CUBES and CUBACR, script packages for the analysis of evolutionary traits of codon bias.
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BACKGROUND

The balance between mutational biases and natural selection generates a wide range of GC contents and codon usage biases
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in Prokaryote genomes. Synonymous codons are selected to optimize translation of genes with

different functions and expression levels, and to preserve the fitness of the cell. The choice of such optimal codons produce intragenomic codon usage heterogeneities®. The analysis of core-gene sets with increasing

ancestries in bacteria, revealed an increased degree of adaptation of the most ancestral genes to the translational machinery®

. This adaptation could be a consequence of codon selection for better translation accuracy or

efficiency. One way to attempt differentiating those effects is to compare the codon usage of conserved vs. non-conserved genetic regions. Here we present bioinformatic tools which can perform several codon usage

analysis on sets of genes belonging to different core-genomes.

What is a core-genome?

0
A core-genome is a set of genes which present an orthologous in all (or a high proportion) of the genomes in a ¢ O 7, O O ‘ :>Core genome 1
given collection —i.e. all the common genes. Adding more genomes to the collection will reduce the core-genome, Genes Genes O O Q O Q o genomeN - % Core-genome 2
generally maintaining the genes which are related to fundamental cellular functions, and that were most likely abcdef  bcdefg == Core-gonome 1 -, == Q ) onn
present in the common ancestor. Using software such as EDGAR? or Get-Homologues?, it is possible to search for Singletons  Singletons b,c,d.e,f b?c,e,f ( ] Q
all the orthologous genes between any number of genomes. Opposite to core-genomes, singletons are genes which a 2 GET
are only present in one (or a low proportion) of the genomes under study, and are usually more related to newly — 0 Homologues

. . Singletons (single*.fa)
acquwed accessory functions.

What is the codon usage Bias?

Proteins are polymers of 20 different types of amino acids, each one encoded in the messenger RNA -which in turn
is transcribed from the DNA- by a codon (a sequence of 3 nucleotidic bases). Since there are 4 types of nucleotides
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Core-genomes sets are constructed by the successive incorporation of new genomes to the core-
genome analysis software (e.g. EDGAR? / Get_ Homologues?*), following the phylogeny of the family/

(A, T,C,G), a total of 64 codons exist. Of these, 3 codons (TAA, TTA, TGA) are used as translation stop signals, while CUBES/—— /SP1 On each SPi/ forder. genus. Next, each of these Cn gene sets are used to calculate the relative synonymous codon useage

- : : : : : RSCU), the modal codon use frequency for each set and its RSCU, and to perform a Correspondence
the remaining 61.are used to encode for the 20.am|n<.) acids. The fact that there are more podons that amino acids multifasta files: ;nal sii of RSCU quency P P
makes the genetic code degenerate. Some amino acids are encoded by 1 codon only, while others are encoded by — /SP2 C(n).fa y '
2, 3, 4 or 6 codons. However, all the codons encoding the same amino acid -codon usage- are not used with the <pa single*.fa g(eo;l;ired f“les :‘esgl;il\lf;lt:f": ";“gﬁgsfta ﬁ"af\e;d?dinlgtseq?fnceds in th?dcotmpleti 9te”°me’h Ci, singletons, and (':fHE Sel:SZ

: : : : i . — GNM.fa n).fa, single*.fa, faan fa. itional text files: dist.txt (distance between the species, extracted from the
Same fr_equency' This geperates a codon usage bias which has been associated to gene expressuon.level, the z PHE.fa species phylogenetic tree), rgf.txt (normalized frequency based on the number of tRNAs for each codon/amino-acid)
adaptation to the proportion of transfer RNAs (tRNAs) of the cell, the degree of sequence conservation, the L spn toxt files: and trna.txt (the number of copies of tRNA genes)
genomic location —i.e., chromosome, chromid, plasmidome®— and different features such as codon ramps, and dist.txt
mRNA secondary structure among others>. rgf.txt — ,
trna.txt Determination of the modal codon usage bias

Measuring codon usage Bias Jcalculate_modals2.sh  Scans all the SPi folders and calculates modal codon Correspondence
There are different kind of indices that qugntify the codon bias of a gene. Some quantify the changg in the frequency N use frequencies, and generates a representative DNA analysis of RSCU
of use of each synonymous codon in relation to the frequency of random codon usage —e.g. Relative synonymous crp e sequence.

codon usage (RSCU, ENC)— while others compare this frequency to the codon usage bias observed on set of
(predicted) highly expressed (PHE) proteins— e.g. Fop, CAl. Additionally, the translation adaptation index® (tAl)
determines the degree of adaptation of the codon usage to the amount of each tRNAs of the cell®.

And for a set of genes?

The obvious choice appears to be the average codon usage frequency of all the genes in the set. However, a
method to calculate a frequency that represents in a more accurate way the codon usage frequency of the majority
of the genes, denominated the modal frequency, was reported®. This method iteratively adjusts the codon usage

*.modal_freq.fas

RSCU determination and Correspondece analysis

Calculates CA on RSCU, and generates several plots

Jcoa_GNM.sh
in R (Requires single*.fa, and GNM.fa)

}

frequency while comparing, by means of Chi-square statistics, to the codon usage frequency of all the genes in the RSCU | codont codon2 codon3 = = = = = = = = = = = = « codon60 codon b Corespondence analysis
set, until there is no statistically significant difference for most of the genes. g::z; UL
Gene 3 modal codon usages Higgly T
CUBES : 1 x 61 matrix —— o '
CUBES is a set of linux bash and perl scripts which can be used to: : oo StuihautHigtionina and inmiophan. which pre-cadad py.na codop. aach) O e e
C1
(modal)
- Calculate modal codon usage frequencies for sets of core-genomes (e.g. from a core-genome obtained from o
Edgar software) (mode) C1
- Generate a representative DNA sequences for those modal frequencies (Since codon usage analysis will be
done USing COdOI"IWm, which requires COding sequences) /Index Modal.sh Calculates | index (described on Lopez JL. et al.) from '
- Calculate the correspondence analysis (COA) of RSCU using CodonW software. ' — ' modal codon usage frequencies. BE - - - - - -——-—-—---- Calculate 1.tAl or
- Generate plots of the first 2 components of COA, both for genes and codons, including the modal | | < ’
SequUEences J/GC3 _Modal.sh Calculates GC3 index using modal codon usage. . GC3 vs
. All these scripts generate plots of £ /0/3 ’Cs, — Evol utionary
calculated index vs evolutionary ~ ¢z c4 ce C7 )
Calculate the variation of the adaptation index s-tAl and the GC3 content of the Core-genome Ci vs the distance. \ distance plots
evolutionary distance between the reference genome and the common ancestor of the core-genome Ci. acs
Requires a trna.txt file with the tRNA genes copy number for the reference species, and the evolutionary PRE T TTTTTTT T T
distance between the most distant genomes in the core-genome. The script outputs tables and plots showing tRNA Adaptation Index (tAl) calculation e e
the variation of these indexes in function of the evolutionary distance. Estimates Sij from the LT =

Generate a plot showing the change in the codon usage frequencies (CUF) for each codon and the
corresponding adaptiveness w.

!

JtAi_Modal_g.sh
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CUBACR

Scripts for the codon usage bias analysis of Conserved and Variable regions from core genome proteins.

CUBACR scripts are programmed to process multifasta files containing orthologs for each gene of a desired core-
genome set (or sets of proteins with a defined expression level), make an amino acid guided codon alignment for
each gene (using TranslatorX software'), and to output the conserved and variable regions of all genes of the set.

Generate a heatmap of the tRNA adaptiveness (w), the difference in CUF between the C1 (initial core-genome)
and the most ancestral Core-genome (Cn), and between putatively highly expressed genes (PHE) and Cn.

/Cdelta_plot_ F3

CUBACR can then be used to: L
./Cdelta_Heatma

Make an amino acid based codon alignment and extract conserved and variable codons.

Calculate the modal codon usage frequencies for CR and VR.

Perform the correspondence analysis of RSCU for all genes and modal frequencies (Including CR and VR).

Jcalculate sopt

.Sh

DCBS_GNM f.sh

correlation between tAl and
DCBS using the complete
genome.

Calculates tAl using Sopt-DCBS-GNM for modal
sequences from Ci->Cj, and generates a plot of tAl vs
evolutionary distance.

=

m-tAl

Singletons

Evolutionary distance

Generates a plot showing the evolution of the frequency of synonymous codon usage from C1 to Cn for every
codon. Bars represents the tRNA copy number. Between brackets is the w (calculated without the normalization by the
maximum value)
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p2 sh Generates a heatmap of relative adaptiveness values (w), ACn-C1 and APHE-Cn for all the codons. Allows the Heatmap Of w
visualization of CUF changes from C1 to Cn and if there is further adaptation from Cn to PHE. )
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Calculate a neighbor joining tree using G. Olsen freqs_2_nj_tree_linux script® (Type 2 distances between Generate a heatmap of the difference of modal codon usage between Highly/lowly expressed and Conserved/Variable | | e I
CUF. Requires Phylip’ software), and generate a heatmap of modal codon usage frequences guided by the sequences. | e 1
. . . GIu|GAA 0
previously generated tree. Calculate GC3, s-tAl, and Nc plots for all the genes and modal sequences corresponding to each of the defined sets. | o o I
Phe|UUU .
—————————————————————————————————————————————————————————————————————————————————————————— Phe|UUC p
[ ] - His|CAU
CUBACR Pipeline
Lys|AAA
CUBACR/ ——/SP1 /CC/—C1.fa...Cn.fa p— H
GNM.fa . Calculates RSCU difference between HEP-CR, A
singletons.fa Sequences representing Modal CUFs HEP and PHE, and plots different heatmaps. ol |
— /SP2 JHEP/— | : (Requires the outputs of Nc_plots.sh) —
— ocus_tag1.fas - 9 P —P UA
o cus_tagz vl N i s i SPi_HEP_CR.modal_freq.fas Jcalculate dist_tree _heatmap.sh /CRdelta_heatmap.sh s M
- ' the sequences of the SPi_HEP_VR.modal_freq.fas JelAL r.
I . lle|AUC
/SP3 orthologs for locus_tagi in /cCvsE.sh SPi_LEP CR.modal_freq.fas ’ JeAUA
T_ locus_tagn.fas | all the genomes included SPi_LEP_VR.modal_freq.fas eSS TR 2SSO S S —— T
— ) £ RISt SN A SR SRS é(é’é)é’é’&‘f POEEEELLSSSSLLOLEEEFSS Ala|GCA
/SPn Inase i Ala|GCG
— /LEP/ Iocus_tag1 fas (Highly / Lowly expressed proteins CI'mOdaI—freq'faS R e|y||eeu N
locus tagZ.fas should be located on HEP and GNM.modaI_freq.fas i I 40 z:y:ggi
— F st N Ml S |
LEP respectively) singletons.modal_freq.fas o ayieca
. HEPoR I I I = Figccs
locus_tagn.fas CA_genes.svg Correspondence analysis plots and tables . 20 raicca (Nl W N
— ProlCCG
CA _codons.svg / Nc_plots.sh iACU .
. —————— Singletons ThijACC
SPi_CE.table a table with the proportion of conserved and variable regions ’ I /GC3.sh ° 5 o o 5 o
for each gene, and a density plot of the length of conservedand § || LEP CR ) S © O S = ° > 2
coverage_plot.svg o2 Y21 e igfl’_EP g - : T T ol
ariaple regions 1or an . -
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Requires: tesicww | VM
trna.txt, s _opts DCBS_ GNM.txt | o ——— o —— o o | _ — LEPVR I I trna.txt (relative frequency of tRNA gene copies) uoun
Required for tAl calculation . - g:;rgzrl)]ondence analysis R s_opts_DCBS_GNM.txt (Sij obtained with CUBES using all the genome) e
Leu|[UUG
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