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However, they require many gene sequences and the
identification of functional genes (Luo et al. 2014;
Sullenberger et al. 2018). Unfortunately, there is only
limited sequence information available for C. kanran.
For example, there are currently only 240 nucleotide
sequences or expressed sequence tags available for
C. kanran in the NCBI database.

With the development of next-generation
sequencing technologies, including Roche’s 454
sequencing platforms and Illumina’s Genome Analyzer
systems, the transcriptome profiling of non-model
organisms has become affordable and feasible
(Escalona et al. 2016; Lee et al. 2017). Transcriptome
analyses may generate abundant information regarding
gene sequences, gene family differentiation, gene
structure, and molecular markers (Jia et al. 2016;
Zhang et al. 2015a). For example, the de novo
characterization of the Lilium sp. ‘Sorbonne’
transcriptome resulted in the assembly of 39,636
unigenes, of which 30,986 were annotated, including
156 unigenes encoding key enzymes in the flavonoid
biosynthesis pathway (e.g., chalcone synthase,
chalcone isomerase, flavanone 3 hydroxylase, flavone
synthase, and dihydroflavonol reductase). Moreover,
2,762 simple sequence repeats were identified with
the MISA program (Zhang et al. 2015b).

Gene expression involves two stages:
transcription and translation. During translation, gene
information is transmitted by triplet codons, with each
amino acid corresponding to 1–6 codons. Synonymous
codons are codons that encode the same amino acid.
Their presence in various genes of diverse species is
not random, and codon usage bias has been confirmed
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Introduction

Cymbidium kanran (Orchidaceae) is an important
member of the Chinese orchid family because of its
delicate fragrance, abundant colors, and long flowering
period. However, the breeding of new C. kanran
varieties has lagged behind the breeding in other
ornamental plant species because of its long juvenile
period. Molecular breeding techniques have become
an important option because they can shorten the
breeding period and enhance selection efficiency.
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(Presnyak et al. 2015). For example, there are six
codons encoding arginine in the yeast genome, of
which AGA is the most common (48%), with the other
five synonymous codons (CGT, CGC, CGA, CGG,
and AGG) occurring at a frequency of approximately
10% each (Trotta 2013).

Synonymous codon preference exists in all kinds
of organisms. It reflects the evolution of genes and
organisms and is associated with many biological
phenomena (Kjaer et al. 2018). Therefore, there is
considerable value to investigating codon usage bias.
First, by studying codon bias, the optimal codons of
specific gene types may be determined, after which
the codons of a target gene can be modified to contain
more of the optimal codons, thereby improving the
expression of the gene in the host (Frumkin et al. 2018).
Second, the function of unknown genes may be
predicted by analyzing the correlation between codon
usage bias and gene function (Liu et al. 2017). Third,
the cluster analysis of codon preference parameters,
such as relative synonymous codon usage (RSCU)
and codon adaptation index (CAI), may be useful for
characterizing horizontal gene transfer and gene family
differentiation (Matsuo 2000).

In this study, a mixed library comprising RNA
from C. kanran roots, shoots, stems, leaves, and
flowers was sequenced with the Illumina platform, after
which unigenes sequences were obtained by de novo
assembly. A detailed functional annotation of the C.
kanran transcriptome was also completed by screening
seven databases (NR, NT, GO, KOG, KEGG, Swiss-
Prot, and InterPro). Additionally, C. kanran MADS-box
genes were identified, and their codon usage bias was
thoroughly analyzed.

Materials and methods

Plant materials and RNA extraction

The seedlings of Cymbidium kanran ‘Xuezhonghong’
were cultured in a growth chamber with a 16-h light
(25°C)/8-h dark (18°C) photoperiod and relative
humidity of 75-85%. Leaf, root, and stem samples
were collected at the 4 to 6 leaves stage (vegetative
stage), whereas flowers were sampled at the bloom
stage. All sampled plant tissues were immediately
frozen in liquid nitrogen and kept frozen until
processed. All analyses were completed with two
biological replicates. Total RNA was extracted from
the plant samples with the RNA plant reagent (Tiangen,
Beijing, China).

Library construction and deep sequencing

Equal amounts of the total RNA from the collected
root, shoot, stem, leaf, flower, and fruit samples were
mixed, after which oligo (dT) was used to isolate mRNA
to synthesize cDNA. Short fragments were purified
and resolved with EB buffer for an end-repair step and
the addition of adenine. Adapters were then added to
the short fragments. Suitable fragments were selected
for PCR amplification. The Agilent 2100 Bioanalyzer
and ABI StepOnePlus Real-Time PCR System were
used to quantify and assess the quality of the sample
library. The library was subsequently sequenced with
the Illumina HiSeq 4000 system.

De novo assembly and functional annotation of
unigenes

Raw reads with adapters, reads with a high proportion
of unknown bases (N > 5%), and other low-quality
reads were removed with the SOAPdenovo program
to obtain clean reads (Luo et al. 2015). SOAPdenovo
was also used to integrate short reads into contigs
with a specific overlap length (k-mer = 29). The read
mate pairs were used to link the resulting contigs to
scaffolds. To generate unigenes, the paired-end reads
were reused to fill scaffold gaps (Liang et al. 2013).

The generated unigenes were compared with non-
redundant sequences from the following databases
with a BLASTX algorithm (E-value cutoff of 10–6) (Li
et al. 2015): NT (ftp://ftp.ncbi.nlm.nih.gov/blast/db),
NR (ftp://ftp.ncbi.nlm.nih.gov/blast/db), KOG (http://
www.ncbi.nlm.nih.gov/KOG), KEGG (http://www.
genome.jp/kegg), and Swiss-Prot (http://ftp.ebi.ac.uk/
pub/databases/swissprot). A published Perl script was
used to annotate the unigenes based on the best hits
(i.e., highest sequence similarity) (Sloan et al. 2012).
The Bowtie program was used to map the high-quality
reads to the annotated unigenes to determine unigene
abundance (Toledo-Silva et al. 2013). The unigenes
were functionally categorized with the GOslim tool of
Blast2GO (Götz et al. 2008) according to the cellular
component, biological process, and molecular function
GO terms. Additionally, the InterProScan tool of
Blast2GO along with the following databases were used
to identify protein domains and gene families: Pfam,
Gene3D, PRINTS, PANTHER, ProSITE, PIR,
TIGERFAM, ProDom, SMART, and SUPERFAMILY
(Cui 2011).

Identification of MADS-box sequences

The C. kanran MADS-box gene sequences comprising
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complete coding sequences (CDSs) were identified
among the annotated unigenes. A Perl-based program
was used to extract all CDSs, which were then
examined to ensure they lacked a premature stop
codon and contained the appropriate start and
termination codons (Zhang et al. 2007; Swart et al.
2016). Additionally, we confirmed that the length of all
CDSs was a multiple of 3.

Analysis of codon usage bias

The three stop codons (UGA, UAA, and UAG) and the
single codons UGG (tryptophan) and AUG (methionine)
were not included in the calculation of codon usage
bias. All genes were evaluated based on the effective
number of codons (ENC), which is similar to the factor
used to calculate effective population size in population
genetics, as well as the RSCU, which refers to the
number of times a codon occurs in a gene relative to
the number of expected occurrences under equal codon
usage (Castells et al. 2017). Thus, the RSCU has often
been used to standardize amino acid composition
datasets and evaluate codon usage patterns
(Velazquez-Salinas et al. 2016). A Perl-based program
was used to calculate the GC content at the first,
second, and third codon positions (GC1, GC2, and
GC3). The frequency of GC in all codons in the
sequence dataset was also calculated. As the average
of GC1 and GC2, GC12 was applied for the neutrality
plot analysis. The GC3 refers to the GC frequency at
the third synonymously variable coding position
(excluding termination codons and codons for
tryptophan and methionine). The relationship between
the GC3 and ENC for every gene was plotted to assess
the influence of the GC content on codon usage
(Gritsenko et al. 2013).

Determination of optimal codons

The unigenes were ranked according to their ENC,
and the top and bottom 10% of unigenes were used to
define the unigenes with high and low RSCUs,
respectively. Optimal codons were those with ∆RSCU
(i.e., difference between high and low RSCUs) > 0.08
(Zhang et al. 2007).

Results

De novo assembly of the C. kanran transcriptome

Approximately 8.9 Gb of sequence data was generated
by the transcriptome sequencing completed with the
Illumina HiSeq system. Specifically, 59.3 million high-
quality reads (clean reads) were obtained following the
removal of adapters, low-quality reads, short reads (<

45 bp), and primer sequences. The Trinity program
was used to assemble the reads into 127,846
transcripts and 74,620 unigenes. All of the clean reads
were deposited in the NCBI Short Read Archive
database (accession number SRX8925700). The
average unigene length and N50 were 983 bp and
1,640 bp, respectively (Table 1).

Table 1. Summary of the Cymbidium kanran
transcriptome sequencing data obtained with
the Illumina HiSeq system

Sequence Number Mean N50 Total
size size nucleotides

Clean read 59,310,000 150 - 8,900,000,000

Transcripts 127, 846 633 1, 204 81, 028, 493

Unigen 74,620 983 1, 640 60, 894, 532

Transcriptome annotation

Of 74,620 unigenes, 49,813 (66.76%) were functionally
annotated. The proportions of unigene with significant
similarities to sequences in the NR, NT, GO, KOG,
KEGG, Swiss-Prot, and InterPro databases were
63.36%, 54.52%, 45.41%, 47.67%, 47.77%, 44.79%,
and 23.90%, respectively (Table 2). An examination

Table 2. Functional annotation of the assembled
unigenes derived from the Cymbidium kanran
transcriptome sequencing data

Category Number Percentage

Nr-Annotated 47,277 63.36%

Nt-Annotated 40,682 54.52%

GO-Annotated 33,882 45.41%

KOG-Annotated 35,574 47.67%

KEGG-Annotated 35,648 47.77%

Swissprot-Annotated 33,422 44.79%

of the species distribution of the top hits for the seven
databases revealed that 60.13% of the annotated
unigenes were most similar to sequences from
Dendrobium catenatum, followed by Phalaenopsis
equestris (23.95%) (Fig. 1a).

On the basis of GO classifications, 33,882
matched unigenes were classified into the three main
functional categories (biological process, cellular
component, and molecular function). Regarding the
unigenes in the biological process category, the most
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Fig. 1. Functional annotation of unigenes. (A) Distribution of annotated species. (B) Distribution of GO annotations. (C) Distribution of KOG annotations. (D)
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commonly assigned GO terms were cellular process
(7,714; 22.77%), biological regulation (2,568; 7.58%),
and metabolic process (1,748; 5.16%). In the cellular
component category, membrane part (9,893; 29.20%)
and cell (6,816; 20.11%) were prominently represented.
In terms of the molecular function category, catalytic
activity (17,026; 50.25%) and binding (16,660; 49.17%)
were the most common GO terms assigned to the
unigenes (Fig. 1b).

All unigenes were used as queries to search the
KOG database to predict functions and classifications.
A total of 35,574 matched unigenes were classified
into 25 categories. The unigenes in the same KOG
categories were assumed to have been derived from
the same ancestral gene or were paralogs or orthologs.
The category with the most unigene was of general
function prediction (7,766, 21.83%), followed by
transcription (3,964; 11.14%) and signal transduction
mechanisms (3,260, 9.14%). Nuclear structure (66;
1.86%) and cell motility (11; 0.31%) were the
categories with the fewest unigenes (Fig. 1c).

The annotated unigenes were also used to
screen the KEGG database to identify enriched
biological pathways (Kanehisa et al. 2008). The 35,648
unigenes with significant matches in the KEGG
database were mapped to 19 pathways representing
the following five biochemical pathways (Fig. 1d):
metabolism (19,507, 54.72%), genetic information
processing (7,564, 21.21%), environmental information
processing (2,237, 6.27%), cellular processes (1,532,
4.30%), and organismal systems (1,220, 3.42%).
Regarding the unigenes in the metabolism category,
most were associated with global and overview maps
(7,587, 21.28%), carbohydrate metabolism (3,128,
8.77%), amino acid metabolism (1,583, 4.44%), lipid
metabolism (1,407, 2.95%), energy metabolism (1,162,
3.26%), and biosynthesis of other secondary
metabolites (1,113, 3.12%). The genetic information
processing category included unigenes involved in
translation (3,128, 8.77%), folding, sorting, and
degradation (2,242, 6.29%), transcription (1,567,
4.40%), and replication and repair (627, 1.78%).

Analysis of the nucleotide composition of MADS-
box genes

To investigate the nucleotide composition of C. kanran
MADS-box genes, 173 MADS-box gene CDSs were
identified with a Perl-based program. The GC1, GC2,
and GC3 values were 0.397, 0.402, and 0.442,
respectively, which revealed significant differences

among the three synonymous codon positions. The
GC content (GCall) for the 173 MADS-box genes was
22.42%-63.02%, with an average of 41.4% (standard
deviation of 0.076). The GC content for the unigenes
in the 50th and 70th percentiles was 38.43%-46.16%
and 33.83%-47.48%, respectively (Fig. 2a).

To study the relationships among the three
codon positions, we calculated GC1, GC2, GC3, and
GC12 for each unigene, and constructed neutrality plots
(GC12 vs GC3) (Fig. 2b) (Sueoka 1988). The results
revealed that GC3 varied considerably among the C.
kanran MADS-box genes, ranging from 0.138 to 0.833.
Additionally, the difference in GC3 usually reflected a
neutral mutation bias, which altered the codon usage.
Moreover, there was a significant positive correlation
between GCall and GC12, implying that the codon
usage bias of C. kanran MADS-box genes was mainly
affected by GC mutations.

The relationship between pyrimidines and purines
at the third codon position was studied according to
parity rule 2 analyses (Sueoka 1999; Kawabe and
Miyashita 2003). If codon usage bias is determined
by base mutations, the frequencies of G/C and A/T
should be equal. In this study, the distribution of G/C
and A/U at the third position was unequal, with a higher
A content than G content in most MADS-box genes
(Fig. 2c). These results indicated that the codon usage
bias was also due to natural selection pressure.

Correlation between the ENC and GC3

To clarify the relationship between the ENC and GC3
in the absence of selection pressure, we drew a
correlation curve with the calculated ENC and GC3
for each unigene (Fig. 2d). The data revealed that these
values varied widely among the unigenes, with the
ENC ranging from 23.2 to 61.0 and the GC3 ranging
from 0.108 to 0.821. Additionally, there were 26
unigenes with a low ENC (≤35, strongly biased) and
70 unigenes with a high ENC (50-61, weakly biased).
The weakly and strongly biased unigenes represented
45.8% and 17.0% of the unigenes, respectively. An
analysis of the correlation between the ENC and GC3
uncovered a negative correlation for all unigenes (P <
0.05, r = 0.463). The results suggested that codon
usage may be influenced by a nucleotide composition
mutational bias, and that codon usage is strongly
biased for unigenes with a low ENC and a high GC3.

The correlation between the GC3 and ENC for



490 Huolin Luo et al. [Vol. 79, No. 2

each analyzed unigene is presented in Fig. 2d which
indicates the codon usage patterns among unigenes
that vary regarding their GC content. The curve refers
to the expected unigene position where GC3
determines codon usage. Most unigenes were located
on or near the reference line, but there were a few
exceptions. Thus, GC3 appeared to be a major
determinant of codon usage for C. kanran MADS-box
genes, with natural selection pressure also having an
effect.

Identification of optimal codons

On the basis of the ENC, the top and bottom 10% of
unigenes represented the weakly biased and strongly
biased unigene datasets, respectively. Additionally,
18 optimal codons were identified based on the ÄRSCU
(Table 3). There was only one optimal codon for most

of the amino acids, with the exceptions being
isoleucine and leucine. Regarding the optimal codons,
16 ended with A/U, whereas only two ended with G/C.
Therefore, the C. kanran MADS-box genes are biased
toward codons ending with A/U.

Discussion

A de novo sequence assembly revealed 74,620
unigenes, of which 49,813 were functionally annotated.
A total of 36,555 CDSs were obtained based on the
functional annotation results and ESTscan predictions.
Additionally, 1,917 SSRs distributed on 8,327 unigenes
were detected with the MISA program (Zhang et al.
2017). Thus, the results of this study may provide
relevant genetic information for future functional gene
mining studies, and facilitate research into genetic

Fig. 2. Analysis of the codon usage bias of the MADS-box gene family. (A) GC content of the three codon positions.

(B) Neutrality plot analysis. (C) Analysis of parity rule 2 bias. (D) Analysis of the relationship between ENC

and GC3
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structures as well as molecular marker-assisted
breeding of C. kanran.

The MADS-box genes encode transcription
factors with fundamental roles related to developmental
control or signal transduction processes, especially
regarding flower development (Wang et al. 2017). A
de novo transcriptome sequence assembly uncovered
173 MADS-box gene CDSs, which were then used to
investigate codon usage bias in the MADS-box gene
family. The results of association analyses (GC3 vs
GC12 and GC3 vs ENC) and an examination of the
proportions of pyrimidines and purines indicated that
MADS-box genes exhibit a weak codon usage bias
that is mainly due to base mutations but also influenced
by natural selection pressure. The GC content in the
unigenes consistent with those for rice, maize, and
Brachypodium distachyon (Carels and Bernardi 2000;
Wang and Hickey 2007; Liu H et al. 2010), but
contradicted the data in previous reports regarding
monocots (Carels and Bernardi 2000; Wang and Hickey
2007; Liu H et al. 2010). Most of the unigenes were
distributed along the diagonal, indicating that base
mutations were the major factor responsible for the
codon usage bias rather than natural selection (Zhou
et al. 2009). These results suggested that neutral
mutation biases influenced codon selection.

Previous studies confirmed there are many
factors affecting codon usage bias, including base
mutations, natural selection, coding region length, and
tRNA abundance (Taylor et al. 2017; Qin et al. 2017;
Luo et al. 2016). Mutations are generally neutral and
do not affect normal physiological mechanisms.
However, the codon changes caused by natural
selection may improve the efficiency of gene
expression and the dynamics of polypeptide chain
folding for specific genes or specific gene regions
(Gingold et al. 2011; Sauna et al. 2011). Base

mutations and natural selection pressure are the two
major factors affecting the codon usage bias in plant
nuclear genes, with natural selection having a more
prominent role in some plant species, such as
Nicotiana tabacum, Picea asperata, and Silene
pendula (De La Torre et al. 2015; Qiu et al. 2010). In
contrast, base mutations are the main factor affecting
codon usage bias in some plant species. However,
base mutations and natural selection pressure often
simultaneously influence codon usage in many plant
species, including Arabidopsis thaliana and Oryza
sativa (Qiu et al. 2011; Mukhopadhyay et al. 2008).
Therefore, the reasons for the codon usage bias in
various species or genes are diverse, and the
underlying evolutionary mechanism in plants remains
to be characterized.

The codon usage bias reportedly differs between
monocotyledonous and dicotyledonous species, with
the former exhibiting a bias toward codons ending with
G/C and the latter having a bias toward codons ending
with A/U. However, the codon usage of Orchidaceae
plant species appears to be biased toward codons
ending with A/U. For example, the CDS of the
Dendrobium officinale gene encoding UDP-glucose
pyrophosphorylase has a higher AT content than a
GC content, and 19 of the 27 biased codons end with
A/U, similar to the frequently used codons (RSCU >
2) (Jing et al. 2014).

On the basis of the C. kanran codon usage bias
described herein, the codons of MADS-box genes from
other species may be modified to improve the
efficiency of transcription and translation of these
genes in transgenic C. kanran plants. Therefore, the
results of this study may provide the foundation for
the molecular breeding of new orchid varieties with
enhanced traits (Li et al. 2017), especially for the
breeding of transgenic varieties with modified MADS-
box genes.
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Table 3. Preferred codons in the Cymbidium kanran
MADS-box genes

Amino Codon Amino Codon Amino Codon
acid acid acid

Ala GCU Ile AUU Phe UUU

Arg AGA Ile AUA Ser UCA

Asn AAU Leu CUA Ser UCU

Gln CAA Leu UUA Thr ACU

Glu GAG Leu UUG Tyr UAU

Gly GGU Lys AAA Val GUU
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