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a b s t r a c t

In this study, we analyzed multi-omics data and subsets thereof to establish reference codon usage biases
for codon optimization in synthetic gene design. Specifically, publicly available genomic, transcriptomic,
proteomic and translatomic data for microbial and mammalian expression hosts, Escherichia coli,
Saccharomyces cerevisiae, Pichia pastoris and Chinese hamster ovary (CHO) cells, were compiled to derive
their individual codon and codon pair frequencies. Then, host dependent and -omics specific codon biases
were generated and compared by principal component analysis and hierarchical clustering. Interestingly,
our results indicated the similar codon bias patterns of the highly expressed transcripts, highly abundant
proteins, and efficiently translated mRNA in microbial cells, despite the general lack of correlation
between mRNA and protein expression levels. However, for CHO cells, the codon bias patterns among
various -omics subsets are not distinguishable, forming one cluster. Thus, we further investigated the
effect of different input codon biases on codon optimized sequences using the codon context (CC) and
individual codon usage (ICU) design parameters, via in silico case study on the expression of human
IFNc sequence in CHO cells. The results supported that CC is more robust design parameter than ICU
for improved heterologous gene design.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Efficient expression of heterologous genes is one of the key
challenges in industrial biotechnology applications, where the goal
is to enhance recombinant protein production. When natural genes
are transformed into heterologous hosts, expression levels are typ-
ically poor, as the gene had evolved towards efficient expression in
its original organism. Thus, in order to overcome this expression
bottleneck, it is highly necessary to design synthetic gene effec-
tively, by identifying molecular and regulatory principles related
to protein translation and folding [1]. One general strategy for
improving recombinant protein expression is codon optimization,
as successfully demonstrated in both microbial (Escherichia coli
[2–4], Saccharomyces cerevisiae [5–7], Pichia pastoris [8–10]) and
mammalian cells (Chinese hamster ovary cells, CHO [11–13]).

Basically, codon optimization considers the degeneracy of the
genetic code, i.e. that most proteinogenic amino acids (except for
methionine and tryptophan) are encoded by two to six codons,
and the uneven usage of synonymous codons by different hosts,
termed as codon bias. For the codon optimization, codons of the
heterologous target sequence to be expressed are replaced with
those preferred by the host [14]. As such, it can increase the trans-
lation elongation rate of an mRNA molecule, which is one of the
potential bottlenecks for recombinant protein expression intracel-
lularly [15]. To this end, researchers have developed several algo-
rithms and tools to optimize the DNA sequence of the
recombinant protein [14,16,17], and explored the relevant design
parameters (e.g. codon adaptation index, CAI; individual codon
usage, ICU; codon context, CC [3,13,18]). However, little attention
has been paid to the choice of host’s reference codon bias that
has been commonly computed using all coding sequences from
the host’s genome, or subsets of genes (Fig. 1). This input bias pat-
tern (or reference table) to the codon optimization, clearly affects
output sequences. Thus, it is important to establish appropriate
reference bias representing the host’s preferred codon usage pat-
tern. In microbial cells, typically the sequences of highly expressed
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genes (as identified in the transcriptome) or the genome are used
to calculate the codon usage reference of the host (see Supplemen-
tary file 1 for a comprehensive list of studies). Similarly, in mam-
malian cells and specifically the workhorse for biopharmaceutical
glycoprotein production, CHO cells [19], the transcriptome data
have been exploited mainly due to the data abundancy [13]. How-
ever, the need to cross-validate these results with other -omics
datasets recently available with the enhancement of more sophis-
ticated experimental and analytical techniques (e.g. proteome and
translatome), is apparent due to the weak correlation between
gene transcripts and protein abundance, which has been consis-
tently reported [20].

In this study, we assessed multi-omics datasets and subsets
thereof for various host cells in order to identify the most
appropriate codon bias reference for codon optimization in syn-
thetic gene design. Initially, we collected the genome, transcrip-
tome, translatome and proteome datasets and extracted
relevant subsets from four expression hosts: E. coli, S. cerevisiae,
P. pastoris and Chinese hamster ovary (CHO) cells (Fig. 2). Sub-
sequently, the resultant codon biases generated from the vari-
ous -omics datasets were compared and contrasted using
principal component analysis and hierarchical clustering. Finally,
we investigated the effect of the codon bias inputs and design
parameters (ICU and CC) on the codon optimized sequences
via a case study with the human interferon-gamma (IFN-c)
sequence in CHO cells.

2. Material and methods

2.1. Multi-omics data sets for generating reference codon biases

We collected multi-omics datasets for various microbial and
mammalian host cells, E. coli, S. cerevisiae, P. pastoris, and
Chinese hamster ovary (CHO) cells to calculate the codon bias
patterns of the respective gene subsets. They include the
genome, transcriptome, translatome and proteome providing

various snapshots of translational efficiency and control, as well
as global gene expression levels. The information on the data-
sets is summarized in Table 1. Note that translatome data for
P. pastoris is not included due to the difficulty to process the
raw data available in [21]. The gene lists of the -omics dataset
were used to extract the corresponding coding sequences to cal-
culate their respective codon biases. The genes in each available
-omics dataset were also divided into subsets of top 10%
expression and 10% lowest expression to calculate their respec-
tive codon biases. For the CHO translatome (CHO transl. hi), the
list of translationally efficient CHO genes was obtained directly
from [22].

2.2. Calculating reference codon biases from multi-omics datasets

The individual codon and codon pair frequency tables for
expression hosts were computed from each -omics dataset pro-
vided in Table 1. The individual codon distribution is a vector of
occurrence frequencies for all 64 codons. The frequency value pk

for each codon is defined as:

pk ¼ hkC
hjðkÞA

8k 2 f1;2; . . . ;64g ð1Þ

where hkC denotes the total number of occurrences of codon k, and

hjðkÞA denotes the total number of occurrences of the amino acid
encoded by codon k. As each amino acid is encoded by at least
one codon, the value of pk falls in the range of 0 6 pk 6 1. In the sim-
ilar manner, the codon pair distribution covers all 3904 possible
codon pairs (61� 64 ¼ 3904, as the first codon in each pair cannot
be a stop codon). The frequency value qk for each codon pair is
defined as:

qk ¼ hkCC
hjðkÞAA

8k 2 f1;2; . . . ;3904g ð2Þ

Fig. 1. The general codon optimization strategy. Inputs to the codon optimization include the heterologous gene (left) to be expressed in a certain host and the codon usage
reference of the host (top). Selecting a design parameter (bottom) is also an essential part of the algorithmic process. The output (right) is an optimized sequence, where the
codons of the heterologous target sequence to be expressed are replaced with those preferred by the host. In the upper part of the figure, the multi-omics datasets (genome,
transcriptome, translatome, proteome) used in this study to calculate relevant codon usage biases are also depicted. CAI, codon adaptation index; CC, codon context; ICU,
individual codon usage.
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