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Abstract

We present the Codon Statistics Database, an online database that contains codon usage statistics for all the species
with reference or representative genomes in RefSeq (over 15,000). The user can search for any species and access two
sets of tables. One set lists, for each codon, the frequency, the Relative Synonymous Codon Usage, and whether the
codon is preferred. Another set of tables lists, for each gene, its GC content, Effective Number of Codons, Codon
Adaptation Index, and frequency of optimal codons. Equivalent tables can be accessed for (1) all nuclear genes,
(2) nuclear genes encoding ribosomal proteins, (3) mitochondrial genes, and (4) chloroplast genes (if available in
the relevant assembly). The user can also search for any taxonomic group (e.g., “primates”) and obtain a table com-
paring all the species in the group. The database is free to access without registration at http://codonstatsdb.unr.edu.
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Introduction

Most amino acids are encoded by multiple synonymous co-
dons. Despite encoding for the same amino acid, some syn-
onymous codons are used significantly more often than
others, a phenomenon known as codon usage bias.
Species significantly differ in their codon preferences—for
instance, glutamic acid is preferentially encoded by GAG
in human, whereas the same amino acid is preferentially en-
coded by GAA in Escherichia coli (Ikemura 1982; Sharp et al.
2010). In addition, genes within any given genome differ in
their patterns of codon usage. In particular, gene expression
levels significantly correlate with gene-specific metrics of
codon usage such as the Effective Number of Codons
(ENG Wright 1990), the Codon Adaptation Index (CAl;
Sharp and Li 1987), or the frequency of optimal codons
(Fops lkemura 1985) (e.g, Gouy and Gautier 1982).

Codon preferences can be affected by a number of fac-
tors, including the genome’s nucleotide composition (e.g,,
AT-rich genomes tend to use codons endingin A or T) and
translational selection (codons that are translated by high-
ly abundant tRNAs are translated faster and with fewer er-
rors; e.g., Ikemura 1985; Hershberg and Petrov 2008).

Understanding codon preferences across the different
species and genes is important not only to understanding
genome evolution, but can also inform tasks such as heter-
ologous expression, gene prediction, or phylogenetic infer-
ence (e.g, Gustafsson et al. 2004; Christianson 2005;
Rota-Stabelli et al. 2013). In addition, the patterns of codon
usage of viruses tend to be similar to those of their host

species (e.g., Shackelton et al. 2006). Despite the relevance
of maintaining species- and gene-specific codon usage in-
formation, existing databases have not been updated in a
long time, focus on specific taxa, and/or do not provide
gene-specific metrics (Nakamura et al. 2000; Hilterbrand
et al. 2012; Athey et al. 2017).

Implementation

For each of the species with reference or representative
genomes in the RefSeq database (release 207), we chose
one full assembly (in order of preference, the one labeled
as “reference,” the one with the highest assembly level,
or the most recent one) and retrieved the corresponding
coding sequences (CDSs) file. Using that file as input, a
number of tables were pre-computed using an R pipeline.
To avoid codon redundancy, only one CDS per gene was
used (if multiple were available, the longest one was cho-
sen). The web interface was created using PERL CGl.

For each species, we computed the total frequency of
each codon, and used the information to compute the
Relative Synonymous Codon Usage (RSCU) of each codon.
For each gene, we computed the GC content for the entire
CDS (GC), the GC content at third codon positions (GC3),
the ENC, and the RSCU for each codon.

For species with over 1,000 genes, we also compared
genes inferred to be highly expressed (bottom 10% ENC
values) with genes inferred to be lowly expressed (top
10% ENC values). Codons with significantly higher RSCU
values in the highly expressed gene set (according to a
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Genes analyzed: Nuclear genes Ribosomal proteins

Species: Homo sapiens
Taxonomy ID: 9606
Assembly: GCF_000001405.39 |

GRCh38.p13
Amino Acid Codon |
Ala GCA
Ala GCC
Ala GCG
Ala GCT
Arg AGA
Arg AGG
Arg CGA
Arg CGC
Arg CGG
Arg CGT
Asn AAC
Asn AAT
Asp GAC

Genetic code: 1
Number of genes: 19850
Number of codons: 11577026

Count RSCU | Preferred
187108 0.921 Unpreferred
323249 1.580 Preferred
89097 0.438 Preferred
213559 1.051 Unpreferred
142934 1.303 Unpreferred
140481 1.281 Unpreferred
70319 0641 Unpreferred
118972 1.094 Preferred
132275 1.206 Preferred
52129 0.475 Unpreferred
212087 1.037 Preferred
197831 0.963 Unpreferred
287974 1.059 Preferred

Fic. 1. Species summary. Codon statistics corresponding to all human nuclear genes are shown.

Mann-Whitney U test) were considered preferred/opti-
mal. We then computed the F,, for each gene. The highly
expressed gene set was also used as reference to compute
the CAI of each gene.

The Codon Statistics Database

We present the Codon Statistics Database, an online data-
base that contains codon usage information for all species
with reference or representative genomes in RefSeq (over
15,000). The user can search for any species or taxonomic
group by taxonomic ID (e.g, “9606"), scientific name (e.g,,
“Homo sapiens”), or common name (e.g, “human”), and se-
lect an option from a drop-down menu.

If a species is selected, the user is directed to a table that
lists, for each codon, the encoded amino acid, the total
count in the genome, the RSCU, and whether the codon
is preferred or unpreferred (fig. 1). The user can visualize
and download equivalent tables for (1) all nuclear genes
(default option), (2) nuclear genes encoding ribosomal
proteins (this subset is included since such proteins are of-
ten highly expressed and thus subjected to strong codon
bias), (3) mitochondrial genes, and (4) chloroplast genes
(if such gene sets are available in the relevant genome as-
sembly). For viruses, only one option including all genes is
available. Additionally, for each gene set, the user can
download a tab-delimited file (.tsv) listing the following
statistics for each gene: GC, GC3, ENC, CAl, and F,,.

Codon
1 Statistics

-, Database

Genes analyzed: Nuclear genes omal prot

Group: Drosophila
Taxonomy ID: 7215

jes |
il yagyy 1317 o078 048 D30 DYD 214 046 o8 131

12712 095 122" 087" 095 050 024 059 262° 034 171 083 117 7Y

14058 060 200* 075 066 053 075 084 169* 108" 082 113* 0B7 101" 08

13718 067 180" 077 075 058 078 088 162° 1

14275 078 166" 08B0 0988 072 077 101 153

Drasoy
ficusphila
Drosophia
grmsha
Drosoghila
uanche

14128 060 193" 067 080 058 076 088 173" 119 087" 1.15° 085 1.05° 095 1

14230 053 204" 078 066 052 086 077 208* 110* 068 124* 076 109" 081 1

15082 062 183" 081" 073 056 0786 089 192" 107* 078 119" 081 1.00* 100 1

13754 099 140" 083 078 045 037 083 222* 065 146 081" 118 087 133 12

13282 095 134" 079 081 048 036 082 228" 057 149" 086" 114 077" 123 1

13585 102 140" 070 087 @59 039 081 178" 057 175" 081* 118 065 135 1

Genetic code: 1
Mode: RSCU | Count

Genes | GCA| GCC [GCG [ GCT [ AGA | AGG [ CGA | CGC CGT | AAC GAC | GAT | TGC | TGT | CAA | CAG | GAA | GAG GGA\GGC
g (Al3) | (Ala) | (Ala) | {Al) | (Arg) | (Arg) | (Arg) | (Arg) | (Arg) | (Arg) | (Asn) | (Asn) | {Asp) | (Asp) | (Cys}| (Cys) | (GIn) | (Gin} | (Glu) | {Glu) | (Gly)  (Gly) | (Gh
4 0% g4 171 0gr 113 121 " 079 i

12476 088 148" 087" 080 043 038 077 244* (088 129 092" 108 084" 116 138

14981 061 192* 065 082 056 072 088 178 113" 084" 117° 083 102* 098 138

13307 078 179° 077 066 046 D85 077 228 085 108 103" 097 0867 104 143

* 062 059 141" 068 1.32° 119 165 042 074 123" 077 060 139

074 074 126 068 131" 087 208" 0256 101 089 111 076 105 121 062 087

cTT
Leu)

055 |

BGT | CAC | CAT | ATA| ATC ATT‘CTA CTC | CTG
Gly) | (His) | (His) | (lle) | (lie) | (e} | (Leu) (Ls Let

099 087° 113 066 107 127 048

079 085 114 121* 085 195
1.0t 049 104" 252° 080 |
062 066 134" 084 136" 084 234* 028 073 100" 100 082 110" 1.08 055 094" 256° 041 |

G55 145" 104 188" 041 067 135 065 056 156 083 039 105" 266" 048 |
062 061 138" 072 128" 115 163" 043 079 121" 076 059 135 106 051 089 247 065
068 078 122 071 129* 083 231" 019 086 078" 124 105 071" 124 062 074" 228" 056 |

138" 108 183" 035 074 124" 076 D55 149" 0% 041 087 28> 050 |

057 058 142* 066 134" 114

* 075 060 141* 089 051 085" 264 067 |
072 128" 081 1.19" 128 140" 033 099 104" 096 065 123* 111 067 080" 205 080 |

7 058 142" 068 132° 120 167" 040 073 131" 060 051 148" 101 040

067 052 148 G556 1457 082 206" 039 072 113 087 066 128" 108 040

* 070 075 125' 076 124" 067 222' 025 086 088" 111 088 067" 115 063 083 223 051 |

* 088 085 115' 076 124* 103 173" 022 102 083 147 075 086' 129 053 083" 202 060 |

Fic. 2. Taxonomic group summary. Codon preferences for species in the genus Drosophila are shown.
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If a taxonomic group with multiple species is selected
(e.g., “7215,” “Drosophila,” or “fruit flies”), the user is pre-
sented with a table comparing all the species in the group
(fig. 2). The user has the option to visualize either codon
counts or RSCU values. Preferred codons in each species
are marked with asterisks.
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