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Abstract The fourfold degenerate site (FDS) in coding
sequences is important for studying the effect of any
selection pressure on codon usage bias (CUB) because
nucleotide substitution per se is not under any such pres-
sure at the site due to the unaltered amino acid sequence in
a protein. We estimated the frequency variation of nucle-
otides at the FDS across the eight family boxes (FBs)
defined as Um(g), the unevenness measure of a gene g. The
study was made in 545 species of bacteria. In many bac-
teria, the Um(g) correlated strongly with Nc¢’—a measure
of the CUB. Analysis of the strongly correlated bacteria
revealed that the U-ending codons (GGU, CGU) were
preferred to the G-ending codons (GGG, CGG) in Gly and
Arg FBs even in the genomes with G4+C % higher than
65.0. Further evidence suggested that these codons can be
used as a good indicator of selection pressure on CUB in
genomes with higher G+C %.
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Introduction

Synonymous codons encoding the same amino acid are
used with different frequencies in genomes, a phenomenon
known as codon usage bias (CUB). Different mutations and
selection pressures of variable magnitudes are known to
cause this bias (Bulmer 1991; Rocha 2004; Sharp et al.
2005). While genome composition (G+C %) and the strand
asymmetry in nucleotide composition are considered as
primary factors among the mutation pressures (Muto and
Osawa 1987; Mclnerney 1998; Rocha et al. 1999; Ermo-
laeva 2001; Chen et al. 2004), the selection pressures
leading to CUB are mainly because of translational effi-
ciencies (Ikemura 1981, 1985; Hershberg and Petrov 2009).

The fourfold degenerate site (FDS) in the coding
sequences is important in the study of the effect of any
selection pressure on CUB because nucleotide substitution
per se is not under any selection pressure at the site due to
the unaltered amino acid sequence in a protein. These
codons have been studied for addressing different evolu-
tionary questions such as the role of selection and nucle-
otide substitution in the evolution of genome composition
in bacteria (Hershberg and Petrov 2010; Rocha and Feil
2010), the role of strand specific compositional bias on
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codon usage in Escherichia coli (Powdel et al. 2010),
intrastrand parity violation in DNA (Sueoka 1995; Lobry
and Sueoka 2002), context-dependent mutational bias in
genomes of mitochondria (Jia and Higgs 2008), etc.

Genome composition and strand compositional bias are
the two known dominant mutational factors influencing
CUB in organisms. The cumulative nucleotide substitu-
tions occurring at individual nucleotides are responsible for
the two factors (Sueoka 1962; Francino and Ochman 1997,
Lobry and Sueoka 2002; Ochman 2003; Chen et al. 2004;
Palidwor et al. 2010). Therefore, nucleotide substitution at
the FDS in the eight different family boxes (FBs) may not
be greatly different from each other within a genome.
Unlike the nucleotide substitution, selection pressure acting
at the triplet codon level can be highly variable on different
codons within and among different FBs (Ikemura 1985;
Rocha 2004; Hershberg and Petrov 2009). The four syn-
onymous codons in a FB are different only with respect to
the FDS. A preferential selection on any of the synony-
mous codons leads to the increase of the nucleotide fre-
quency at the site for the FB. Similarly in a different FB,
selection of any codon may also influence the nucleotide
frequency at the site. Due to the independent nature of the
selection in different FBs (Ikemura 1985), the selection on
CUB might increase the frequency variation of a nucleotide
at FDS.

The consequence of CUB on the variation of nucleotide
frequency at the FDS is explained easily with the two
hypothetical examples given in Table 1. In case I, the
frequency of a nucleotide across the column does not vary,
since the pattern of CUB is same in the different families.
In case II, the variation in the frequency of a nucleotide
across a column is more due to the difference in the pat-
terns of CUB in the different families. As CUB is influ-
enced by multiple factors, patterns of case Il are more
likely to be encountered in nature than the events similar to
the case I. In this study, we quantified variation in the
nucleotide frequency at FDS in 545 species of bacteria and
did correlation studies with two measures of CUB, Nc
(Wright 1990) and Nc¢’ (Novembre 2002). Nc indicates
only the extent of the departure from uniform codon usage
and does not take into account the nucleotide composition,
whereas N¢’, which is an improvement over Nc, takes the
background nucleotide substitution pattern of the genome
into consideration. So, Nc gives the information about
CUB that is a consequence of the influence of nucleotide
substitution and/or selection, while Nc¢’ provides informa-
tion about the selection driven CUB in a gene. We
observed stronger correlation between the frequency vari-
ation and N¢’ than between the frequency variation and Nc,
which suggested that the selection pressure on CUB
increases the variation of nucleotide frequency at the FDS
in bacterial genomes.
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Table 1 Hypothetical examples showing effects of CUB on non-
uniform frequency of a nucleotide at FDS

Amino acid Case | Case 11

U C A G 8] C A G

Alagen 005 045 0.05 045 0.00 09 0.00 0.10
Argeon 005 045 0.05 045 0.00 050 040 0.10
Glygon 005 045 0.05 045 050 0.10 0.00 0.40
Leucun 005 045 0.05 045 0.00 0.10 0.00 0.90
Procen 0.05 045 0.05 045 0.00 050 040 0.10
Seryen 005 045 005 045 040 040 0.10 0.10
Thracn 005 045 005 045 0.00 0.10 0.00 0.90
Valgun 005 045 005 045 040 0.10 0.00 0.50

Case I CUB is there, but frequency of a nucleotide is invariable along
the columns, Case II CUB is there, but it is increasing variation of a
nucleotide frequency along the columns

Materials and Methods
Calculations for Um(g)

The variation of a nucleotide frequency at FDS across the
eight FBs in a gene g is calculated using the equation:

1
Um(g) = |
z{A,C,G,T}
1
- > ISCFL,. — M. / k,
n xye{AC,CC,CG,CT,GC,GG,GT,TC}

where Um(g) stands for the Unevenness measure of a gene
g, which is defined as the variation in the frequencies of

nucleotide at FDS. SCFX

Xxyz
frequency (SCF) of a codon xyz within a family box (F).
There are 32 SCF values in 8 FBs. For example, the
calculation of SCF for the codon ACA is given as follows:

stands for synonymous codon

Xaca

> Xacn
Ne{ACGT}

SCFicA =

M, is the arithmetic mean of SCFfvzvalues among all FB
codons with nucleotide z at the third position. The absolute
difference of the SCF values from the mean has been used
to find the frequency variation. We preferred using the
absolute difference rather than the square of the difference.
Because we have less number of SCF values and a single
large squared difference value might abruptly affect the
Um(g) value. This also made the calculation simple.

The divisor n represents the number of FBs considered
in Um(g). The maximum value of n is 8. FBs with total
number of codons less than four were not considered for
calculating the Um(g).The value of n, therefore, varies in
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the different genes depending on the available FB codons.
However in larger genes, this limitation can be avoided.

Um(g) is the arithmetic mean of the four average
deviations divided by a constant k. The value of k is the
theoretically determined maximum Um(g) value. The
Um(g) value is maximum when only one codon out of the
four FB codons is used. The SCF value is 1.0 for the
selected codon, and for the other three codons, the value is
0.0. The selection pressure on codons in different FBs is
different, so that maximum variation in the frequency at
FDS is generated similar to the case II in Table 1. The
value of k is 0.375 when the value of n is 8. The k values
have been calculated as 0.367, 0.361, 0.360, and 0.375
when the n values are 7, 6, 5, and 4, respectively. In order
to fit the Um(g) value in the range (0.0, 1.0), it is scaled by
a factor k. The Um(g) value 1.0 implies maximum fre-
quency variation, whereas 0.0 implies no variation. In the
Supplementary Table 1, Um(g) calculation for some genes
is presented as examples.

Computer Program

Computer programs in C language were used to calculate
the Um(g), Nc (Wright 1990; Peden 1999), N¢’ (Novembre
2002), and Nc'gps (modified N¢’ considering only 32
family box codons). A program written in C language was
also used in determining the in-frame and off-frame tri-
nucleotide frequencies in the high expression genes. The
expected codon usage was calculated using the codon
position specific mono-nucleotide frequencies of the gene
to determine its Nc¢’ value. The bacterial genome coding
sequences were taken from the DDBJ site (www.gib.genes.
nig.ac.jp). Several rpoB and rpoC gene sequences were
also taken from the NCBI site (www.ncbi.nlm.nih.gov).

Results

Selection Pressure on Codon Usage Bias Increases
the Um(g) Value

The variation in a nucleotide frequency at the FDS across the
eight FBs was quantified using Um(g). The study was made on
906 bacteria belonging to 545 species of 49 different phylo-
genetic groups (Supplementary Table 2) covering a wide
range of genome G+C % (16.56-7491) and size
(143,795-13,033,779 bp). We observed that the Um(g) val-
ues were not similar among the different genes within a gen-
ome, and also the range of Um(g) values were not similar
across the genomes. The correlation between the Um(g) and
the measure of CUB N¢’ was studied to examine whether the
variations of the Um(g) values in the genes were due to the
differences in selection pressure on CUB. In accordance with

our hypothesis, significant negative correlation was observed
between the Um(g) and the N¢’ in most of these bacteria. As
Nc and N¢’ give us different information about the CUB with
respect to selection, we compared the Pearson (Um(g),Nc')
and Pearson r(Um(g),Nc). Pearson r(Um(g),Nc) and Pearson
r(Um(g),Nc¢’) were found to be negative in most of the bacteria
suggesting that an increase in CUB increased the variation in
the frequency at FDS. Though the correlation was found to be
significant when all genes within a genome were considered,
we analyzed the larger genes (size >500 codons) in the gen-
omes for better compositional study of the CUB (Supple-
mentary Table 2). In all the bacteria with strong Pearson
r(Um(g),Nc’), the Pearson r(Um(g),Nc) was lower than the
Pearson r(Um(g),Nc’). This indicated that selection on the
CUB increases the Um(g) (Supplementary Table 2).

To further confirm the role of selection pressure in
increasing the Um(g), we did a correlation study between
the Um(g) and the extent of gene expression in E. coli
(Fig. 1). The strong correlation between the values sup-
ported our assumption that selection on the CUB increases
the Um(g).

Selection on the U-Ending Codons in Gly and Arg
Family Boxes in High G4+C % Genome Increases
the Um(g) Value

To understand how selection was raising the Um(g) values,
we compared the CUB between the genomes with strong
Pearson r(Um(g), Nc’) and the ones with weak Pearson
r(Um(g), Nc’). To avoid the influence of the genome G+C
%, the comparison was made in individual groups of bac-
teria which were divided according to their genome G+C
%. In each group we considered four bacteria which
exhibited very strong Pearson r(Um(g), Nc¢') and four
bacteria that displayed very weak Pearson r(Um(g), Nc').
In each group, eight bacteria were considered and in total,
forty bacteria were analyzed from five different groups
(Supplementary Table 3).

The four bacteria (referred to as Group A) belonging to
very high G+C % and exhibiting very strong Pearson
r(Um(g), Nc') were Stenotrophomonas maltophilia, Rals-
tonia eutropha, Xanthomonas campestris, and Ralstonia
solanacearum. Similarly, the four bacteria (referred to as
Group B) belonging to very high G+C % and exhibiting
very weak Pearson r(Um(g), Nc¢') were Kineococcus ra-
diotolerans, Anaeromyxobacter dehalogenans, Actinosyn-
nema mirum, and Salinibacter ruber. We considered the
rpoB and the rpoC (rpoB/C) genes for comparing the CUB
between the two groups because of the presence of these
two genes in almost all the different bacteria, and because
both the genes are large and are highly expressed.

The CUB in the rpoB/C genes in these two groups of
bacteria is given in Fig. 2a(i), b(i). It was observed that in
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Fig. 1 A four panel figure presenting scatter plot of gene expression
versus Um(g) and Nc¢'. Scatter plots of log, protein abundance versus
Um(g) and Nc¢' in E. coli (left), S. cerevisiae (right). X-axis and
Y-axis represent Um(g)/Nc’ and log, protein abundance of genes,
respectively. Gene expression data for E. coli and S. cerevisiae are

the Group B bacteria [Fig 2b(i)], each of the eight FBs has
two maximally used codons which were G-ending and
C-ending. However, the same was not true in the Group A
bacteria. In the Gly and Arg FBs, it was observed that the
U-ending codons were used more than the G-ending
codons [Fig. 2a(i)]. The other noticeable differences
observed between the two groups were as follows: in the
Group A, the G-ending codon was used more than 80 % of
the total codons in the Leu FB which was significantly
different from the C-ending codon which was only 10 %.
But in the Group B, the G-ending and the C-ending codons
were used almost equally (50 and 45 %, respectively). A
similar difference between the two groups was observed
with respect to the C-ending codon in the Thr FB and with
the G-ending codon in the Pro FB.

To gain an understanding whether the U-ending codons
in Arg and Gly FBs were indeed under selection pressure,
the codon usage in these two FBs between the rpoB/C
genes and all the genes with size of >500 codons (referred
as whole genome; Supplementary Table 3) was compared.
In all the above mentioned four bacteria of the Group A, it
was observed that the occurrence of the U-ending codons
increased in the rpoB/C genes more than in the whole
genome. In fact, there was no significant increase or
decrease in the C-ending codons which were used
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taken from the protein abundance values reported in Ishihama et al.
(2008) and Ghaemmaghami et al. (2003), respectively. Strong
positive correlation was observed between Um(g) and gene expres-
sion in these two organisms, which supported the assumption made in
this study

maximally between the two groups of the genes. In addi-
tion, the use of the G-ending codons was decreased in the
rpoB/C genes than in the whole genomes (Supplementary
Table 3). These observations suggested that the U-ending
codons were selected positively in the high expression
genes in the bacteria with very high G+C % genome in the
Gly and the Arg FBs. Contrary to the above observation in
the Group B bacteria, no significant increase in the
occurrence of the U-ending codons of the Arg and the Gly
FBs in the rpoB/C genes was observed in comparison to the
whole genome (Supplementary Table 3). In contrast to the
Group A, the U-ending codons were found to be used much
less than the G-ending codons in the Group B bacteria. As
we did not observe any significant difference in the CUB
between the rpoB/C genes and the whole genome in the
Group B bacteria, it was easy to conclude that these bac-
teria in the Group B have very little selection on the CUB.
Therefore, the observation of lesser use of the U-ending
codons in comparison to the G-ending codons in the Gly
and the Arg FBs of the Group B bacteria was easily
understandable. As in the studies in the very high G+C %
bacteria, comparative analysis of the CUB in the rpoB/
C genes with the strongest Pearson (Um(g), N¢’) and the
weakest Pearson (Um(g), N¢’) in the high G+C % bacteria
also revealed selection for the U-ending codons in the Arg
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Fig. 2 A two panel figure presenting family box codon usage in rpoB
and rpoC (rpoB/C) genes in two groups of bacteria. Figures represent
comparison of the codon usage in rpoB/C genes in two groups of
bacteria. In the first group of bacteria, Pearson r(Um(g), N¢’) is very
high (ai-v) whereas in the second group, Pearson r(Um(g), N¢') is
very low (bi—v). In total, 40 bacteria were considered for this analysis.
These bacteria were grouped into five different groups based on their
genome G+C % (i) very high, 65.0 < G+C %; (ii) high,

and the Gly FBs [Fig 2a(ii), b(ii)]. As observed above, the
selection of the U-ending codons in these FBs was con-
firmed by comparison of the observed CUB for all the
genes with size of >500 codons and the CUB in the rpoB/C
genes (Supplementary Table 3).

Further, comparison of the CUB in the 7poB/C genes
between the bacteria exhibiting the strongest Pearson
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b (i)
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mC 060
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mG 02
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val pro thr ala gly leu ser arg
b (v)

55.0 < G4+C % < 65.0; (iii) moderate, 45.0 < G+C % < 55.0; (iv)
low, 35.0 < G+C % < 45.0; and (v) very low, G+C % < 35.0.
Within each group, four bacteria that exhibited strong correlation
were compared with the four bacteria that exhibited weak correlation
with respect to their CUB in the rpoB/C. The list of the bacteria
considered for comparison in different groups is given in Supple-
mentary Table 3

r(Um(g), N¢’) and the weakest Pearson r(Um(g),Nc’) was
made separately in the moderate, low, and very low G+C
% groups [Fig. 2a(iii—v), b(iii—v)]. Similar to that in the
very high and the high G4+C % groups, the U-ending
codons were found to be selected in the Gly and the Arg
FBs in moderate and low G+C % groups (Supplementary
Table 3). In the case of the very low G+C % group, the
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U-ending codon of the Gly FB was also found to be
selected in the high expression genes. Though in the very
low G+C % group, the selection for the U-ending codon of
the Arg FB was observed, we preferred not to emphasize
this as a case of selection on the U-ending codons because
of its low abundance. It is known that the AGR codons, the
other synonymous codons of Arg are used more in the very
low G4C % genomes (Palidwor et al. 2010).

In conclusion, we observed a strong correlation between
the Um(g) and the Nc’ in the bacteria with high selection
pressure on the CUB. It was also observed that the
U-ending codon of the Gly family box was selected in the
high expression genes in bacteria irrespective of genome
G+C %.

Selection for GGU Codon in the High Expression
Genes is a General Feature in Bacteria with Selected
CUB

In the comparison above, we observed that the Um(rpoB/
C) was indeed higher than the mean Um(g) in a genome
that exhibited strong correlation between the Um(g) and
the Nc’. This suggested that in the bacteria with strong
selection on the CUB, the Um(rpoB/C) was likely to be
higher than the mean Um(g). Therefore, we calculated the
Um(rpoB/C) values in 268 species of bacteria (Supple-
mentary Table 4) and compared with the mean Um(g) [m-
Um(g)] calculated for the genes with the size of >500
codons in each bacterium (referred to as whole genome).
Out of the 268 species, in 193 the Um(rpoB/C) values were
found to be higher than the m-Um(g) values and in the rest,
the Um(rpoB/C) values were either close to or lower than
the values of the m-Um(g). The mean Um(rpoB/C) and the
overall mean of the m-Um(g) in all the genomes were
0.286 and 0.241, respectively, which were found to be
significantly different (p value <0.0001; Mann—Whitney
test) (Mann and Whitney 1947).

As it was observed that the U-ending codon in the Gly
and the Arg FBs was selected in the rpoB/C genes, we
determined the differences in the frequencies of the
U-ending codon in the two groups of genes above, (i) the
rpoB/C representing the high expression genes and (ii) the
genes with size of >500 codons representing the whole
genome. The difference was calculated by simply deduct-
ing the frequency of the GGU codon (CGU in case of Arg)
in the whole genome from the frequency of the same in the
rpoB/C genes (Supplementary Table 4).These were refer-
red to as the UdG (U difference Gly) and the UdR (U
difference Arg). As observed in the Supplementary
Table 3, the UdG and the UdR were found to be positive in
most of the bacteria, which indicated selection for these
codons in the high expression genes. These bacteria were
classified into five different groups according to their
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genome G+C % and in each group; the UdG and the UdR
values were analyzed. In each group, the Pearson
r(UdG,UdR) was found to be more than 0.60 except in the
very low G+C % group, where it was 0.42. The decreased
correlation in this group was mostly due to the less
occurrence of the CGN codon, where it was known that the
AGR codons were used in higher proportions (Osawa et al.
1992; Palidwor et al. 2010). Significant positive correlation
was also observed between UdG and the value of the dif-
ference of the m-Um(g) from the Um(rpoB/C).

Further, we analyzed the UdG in the different G+C %
groups. In the very high G4+C % group, 42 species were
studied. In majority of the species, the UdG values were
positive, suggesting selection on the GGU codon. In
Symbiobacterium thermophilum, the UdG value was neg-
ative and the UdR value was 0.0 and the Um(rpoB/C) was
lower than that in the whole genome. Therefore, it was
concluded that these codons were not selected in this
bacterium. In the case of the high G+C % bacteria, neg-
ative UdG value was observed only in two species out of
the 51, indicating low selection pressure on the CUB in
these two bacteria. One of the species Gloeobacter vio-
laceus was also found to be with low Pearson »(Um(g),
Nc¢) and the lower Um(rpoB/C) than the m-Um(g). These
data suggested the absence of the selected CUB in this
bacterium. Among the 43 species in the moderate G+C %
group, all the UdG values were positive. Among the 74
species in the low G+C % group, the UdG values were
positive in all except in Cyanothece and Mycoplasma
pneumonia. The Um(rpoB/C) and the m-Um(g) values
were also less in these two bacteria, indicating low selec-
tion in the CUB, although they are with positive UdG. In
the very low G+C % group that included 58 species, the
UdG values were found to be negative in several species
such as Mycoplasma mycoides, Ureaplasma parvum sero-
var, Candidatus Blochmannia, Clostridium kluyveri, and
Mycoplasma genitalium indicating low selection in the
CUB.

Antezana and Kreitman (1999) reported earlier the
abundance of tri-nucleotides, both in-frame and off-frame,
in the high expression genes in bacteria. To determine
whether the GGU and the CGU are indeed positively
selected in-frame and their in-frame, abundance is not due
to the general selection pressure of these tri-nucleotides in
the coding regions, an in-frame and off-frame analysis of
these tri-nucleotides in the rpoB and the rpoC genes were
made (Supplementary Fig. 1). The abundance of the GGU
and the CGU tri-nucleotides, both in the off-frame 1 and in
the off-frame 2, was similar across G+C % groups in
different genomes. In contrast to their off-frame abundance
values, the GGU and CGU abundance values in the in-
frame sequences were higher than the off-frame abundance
values of these two codons. In addition, the GGU and the
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CGU in-frame abundance values were variable in the dif-
ferent G+C % groups. Similarly, analyses of the GGG and
CGG triplets, both in-frame and off frames (Supplementary
Fig. 1) were made in view of the lesser abundance of these
codons in the high expression genes. The analyses sug-
gested that the GGG and the CGG triplets were highly
abundant in the off-frame 1 and off-frame 2, which were
contrary to their in-frame abundance values. The analysis,
suggested that the GGU and CGU were indeed transla-
tionally selected codons.

Comparison of the Findings on the Basis of the UdG
Value with S, the Strength of Selected CUB in Bacteria

The strength of selected CUB in 80 bacterial species was
available from the work of Sharp et al. (2005). They esti-
mated the strength of selected CUB (defined as S) using
WWY codons of the amino acids Phe, Tyr, Ile, and Asn
amino acids. Higher is the S value, stronger is the selected
CUB. Out of the 80 bacterial species considered by Sharp
et al. the CUB with respect to the rpoB/C genes in 54
bacteria was determined in our study. Comparative analysis
of the S value and the UdG was carried out with an
anticipation of positive correlation between the two values.
The correlation between the UdG and the S values was
analyzed in bacteria with different G+C %. A positive
correlation was found in all those species with very low to
moderate G+C %, but there was no correlation in these
values in the bacteria with high and the very high G+C %
(Supplementary Table 5). The Pearson r(UdG,S) in the
species with very high, high, moderate, low, and very low
G+C % was found to be —0.04 (p value 0.93; 6 bacteria),
—0.20 (p value 0.61; 9 bacteria), 0.35 (p value 0.33; 10
bacteria), 0.66 (p value 0.002; 19 bacteria), and 0.58
(p value 0.08; 10 bacteria), respectively. The correlation
results were insignificant except in the species with low
G+C %. As the numbers of bacteria with very high, high
and moderate G+C % were less, the correlation result
could not be confirmed. However, we did a comparative
study between the Um(g) and the S values in some bac-
teria, which revealed interesting differences as described
below.

We analyzed the bacteria in different groups, with
emphasis on those reported with low S value (Sharp et al.
2005), but with high UdG values (as determined in the
present study) and the vice versa. In the bacteria with very
high G4+C %, the S values were very low, for example,
—0.019 and 0.024 in Pseudomonas aeruginosa and Rals-
tonia solanacearum, respectively. However, we observed
strong Pearson r(Um(g), Nc'), Um(rpoB/C) > m-Um(g),
high, UdG and high UdR values in these bacteria. Thus, the
high expression genes were under selection in these two
bacteria unlike as perceived from their S values. Similarly

in the bacteria with high G4C %, the low S value (0.069)
was reported for Chlorobium tepidum, whereas the obser-
vation of the positive UdG and UdR values, strong Pearson
r(Um(g), N¢'), and Um(rpoB/C) > m-Um(g) indicated the
occurrence of selected CUB in this bacterium. In some
organisms, selection might not have occurred uniformly
with respect to the different amino acid codons contrary to
the earlier observations by Sharp et al. (2005). Sharp et al.
used Phe, Tyr, Ile, and Asn to measure the S values and
these amino acids are encoded by A+T rich codons. As the
genomes of these three bacteria were with high G4+C %, it
might be possible that the GGU codon was under greater
selection pressure in the high expression genes than the
codons of the above four amino acids. The higher selection
of the GGU and the CGU codons in P. aeruginosa had
already been reported (Grocock and Sharp 2002). The
difference between the high expression and the low
expression genes with respect to the use of WWC and
WWU codons was not remarkable (Grocock and Sharp
2002). In the above three bacteria, we further compared the
CUB between the rpoB/C genes and the whole genomes.
The study suggested that the GGU codon was under
selection pressure in the rpoB/C genes in these three
bacteria.

Similarly, in the group with moderate genome G+C %,
we observed differences between the UdG and the S values
in three bacteria, namely, Xylella fastidiosa, Neisseria
meningitides, Nitrosomonas europaea. The S values
reported for these bacteria were as low as —0.781, —0.099,
and —0.884, respectively. In all these species we observed
positive UdG and UdR suggesting high selected CUB in
these genomes. In addition, strong Pearson r(Um(g), Nc')
was observed in case of N. meningitides and N. europaea.
In N. meningitides, Um(rpoB/C) was greater than
m-Um(g) indicating occurrence of the selected CUB in this
genome, although a very low S value was reported for this
bacterium. But in X. fastidiosa and N. europaea, Um(rpoB/
C) was less than m-Um(g) precluding any definite con-
clusion on the strength of selected CUB in these two
bacteria.

However, the UdG and the S values were more in
agreement in most of the bacteria with low and very low
G+C %, unlike in the group of bacteria with high and very
high G+C %. But we observed difference in case
of Chlamydophila pneumonia, where the S value was low
(—0.065) with a positive UdG value. However, Um(rpoB/
C) <m-Um(g), and weak Pearson r(Um(g), Nc') were
observed in this bacterium. Therefore, further analysis is
required to find out if indeed there is selection pressure on
the GGU codon in this bacterium. In the bacteria with very
low G+C %, the difference was observed in case of
Rickettsia conorii and Borrelia burgdorferi, where the S
values were —0.41 and —0.308, respectively. But we
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observed positive UdG value indicating the occurrence of
selected CUB in these bacteria. It is important to note that
the selected CUB in B. burgdorferi was reported earlier
(Suzuki et al. 2008).

Our comparative study between the UdG and the S values,
therefore, suggested that inferences from both the approa-
ches can complement in studying selection on CUB con-
sidering the observation that in the bacteria with high G4-C
%, the S value seems to be not appropriate for some genomes.
Different approaches are required to study the selection
pressure because it has been reported recently that selection
on the twofold degenerate amino acids can be different from
that on the fourfold degenerate amino acids within an
organism (Emery and Sharp 2011; Wald et al. 2012).

Um(g) is Comparable More to Nc¢'gpg than to N¢’

A critical analysis of Um(g) and Nc’ would reveal that both
the measures were similar with respect to the underlying
principle. The main differences between the two measures
were as follows. Um(g) calculation was limited to 32 FB
codons, while all the 61 sense codons were considered for
calculation of N¢'. For a better comparison between Nc'
and Um(g), we calculated N¢' considering only 32 FB
codons, denoted as Nc'gps. As expected, the Pearson
r(Nc'gps, Um(g)) was stronger than the Pearson r(Nc/,
Um(g)) in almost all the bacteria considered in the study
(Supplementary Table 2). For further analysis, we con-
centrated on the following two groups of bacteria: Group I
where the Pearson r(N¢’, Um(g)) was poor, but the Pearson
r(Nc'gps, Um(g)) was significantly strong; Group II, where
Pearson r(Nc¢'gpg, Um(g)) was also very low like that of the
Pearson r(N¢/, Um(g)).

Examples of some of the bacteria under Group I were
Arcobacter butzleri, Borrelia burgdorferi, Buchnera
aphidicola, Campylobacter fetus, Candidatus Azobactero-
ides, Clostridium botulinum, Coxiella burnetii, Fusobac-
terium nucleatum, Mycoplasma conjunctivae, Neorickettsia
risticii, Orientia tsutsugamushi, Petrotoga mobilis, Pro-
chlorococcus marinus, Rickettsia conorii, Salinibacter ru-
ber, Wolbachia endosymbiont, etc. In several of these
bacteria, such as, Borrelia burgdorferi, Buchnera aphidi-
cola, Rickettsia conorii, etc, the strength of the selected
CUB based on the WWY codons (S; Sharp et al. 2005) was
reported to be low. Therefore, it is likely that stronger
Pearson r(Nc¢'gps, Um(g)) than the Pearson r(N¢/, Um(g)),
in the Group I bacteria was a result of the strong selection
on the family box codons in the high expression genes and
the poor selection on the twofold degenerate codons. To
confirm that selection was strong at FDS in the Group I
bacteria, we studied GdU, RdU in these bacteria, which
suggested that the U-endings codons were indeed selected
(data not shown).
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On the other hand, very few bacteria were there in the
Group II. Examples of some of these were Actinosynnema
mirum, Anaeromyxobacter dehalogenans, Anaeromyxob-
acter, Brachyspira hyodysenteriae, Candidatus Carsonella,
Candidatus Sulcia muelleri, Clavibacter michiganensis,
Kineococcus radiotolerans, Rubrobacter xylanophilus, etc.
These bacteria were with either very high or very low
genome G+C % (Supplementary Table 2) and are likely to
have low selection on CUB in both the fourfold and the
twofold degenerate codons.

Discussion

We studied the variation in the frequency of a nucleotide at
the FDS across the eight FB codons in genomes of bacteria
by using a measure Um(g). The general observation of
strong correlation between Um(g) and N¢’ suggested that a
higher Um(g) value was an indicator of high selection on
CUB. This was indeed found to be true in case of E. coli
where the correlation between Um(g) and gene expression
was found to be strong. In addition, the Um(g) value of the
high expression genes (rpoB and rpoC) was found to be
higher than the mean Um(g) value of the genome in many
bacteria. These observations suggested that the high
Um(g) value of a gene was the result of selection on CUB.

The frequency difference at the FDS could be a result of
the context-dependent mutational bias, which was reported
for the low expression genes in E. coli (Bulmer 1990) and
the mitochondria genome (Jia and Higgs 2008). However,
the effect of context-dependent mutational bias on
Um(g) seemed to be marginal due to the following reasons
(i) genome composition and strand compositional bias
were the two major influencing factors on CUB and
nowhere it has been reported that these factors were due to
context-dependent mutational bias and (ii) though pyrimi-
dine dimer is a well-known factor causing context-depen-
dent mutational bias, there is no evidence of avoidance of
TT di-nucleotides in the genomes (Karlin et al. 1998;
Palmeira et al. 2006). In addition, nucleotide substitution
due to cytosine deamination is more because of pyrimidine
dimer in bacteria (Francino and Ochman 2001); (iii) the
strong correlation between Um(g) and gene expression in
E. coli suggested that the context-dependent mutational
bias was low in this bacterium.

The earlier notion that the selection on codons was
dependent on genome composition in bacteria (Hershberg
and Petrov 2009) was contradicted by studies conducted by
(Wang et al. 2011). Further, independent studies showed
that the U-ending codons were positively selected in
fourfold degenerate families (Ran and Higgs 2010; Wald
et al. 2012). Our findings of high selection on the U-ending
codons in Arg and Gly FBs in the high expression genes in
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bacteria not only establishes the validity of the argument of
the latter (Ran and Higgs 2010; Wald et al. 2012), but also
conclusively confirmed the inference drawn by Wang et al.
(2011) which dismissed the previous theory that codon
selection was genome composition dependent.

The observation of selection pressure on the GGU
codons in several bacteria with high G+C % in the gen-
omes that were earlier reported to have weak selected CUB
is important. Earlier, Botzman and Margalit (2011) repor-
ted a strong selection pressure on CUB in the pathogenic
bacteria having diverse habitat. Both P. aeruginosa and R.
solanacearum, two pathogenic bacteria, with occurrence in
diverse habitats (Goldberg 2000; Genin 2010) are shown
here to have strong selection. Our results also suggest that
Um(g) is a good approach for studying selection in bacteria
with high G4-C genomes. While the Um(g) value considers
only the FDS, the measure S considers the WWY codons
for selected CUB. There are cases where selection might be
stronger on the FDS and the same may not be as strong on
the twofold degenerate sites. Therefore, the Um(g) and the
S indices can complement each other, while studying
selection on CUB in bacteria.

In the light of our interpretation and understanding on
the differences among archaea, bacteria and eukarya with
respect to the evolution and modification of anticodons
(Novoa et al. 2012; Grosjean et al. 2010), the finding of
selection on the U-ending codons of Gly and Arg families
is interesting. The anticodons used for decoding the GGN
codons are not different in the three kingdoms: generally,
UCC and GCC anticodons are used (Novoa et al. 2012).
According to the four-column theory for the origin of the
genetic code (Higgs 2009), GGN is one of the oldest codon
families in the evolution of genetic code. The conservation
of anticodons of the Gly family indicates the universal
preference for the GGU codon in all organisms. Analysis of
the GGU codon might be applicable universally in organ-
isms for studies on selection. In contrast to the anticodons
for Gly, the anticodons used for decoding the Arg family
codons are different among the three kingdoms: UCG and
GCG anticodons are used by archaea; ICG and CCG are
used by bacteria; and ICG and UCG are used by eukarya
(in yeast CCG). In spite of these differences in anticodon,
selection of the U-ending codons has been reported in both
archaea and bacteria (Wald et al. 2012).

There are many methods known to study CUB (Ermo-
laecva 2001). The widely-used measure CAI (Sharp and Li
1987) employs a known set of high expression genes for its
calculation. This method is also influenced by the nucleo-
tide compositional biases within and among the genomes.
The above limitations are removed in the methods such as
N¢', developed recently, (Novembre 2002). It is important
to note that Um(g) and Nc¢’ overlap to a great extent with
respect to the logic used, for which we observed a strong

correlation in many bacteria. However, some of the
advantages of Um(g) over N¢' are as follows:(i) while
calculating N¢/, it is not clear whether the expected codon
usage would be calculated from the G +C % in the inter-
genic regions, genome G+C %, gene G+C %, or codon
position specific G+C % in every gene. Accordingly the
value of N¢’ may vary; (ii) N¢’ is derived from Nc¢ (Wright
1990) which mathematically quantifies CUB; and(iii)
Um(g) is rigidly formulated based on the codon frequen-
cies at the FDS. The FDS are indeed used by many
researchers in studying selection and mutation pressures in
organisms. So, Nc¢’ method is mathematically more
demanding and the logic is difficult for comprehension of
the biologists. In contrast, the Um(g) logic is simpler,
functionally better defined, and is comprehensible to
biologists.

The implication of our present study is important from
the evolutionary point of view so far as the selection
pressure on GGU is concerned. We have shown that
Um(g) correlates strongly with the yeast gene expression
level (Fig. 1) indicating that the principle in yeast and
E. coli is similar. In metazoans (Stadler and Fire 2011), it
has been demonstrated that wobble base pairing slows the
process of translation elongation in vivo indicating the
preference of the U-ending codon of Gly and Arg FBs in
eukaryotes as well. Further, in archaea, GGU is also a
preferred codon in the high expression genes (unpublished
data). A comparative study in archaea, bacteria, and
eukaryotes is expected to provide illumination on the
causes and effects of selection of these codons.

The selection of the U-ending codons in fourfold
degenerate families and the role of Us4:U; (Uzy: U at the
first position of an anticodon, the 34th nucleotide in tRNA;
Us: U at the 3rd position of a codon) interaction at the
wobble position has been discussed (Ran and Higgs 2010).
The modifications of Us, (here onwards referred as mUszy)
in the tRNAs decoding fourfold degenerate families and
twofold degenerate families are different (Osawa et al.
1992). This modification has been thought of as an
important attribute for the selection of the U-ending codons
in fourfold degenerate families (Ran and Higgs 2010). But
selection of U-ending codons has also been observed in
bacteria where only one tRNA with unmodified Us, is used
to decode all the four degenerate codons (Ran and Higgs
2010), suggesting the selection on Us4:Us. This puts a
question mark on the occurrences of the different tRNAs
and anticodon modification enzymes for the four degen-
erate families in cells where one tRNA with Ui, can effi-
ciently carry out translation. In case of the Arg family,
generally, tRNA with 134 (I34: inosine, a deaminated ade-
nine, at the Ist position of anticodon) is used to decode
CGU codons. This is an example where the selection of
U-ending codon is not due to Us4:Uj3 selection, but due to
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selection on I34:Us. So, the explanation of the role of
Us4:U; or mU34:Us in the selection of the U-ending codon
does not seem to be sufficient in explaining the selection on
all the U-ending codons. The selection of the U-ending
codons in CGN and GGN families is also argued from the
point of view of moderate codon—anticodon interaction
energy. For easier dislodging of the post-translational
tRNA bound with the mRNA in the ribosome, a weak base
pairing at the third codon position is favored after the
strong base pairing at the first and second codon positions
(Grosjean and Fiers 1982). But like mU34:Us, the mU34:G3
or the mUs,:A3 is also weak. Therefore, GGA or GGG
codons would also have been selected considering the fact
that a weak interaction at the wobble position is favored. In
case of the Arg family, though I34:Uj is selected, I34:A3 and
I34:C; base pairing are also weak (Murphy and Rama-
krishnan 2004). So, the selection of the U-ending codons
cannot be fully explained by codon—anticodon interactions.
Similarly, the explanation of tRNA gene numbers seems
insufficient as the selection of GGU and CGU is found in
all bacteria. It looks that the increase in the specific tRNA
number is to assist the selection of the U-ending codons. In
the twofold degenerate families, tRNA gene number and
energy of the codon—anticodon interaction are not suffi-
cient to explain the selection on CUB in the high expres-
sion genes (Satapathy et al. 2012). In this study, we
observed a general preference for the Y-ending codons in
the CGN and GGN families in group A bacteria [with
strong r(Um(g), Nc¢')] irrespective of the genome G+C %.
We, therefore, believe that in addition to the above feature,
the bulkiness of the nitrogenous bases, i.e., purine versus
pyrimidine might be an important attribute for the selection
of the U-ending codons in these families. In future, a more
critical study on the codon—anticodon interactions at the
structural level might reveal the mechanism of the selection
of the U-ending codons in these families.
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