome of P. kingianum, 51
CDSs suitable for analysis of CUB were selected (Table
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Fig. 1 Gene map of the chloroplast genome of Polygonatum kingianum

Table 1 List of identified genes in cp genomes of the Polygonatum kingianum

Category Group Name
Self-replication Ribosomal RNA genes rrnd. 52, rrn5x2, rrnl6x2, rrn23 x
Transfer RNA genes trnC-GCA, #rnD-GUC, trnE-UUC, trnF-GAA, trnG-UCC", trnG-GCC, trnH-GUGx2,

Ribosomal protein (small subunit)
Ribosomal protein (large subunit)
RNA polymerase

Photosynthesis Subunits of photosystem I

Subunits of photosystem IT

Subunits of cytochrome

Subunits of ATP synthase

Large subunit of Rubisco

Subunits of NADH dehydrogenase
Others Maturase
Envelope membrane protein
Subunit of acetyl-CoA
Synthesis gene
ATP-dependent protease
Component of TIC complex

Unknown
function

Conserved open reading frames

trnK-UUU", trnL-UAA", #nL-UAG, trnM-CAU, trnP-UGG, #nQ-UUG, trnR-UCU,
trnS-GCU, #nS-GGA, trnS-UGA, #nT-UGU, tnT-GGU, trnV-UAC", trnY-GUA,
trnW-CCA, trnfM-CAU, trnA-UGC'x2, trnl-CAUX2, trnl-GAU"x2, trnL-CAA X2,
trnN-GUU x 2, trnR-ACG % 2, trnV-GAC x 2

1ps2, 1ps3, rps4, rpsTx 2, rps8, rps11, rps12™ %2, rps14, rps15, rps16”, rps18, rps19 %2
rpl2*x2, rpl14, rpl16*, rpi20, rpl22, rpl23 x 2, rpl32, rpl33, rpl36

rpoA, rpoB, rpoC1”, rpoC2

psaA, psaB, psaC, psal, psal, ycf3"™, ycf4

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], psbK, psbL, psbM, psbN, psbT,
psbZ

petA, petB”, petD", petG, petL, pefN
atpA, atpB, atpE, atpF”, atpH, atpl
rbcL

ndhA", ndhB"x 2, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndh], ndhK
matK

cemA

accD

ccsA

clpP™

yefl x2

yef2x2

x2: Two gene copies in IR regions; *: With one intron; **: With two introns.
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Table 2 Repeat type, number and frequency of SSRs in complete chloroplast genome of Polygonatum kingianum
Repeat 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
A/T - - - - - - - 24 10 5 1 1 1 1 43
AG/CT - - 3 3
AT/AT - - 8 2 2 12
AAT/ATT - 3 1 4
AGC/CTG - 1 1
AAAT/ATTT 3 3
AATC/ATTG 3 3
AATG/ATTC 3 3
AATT/AATT 1 1
AAACG/CGTTT 2 2
Teranueicotide SR =Pentanucioarde SSR = Compound SSR tents at different positions of the codons varied, with the
s 27 average GC contents at the first position (GC;) being
=20 46.84% (31.79%—58.54%), the second (GC,) being
ERE 0 39.38% (26.61%—55.40%), and the third (GC3) being
Z
10 4s 5 o 28.61% (20.90%—37.23%), indicating that the codons in
5 2 2 Lo
0 OIJ 0120 -!2 0 2- 0 the chloroplast genome of P. kingianum preferred to end
LSC SSC IR . .
SSRs type with A or U. The statistics of the ENC values of 51 CDs

Fig. 2 Distribution of various types of SSRs in LSC, SSC and IR regions
Polygonatum are clustered in a clade, and alternate phyllotaxis species are

clustered in anther clade.

3). The average GC content (GCj,j) of these 51 CDs
sequences was 38.28% (30.77% —45.08%). The GC con-

sequences (Table 2) showed that the average value of the
ENC of all genes was 48.21 (range from 39.83 to 60.11),
suggesting a weak codon preference.

Pearson correlation analysis showed that the
average GC content (GCqy) at all codon locations was
significantly correlated with GCi, GC; and GCs. GCy

Polygonatum urceolatum MH891742

P. punctatum MH891739

P. stewartianum MH891749

P. oppositifolium MH891746

P. tessellatum MH891747

P. huanum MH891743

[ P. kingianum MH788495]

P. yunnanense MH891754

P. arisanense MH891752

P. humile MN218691 1T

P. biflorum MH891756

100
100

100

100
100
100
100
83
100
100
— 100

100

P. cyrtonema MW?248135

Heteropolygonatum altelobatum MH891734

11

H. ginfushanicum MW363694

Fig. 3 Phylogenetic tree constructed using the maximum likelihood method based on chloroplast genome sequence
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Table 3 ENC value and GC content in different positions of codons in chloroplast 51 CDS of Polygonatum kingianum
Gene GC /% GCy/%  GC3/% GCuy/% GC3s  ENC Gene GC /% GCy /% GC3/%  GCu/%  GC3s ENC
acecD 38.79 37.17 28.69 34.88 0.251  46.492 psbA 49.72 43.22 32.77 41.90 0.284  39.830
atpA 55.51 39.17 26.18 40.29 0.246  44.131 psbB 55.01 46.95 29.67 43.88 0.258  48.078
atpB 57.06 41.53 32.46 43.68 0.306  49.293 psbC 54.22 46.20 31.65 44.02 0279  46.374
atpE 52.59 41.48 31.85 41.98 0.295  51.470 psbD 52.26 43.22 32.49 42.66 0.281 45278
atpF 47.57 35.68 30.81 38.02 0.285 44.010 rbcL 57.29 43.33 28.33 42.99 0.252  47.238
atpl 48.79 36.29 26.21 37.10 0.235  46.452 rpll4 56.10 36.59 22.76 38.48 0.203  44.350
cesA 31.79 37.96 29.01 32.92 0.244  49.147 rpll6 50.00 54.41 26.47 43.63 0.200  45.052
cemA 39.91 26.61 29.61 32.05 0.256 51.217 rpl20 38.98 43.22 29.66 37.29 0.268  53.473
clpP 58.54 36.1 30.73 41.79 0.269  57.759 rpl22 41.80 39.34 27.05 36.07 0233 47.289
matK 41.46 29.37 23.22 3135 0.211  47.108 rpoA 46.06 35.86 30.61 37.51 0.287  51.501
ndhA 4481 37.98 23.77 35.52 0.208  43.732 rpoB 49.91 38.45 28.03 38.80 0.258  47.989
ndhB 42.27 40.12 31.51 37.96 0.277  46.865 rpoCl 50.51 37.12 30.42 3935 0.283  51.481
ndhC 51.24 34.71 28.10 38.02 0.216  48.909 rpoC2 46.16 37.84 27.93 3731 0.264  49.174
ndhD 41.42 36.49 30.77 36.23 0.261  51.560 rps2 43.04 42.62 31.22 38.96 0.277  51.220
ndhE 36.27 3235 30.39 33.01 0.268  57.097 rps3 46.61 34.39 24.43 35.14 0.221  44.939
ndhF 38.67 37.45 24.83 33.65 0.207  44.685 rps4 48.02 38.61 29.21 38.61 0.279  51.701
ndhG 42.37 33.9 20.90 32.39 0.178  44.105 rps7 53.21 45.51 23.72 40.81 0213  47.021
ndhH 49.75 37.06 25.89 37.56 0.207  45.883 rps8 39.85 40.60 25.56 35.34 0.228  41.137
ndhl 41.99 35.36 24.86 34.07 0.229  49.924 rpsll 56.12 55.40 23.74 45.08 0.211  48.250
ndhJ 47.17 38.99 3333 39.83 0.291  56.030 rpsl4 45.54 47.52 31.68 41.58 0.299  40.673
ndhK 42.80 41.63 24.51 36.32 0.219  46.302 rpsl8 36.27 43.14 25.49 34.97 0232 42.376
petd 53.56 3591 29.1 39.53 0.278  49.691 yefl 36.19 29.43 26.68 30.77 0.235  47.921
petB 48.62 41.28 30.73 40.21 0252 47.187 yef2 41.89 34.92 37.23 38.01 0.346 52972
petD 50.29 38.01 25.15 37.82 0215 45.235 yef3 46.75 40.24 31.95 39.64 0.296  60.106
psad 51.53 43.28 33.16 42.65 0.291  49.327 yef4 44.32 41.62 3135 39.10 0.267  50.765
psaB 48.03 42.99 3333 41.45 0.290  48.853

was significantly correlated with GC,, but neither of
them reached a significant level with GCs, showing that
the composition of the first and second base of the codon
was similar, and there was a great difference from the
third base. The correlation of ENC with GC; and GC;
did not reach significance, but it was highly significant
with GC;, indicating that the third base composition can
significantly influence codon usage bias (Table 4). The
correlation coefficient between ENC and codon counts
(CC) was 0.079, which did not reach a significant level,
indicating that the CC has a very weak influence on ENC.
That is, in this study, the effect of gene length on codon

bias analysis was not significant.

There were 30 codons (RSCU>1) in the chloro-
plast genomic protein coding sequence of P. kingia-
num, of which only one codon ended with G or C, and
the remaining 29 codons ended with A and U, indi-
cating that the chloroplast genome of P. kingianum
prefers to use Codons ending with A or Uj; there were
31 codons (RSCU<1), of which 28 ended with G and
C, and 3 ended with A and U (Table 5), manifesting
that the frequency of codons ending in C and G was
relatively low in the chloroplast genome of P. kingia-

num. According to ARSCU values of codes in high

Table 4 Correlation analysis of each gene’s related parameters of Polygonatum kingianum

GC, GG, GGC; GCan ENC
GC, 0.397™
GGC; 0.084 0.107
GCan 0.816™ 0.767" 0.423"
ENC —0.017 -0.217 0.448™ 0.025
cC —0.130 —0.246 0.266 —0.115 0.079

**: P<0.01.
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and low libraries, 26 highly-expressed superior codon
were screened out from the chloroplast genome of P
kingianum (Table 6). Combining the high expression
superior codons with the 30 high-frequency codons
described above, nine common codon (UUU, CUU,
UCA, CCA, CAU, CAA, AAU, GAU, GGA) were

Table 5 RSCU analysis of CDS in Polygonatum kingianum

finally identified as the optimal codons for the genome
of P. kingianum, with 4 codons ending with A, and the
remaining 5 codons all end with U, whereas the
chloroplast protein encoding genome of P. kingianum
preferred the codons ending with A and U, especially
the codons ending with U.

AA Codon Count RSCU AA Codon Count RSCU
Phe uuu 760 1.27 Ser ucu 449 1.68
uuc 433 0.73 ucc 267 1.00
Leu UUA 691 1.92 UCA 321 1.20
UuUG 457 1.27 UCG 153 0.57
CuU 4438 1.25 AGU 337 1.26
cuc 147 0.41 AGC 78 0.29
CUA 292 0.81 Pro ccu 321 1.50
CUG 119 0.33 ccc 182 0.85
Tle AUU 877 1.45 CCA 249 1.17
AUC 359 0.59 CCG 102 0.48
AUA 582 0.96 Thr ACU 430 1.65
Met AUG 493 1.00 ACC 186 0.71
Val GUU 437 1.51 ACA 318 1.22
GUC 128 0.44 ACG 110 0.42
GUA 433 1.50 Tyr UAU 623 1.60
GUG 157 0.54 UAC 158 0.40
Asp GAU 685 1.58 Arg CGU 285 1.38
GAC 182 0.42 CGC 66 0.32
Glu GAA 858 1.51 CGA 277 1.34
GAG 277 0.49 CGG 96 0.47
Cys UGU 177 1.53 AGA 393 1.90
UGC 55 0.47 AGG 121 0.59
Ala GCU 529 1.82 Gly GGU 476 133
Gce 176 0.61 GGC 143 0.40
GCA 347 1.20 GGA 577 1.61
GCG 108 0.37 GGG 236 0.66
TER® UAA 22 1.29 His CAU 417 1.53
UAG 15 0.88 CAC 127 0.47
UGA 14 0.82 Gln CAA 569 1.52
Trp UGG 384 1.00 CAG 181 0.48
Lys AAA 791 1.52 Asn AAU 762 1.53
AAG 250 0.48 AAC 237 0.47
2.4.2 Neutrality plot of the neutrality plot. Only the ycf2 gene was close to

To estimate the extent of mutation pressure as
well as natural selection contributed to the CUB of P,
kingianum, a neutrality plot was constructed based on
the GCi, and GC; (Fig. 4). The range was 0.328 1-
0.557 6 and 0.209 0-0.372 3 for GCi2, GC3, respec-
tively. As shown in Fig. 4, most of the points repre-

sented by each gene were distributed above the diagonal

the diagonal. The Pearson correlation coefficient
between GCj2 and GCs; was 0.142 (P=0.311>0.05),
showing that the correlation between them was not
significant. The regression coefficient observed was
closer to zero (The slope of the regression line was
0.161 1), which inferred that the GC content in the

chloroplast genome of P. kingianum was highly
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conserved. Natural selection played a remarkably

important role in the CUB of P. kingianum. And the

Table 6 Optimal codons in chloroplast genome of Polygonatum kingianum

mutation pressure accounted for a minority of the

affecting factors.

High expression Low expression High expression Low expression
AA Codon ARSCU | AA Codon ARSCU
Number  RSCU Number  RSCU Number RSCU  Number RSCU
Phe UuuU* 22 1.33 31 1.09 0.24 TER UAG 1 0.60 1 0.60 0.00
uuc 11 0.67 26 0.91 -0.24 UGA™ 1 0.60 0 0.00 0.60
Leu UUA 17 1.55 45 2.18 —0.63 Ala  GCU 24 1.68 42 2.40 -0.72
UUG 13 1.18 24 1.16 0.02 Geer 10 0.70 5 0.29 0.41
cuu™ 19 1.73 23 1.11 0.62 GCA 13 091 21 1.20 -0.29
cuc™ 5 0.45 3 0.15 0.30 GCG™ 10 0.70 2 0.11 0.59
CUA 7 0.64 24 1.16 -0.52 His CAU" 13 1.53 12 1.41 0.12
CUG" 5 0.45 5 0.24 0.21 CAC 4 0.47 5 0.59 -0.12
Ile AUU 30 1.25 54 1.47 -0.22 Gln  CAA” 20 1.54 19 1.31 0.23
AUC 12 0.50 23 0.63 —0.13 CAG 6 0.46 10 0.69 -0.23
AUA™ 30 1.25 33 0.90 0.35 Asn  AAU™ 30 1.58 23 1.00 0.58
Val GUU 18 1.80 28 2.07 -0.27 AAC 8 0.42 23 1.00 -0.58
Guc™ 6 0.60 3 0.22 0.38 Lys AAA 19 1.31 30 1.71 —0.40
GUA 12 1.20 20 1.48 -0.28 AAG™ 10 0.69 5 0.29 0.40
GUG" 4 0.40 3 0.22 0.18 Asp  GAU" 27 1.64 19 1.52 0.12
Ser UCuU 14 1.58 33 2.15 -0.57 GAC 6 0.36 6 0.48 -0.12
uccC 7 0.79 18 1.17 -0.38 Glu  GAA 35 1.56 45 1.58 —-0.02
UCA™ 11 1.25 11 0.72 0.53 GAG 10 0.44 12 0.42 0.02
uCcG™ 6 0.68 3 0.20 0.48 Cys UGU 4 1.14 6 1.50 -0.36
AGU 13 1.47 23 1.50 —-0.03 uGe™ 3 0.86 2 0.50 0.36
AGC 2 0.23 4 0.26 —-0.03 Arg CGU 13 1.30 21 1.68 -0.38
Pro CCU 7 1.08 27 2.40 -1.32 CGC" 4 0.40 4 0.32 0.08
cec™ 6 0.92 3 0.27 0.65 CGA 12 1.20 15 1.20 0.00
CCA™ 10 1.54 9 0.80 0.74 CGG™ 8 0.80 4 0.32 0.48
CCG 3 0.46 6 0.53 -0.07 AGA 15 1.50 25 2.00 —-0.50
Thr ACU 9 1.16 21 1.83 —0.67 AGG™ 8 0.80 6 0.48 0.32
ACC” 9 1.16 11 0.96 0.20 Gly GGU 9 0.90 34 1.70 —0.80
ACA 9 1.16 10 0.87 0.29 GGC™ 8 0.80 8 0.40 0.40
ACG 4 0.52 4 0.35 0.17 GGA™ 18 1.80 28 1.40 0.40
Tyr UAU 33 1.69 25 1.43 0.26 GGG 5 0.50 10 0.50 0.00
UAC 6 0.31 10 0.57 -0.26 Met  AUG 23 1.00 24 1.00 0.00
TER UAA 3 1.80 4 2.40 —0.60 Trp UGG 13 1.00 22 1.00 0.00

" ARSCU=0.08; *": ARSCU=0.3; **": ARSCU=0.5.
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Fig. 4 Neutrality plot analysis
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2.4.3 ENC-GC3s plot

The standard curve in the ENC-plot reflected the
relationship between ENC and GC3s only when the
influence of selection pressure is excluded. Figure 5
showed that some genes in the chloroplast of P.
kingianum were located near the standard curve. The
actual ENC value of this part of the gene was close to
the expected ENC value, indicating that the mutation
effect was greater than natural selection; while the

position of the other part of the gene farther from the
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Fig. 5 Analysis of ENC-plot

standard curve represented natural selection factors
were stronger than mutations. In order to quantify the
closeness of genes to the standard curve, the ENC
ratio was used to count the frequency of ENC ratios
(Table 7). The results showed that there were only 21
genes with ratios in the range from -0.05 to 0.05,
accounting for 41.18% of the total number of genes.
That means, most genes were far away from the
standard curve, and the codon preference was related
to the difference of GC3s, indicating that the codon
preference of the chloroplast genome of P. kingianum

was more affected by selection than mutation.

Table 7 Distribution of ENC ratio

Class Middle value Number Frequence
—0.15-0.05 0.1 3 0.06
—0.05-0.05 0.0 21 0.41

0.05-0.15 0.1 22 0.43
0.15-0.25 0.2 4 0.08
0.25-0.35 0.3 1 0.02
Total 51 1.00
2.4.4 PR2-plot

PR2-plot analysis showed that the chloroplast
genes of P. kingianum were scatteredly distributed in
the four regions of the chart, and most of the genes
were distributed in the lower left part of the chart
(Fig. 6), indicating that the frequency of T base in the
third codon was higher than that of A base, and that of
C base was higher than that of G base, that is, the
frequency of pyrimidine was higher than that of purine.
If the codon usage pattern is completely caused by

mutation, the usage frequency of the four bases should

Fig. 6 Analysis of PR2-plot

be equal. The biased usage of four bases indicated that
the usage pattern of chloroplast codon in P. kingianum
was not only influenced by mutation, but also by other

factors, such as selection pressure.

3 Conclusion and discussion

Polygonatum kingianum is one of medicine and
food homologous plants announced by the National
Health Commission, PRC. For thousands of years, its
medicinal effect and edible value has been widely
recognized by Chinese people. Up to date, it has
integrated medicinal, edible, ornamental and health
function which has extremely high economic value
and social benefits. In summary, P. kingianum has
good development and research prospects'l.

In this study, basic research on the chloroplast of
P kingianum was conducted. The assembly annotation
results showed that the chloroplast genome of P
kingianum was 155 852 bp in length, including one
large single-copy region, one small single-copy region
and two inverted repeat regions, which is consistent
with the typical tetrad structure of the chloroplast
genome of most angiosperms®®), The study found that
the chloroplast genome of P. kingianum was not much
different from the chloroplast genome of other species
in the genus Polygonatum in sequence length. Simple
sequence repeats (SSRs) are an important part of the
plant chloroplast genome which play an indispensable
role in gene expression, transcription regulation, chro-
mosome construction, and physiological metabolism!**!.

After statistical analysis of MISA online software, 69
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SSR loci were detected. These SSR loci will be help-
ful for subsequent research on the population genetics
of P. kingianum. Studies have shown that P. kingianum
is a species with large morphological variation, and it
is difficult to identify this species only from morpho-
logy. The phylogenetic tree results of this study pro-
vide reliable DNA molecular evidence support for the
morphological identification of P. kingienum. Com-
pared with other plants of Polygonatum genus, the
relationship between P. kingianum and P. tessellatum
is closer, and the geographic distribution of 2 species
is basically the same.

Although CUB is affected by many factors,
natural selection and mutation are key factors that
affect codon usage preference!*”). The results of codon
bias in the chloroplast genome of P. kingianum showed
that the average effective codon ranged from 39.830
to 60.106, which suggested a weak codon preference
among these chloroplast genes.

The results of related parameters analysis and
neutrality plot showed that the third position of codon
had low base composition similarity with the first and
second position. The correlation between the first
position and the other two positions of the codon was
not significant, indicating that the codon bias was
subject to a strong degree of selection.

The results of ENC-plot analysis also confirmed
the above argument. The ENC-plot graph showed that
only a small part of genes distributed near the standard
curve, and the actual ENC value of these genes were
basically consistent with the theoretical ENC values.
It indicated that these codon preferences were greatly
affected by mutations. The scattered points of most
genes were far from the standard curve. The actual
ENC value of this part of the gene was quite different
from the theoretical ENC value, indicating that it was
more easily affected by the selection.

The analysis result of PR2-plot concluded that at
the third codon position of cp genes, pyrimidines (C
and T) were used more frequently than purines (A and
G), which verified that the codon usage pattern of the
chloroplast genes of P. kingianum was more affected

by selection factors.

Based on the results of the high-frequency and
highly expressed codons, nine codons (UUU, CUU,
UCA, CCA, CAU, CAA, AAU, GAU, GGA) were
obtained as the optimal codons of P. kingianum chlo-
roplast genes finally. This preference pattern is
consistent with the results of codon bias analysis of
chloroplast genes in Oryza™', Oncidium gower?,
Panicum miliaceum™], etc. These indicate that P
kingiantum prefers to use codons ending in AT like
other monocotyledonous plants.

The chloroplast genome sequences are not only
most valuable for understanding plant evolution and
phylogeny but also have made some achievments in
chloroplast transformation technology. However, chlo-
roplast genome has rarely been used in evolution and
phylogeny of the P. kingiantum. Only three relevant
research have been repored*’**#  These reports
mainly discussed the phylogenetic relationship and
identification of Polygonatum genus. Up to now, chlo-
roplast genetic transformation technology has been
applied in a variety of plants. Degray, et al*®! trans-
ferred the antimicrobial peptide gene MSI-99 into the
chloroplast genome of tobacco by chloroplast trans-
formation technology, and the descendants of trans-
genic plants showed high antibacterial activity.
Chakrabarti, et al'*’! incorporated a truncated Bacillus
thuringiensis cry9A4a2 gene in the plastid genome of
tobacco to control of potato tuber moth (Phthori-
maea operculella). But, it has not been found any
studies on chloroplast genetic transformation of
Polygonatum species by far.

In conclusion, we sequenced and analyzed the
complete cp genome of P. kingiantum, which exhibits
conserved structure. The phylogenetic relationship
based on the plastid genome data shows that the
chloroplast genome as ultra-barcoding has great
potential in the identification of Polygonatum species.
Comprehensive analysis found that the codon bias of
the P. kingiantum chloroplast genome is weak, and the
factors that affect the formation of codon bias in the
chloroplast protein-coding genes of P. kingianum do
not depend on a single factor, but are the result of

mutations, selection and many other factors. According
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to the codon usage characteristics of its chloroplast
genome, we screened out 9 optimal codons for the
chloroplast genome of P. kingiantum. The current
study provides a scientific reference for the identifi-
cation of germplasm resources, genetic breeding as
well as for prediction of unknown functional genes,
discovery of new genes, improvement of foreign gene

expression in P. kingianum.
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