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Abstract

To decode all the 61 sense codons in the genetic code, the number of different anticodons used in bacteria varies between 24 to 45. If a small set of
anticodon can decode all the codons in a bacterium, the evolutionary significance of the increase in anticodon diversity in a bacterium is not understood well.
The higher anticodon diversity in G+C% high genomes has been attributed mainly to the occurrence of many C,, anticodons (C at the 1% anticodon position)
in bacteria. Whether C,, anticodons are restricted only to the bacteria with high genome G+C% or occurrence of some of these is also extended to some
bacteria with low genome G+C% has been addressed in this study. We have analyzed the occurrence of C,, anticodonsin 201 bacteria that represent all the
major taxa and also covered a range of G+C% from 20 to 73. Our analysis suggests preferential occurrence of C,, anticodons with respect to the codons of
some amino acids (Leu, Arg) such as UUR, AGR even in bacteria with low G+C% genomes. On the other hand such preferential occurrence of C,, anticodon
was not seen in the cases of the codons for some other amino acids (Ala, Val) such as GCN, GUN even in bacteria with high G+C% genomes. The findings
in this study indicate that the occurrence of C,, anticodon is influenced by some selection mechanism in bacteria. Based on the findings we have discussed

the role of near-cognate tRNA during translation and a possible role of translation kinetics influencing the occurrence of C,, anticodons in bacteria.

Keywords: Transfer RNA, C,, anticodons, Anticodon diversity, Sparing strategy, Genome G+C%, Codon-anticodon interaction

Introduction

During translation, due to wobble base pairing that occurs
between the 3™ codon position and the 1% anticodon position (34"
nucleotide in tRNA), one tRNA can decode more than one codon and
one codon can be decoded by more than one tRNA [1]. Therefore,
lesser number of anticodons is used to decode the 61 sense codons
of the genetic code. On the basis of the known wobble base pairing
rule, 24 anticodons are sufficient for carrying out translation
unambiguously. However, it has been reported that the number of
anticodon deployed in bacteria may be as high as 45 [2]. The nearly
two fold variation in the occurrence of different anticodons in
bacteria, termed as anticodon diversity, is attributed to the presence of

G,, anticodon for the eight family box codons and C,, anticodons for
the thirteen NNR codons which includes the eight family box codons
in the genetic code. Deployment of higher number of anticodons
for execution of the translation process is not clearly understood in
the context of the theoretical requirement of 24 anticodons for the
purpose. Though an unmodified U, anticodon can decode all the four
synonymous codons in a family box, often modified U,, anticodon
is observed in bacteria that restricts its decoding ability to three out
of the four synonymous codons in a family box [3]. In this case the
occurrence of G,, for the eight family box codons is not redundant
in many bacteria as G,, anticodon would be essential for decoding
the C-ending codon of the family box. The selection force behind
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the evolution of U,, anticodon modification of family box tRNA is
yet to be understood completely though it has been reported that the
modification of U, is important for translational selection of codon
usage bias in bacteria [1]. Unlike the G,, anticodon, the occurrence of
the thirteen C,, anticodons is apparently redundant in bacteria. This
is because C,, anticodons decode G, codons in a bacterium, which
already possesses U,, anticodons that decode the G, codons as well.
Therefore understanding the occurrence of C,, anticodon in bacteria
is of great significance from the evolutionary point of view.

Earlier it has been reported that anticodon diversity positively
correlates with the genome G+C% in bacteria [4,5]. The correlation
result is well explained on the basis of anticodon occurrence to
decode family box codons in bacteria [6]. For example, in bacteria
with very low genome G+C%, only the U, anticodon (anticodon with
U at the 1* position) is used for decoding all the four synonymous
codons in a family box. This is referred to as sparing strategy #3 [6].
In bacteria with high genome G+C%, U,, G, and C, anticodons are
used to decode the same four synonymous codons. This is referred to
as sparing strategy #1. In some other bacteria, U, , and G,,anticodons
are used for decoding the four synonymous codons in a family box,
which is known as sparing strategy #2. Generally the use of sparing
strategies and genome G+C% are inversely related in bacteria. In
case of Lys, Gln, Glu, etc, that are encoded only by the NNR codons,
generally U, and C,, anticodons occur in the bacteria with high
G+C% genomes while in the bacteria with low G+C% genomes only
U,, anticodon occurs. The advantage of C,, anticodons to the bacteria
with high G+C% genomes is not fully understood.

It is known that genome G+C% and codon G+C,% (codon 3"
position G+C%) positively correlates [7,8, 9]. There is no report on
such correlation between G+C% at different anticodon positions
and genome G+C%. Since an anticodon comprises of only three
nucleotides in a tRNA, its occurrence might be thought of less
significant in the context of genome G+C% unlike codons that occur
many times in a genome. However, a single tRNA species is present
many times in a cell as a transcript. Therefore, anticodon G+C% is
also likely to be influenced by genome G+C% like codon G+C%.
So the increase in C,, anticodons in G+C% high genomes can be
argued in favor of G+C%. It is pertinent to note that the influence
of genome composition on N, position in anticodons (N at the 3™
anticodon position) can also be observed in bacteria [3]. Arg and Leu
are encoded by both G+C% low codons (AGR Arg UUR,, ) and G+C%
high codons (CGN Arg? CUN,_ ). Decoding of these G+C% low codons
is done by either the A or the T, anticodons whereas decoding of
the G+C% high codons is done by the G, anticodon [3].

Though anticodon diversity influences translation, a fundamental
process in cell, only a few reports have addressed this evolutionary
question in bacteria [10,3,1,5]. To find out the significance of the
occurrence of the anticodon in bacteria, In this study we compared
C,, occurrence across genomes of different G+C%.

Results

Anticodons of 201 bacteria were studied from the tRNA genomic
database. (http://gtrnadb.ucsc.edu/) [11]. The same list of bacteria
was used earlier by Wang et al [12] for a different purpose. The list

included bacteria belonging to all the major Classes and subclasses
(Supplementary Table 1). The bacteria were further divided into HTN
group (those which had total tRNA gene number more than equal to
50) and LTN group (those which had total tRNA gene number less
than 50) (Supplementary Table 1). In HTN total 101 bacteria and in
LTN total 100 bacteria were included (Table 1).

Correlation study was made between the anticodon G+C% and
the genome G+C%. The correlation was positive (Pearson r value 0.81)
between the genome G+C% and the anticodon G+C%. Correlation
between the genome G+C% and the anticodon G+C% at the 1*
(G+C,%), the 2 (G+C,%), and the 3" (G+C,%) positions were also
positive (Pearson r value 0.78, 0.38, 0.66, respectively) (Table 2A). To
understand the contribution of the anticodon diversity towards the
above correlation result, the correlation study was carried out without
including the anticodons for Met, Trp, Phe, Tyr, Cys, His, Asn, Asp
where anticodon diversity did not occur. Anticodon of Ile, where
anticodon diversity is generally not variable along genome G+C%,
was also not included. The correlation was also strong (Pearson
value 0.82) even without including the anticodons of the above amino
acids (Table 2B). Correlation between the genome G+C% and the
anticodon G+C% at different positions was also positive (Pearson r
value 0.78, 0.26, 0.57 respectively) (Table 2B). It is known in bacteria
with high G+C% genomes that the codons with high G+C%, such as
those for Arg (CGN Arg) and Leu (CUN_ ) are used more frequently
than the colons with low G+C% like those for Arg (AGR Arg) and Leu
(UUR,, ). The reverse is also true in bacteria with low G+C% genomes
(Palidwor et al 2012). Therefore, further correlation study was carried
out between the anticodon G+C% and the genome G+C% without
including the anticodons for Arg and Leu (Table 1C). The correlation
between anticodon G+C% and genome G+C% was negative (Pearson
r value -0.65) unlike the above two correlations. But the correlation
between anticodon G+C % and genome G+C% was positive (Pearson
r value 0.79) and the negative correlation was due to negative
correlations between G+C,% and genome G+C% (r value - 0.67) as
well as G+C,% and genome G+C% (r value - 0.66) (Table 2C). In
summary, the correlation studies between the anticodon G+C,% and
the genome G+C% in the bacteria considered in the present study
indicated that there was an increase in the G,, and the C,, along with
the genome G+C%.

Table 1: Number of bacteria considered in this study.

s G+C% (';'z:“) LTN (100)
1 VH 6 1
2 16 10
3 M 36 16
4 37 21
5 VL 6 42

Number within the parentheses suggests the total number of bacteria in this
group. Number against each G+C% group denotes number of bacteria belong to
this group among the 201 bacteria studied here.

Very high G+C% (VH) included bacteria with G+C% = 65.00; high G+C% (H)
included bacteria with 65.00> G+C% 255.00; moderate G+C% (M) included
bacteria with 55.00> G+C% 245.00; low G+C% (L) included bacteria with 45.00>
G+C% 235.00; very low G+C% (VL) included bacteria with 35.00> G+C%.
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Table 2: Correlation (anticodon G+C% and genome G+C%).

r_HTN r LTN
1st 0.780 0.795
2nd 0.383 0.423
3rd 0.667 0.807
All position 0.813 0.799

A. Correlation: anticodon G+C% and genome G+C% (not included anticodons of
Met, Trp, amino acids encoded by on NNY codons, lle).

r_HTN r_LTN
1st 0.790 0.797
2nd 0.269 0.037
3rd 0.574 0.715
All position 0.822 0.772

B. Correlation: anticodon G+C% and genome G+C% (not included anticodons of
Met, Trp, amino acids encoded by on NNY codons, lle, Arg, Leu).

r_HTN r_LTN
1st 0.791 0.754
2nd -0.680 -0.576
3rd -0.662 -0.449
All position -0.651 -0.481

The bacteria were divided into five different groups on the basis
of their genome G+C%. As the maximum G+C% known in bacterial
genomes was 75%, five different groups were made ranging from the
very high G+C% to the very low G+C% genomes as follows. The very
high G+C% (VH) group included bacteria with genome G+C% >
65.00; the high G+C% (H) group included those with 65.00> G+C%
>55.00; the moderate G+C% (M) group included bacteria with 55.00>
G+C% 245.00; the low G+C% (L) group with 45.00> G+C% >35.00;
and the very low G+C% (VL) group included bacteria with 35.00>
G+C% (Table 1). This grouping was done for a comparative analysis
of the C,, occurrence in different G+C% groups.

The occurrence of each of the thirteen C, anticodons, which
included the eight family boxes and the five NNR codons (Table
3) in various G+C% groups both under the HTN and in the LTN,
was studied. In the different G+C% groups, the % of bacteria
having a particular C,, was analyzed (Table 3). As expected from
the correlation result, C,, occurrence was most frequent in the VH

Table 3A: C,, occurrence frequency in HTN.

group and gradually decreased towards the VL group in each of the
thirteen cases with a few exceptions. However, it was interesting to
observe the large variation in C,, occurrence in the different amino
acids within a particular G+C% group. For example in the M group
of the HTN which comprised of 36 different bacteria, C, anticodon
of Leu (Leu,,) was occurring in all the bacteria (frequency value
was 1.0) whereas C,, anticodons of Ala (Ala_.) and Val (Val_,.)
Leu (Leu,,,) were found to have few occurrence (frequency was 0.0
and 0.08, respectively). In the L group of the HIN comprising of
37 different bacteria, C,, anticodon of Leu (Leu,,,)
occur again in all the bacteria (frequency value was 1.0) whereas C,,
anticodons of Ala (Ala_) and Val (Val_, ) Leu (Leu,,,) were found
only in a few bacteria (frequency was 0.0 and 0.05, respectively).The
observation indicated a general avoidance of C,, anticodons for Ala
(Ala...) and Val (Val_, ) in contrast to a preferential trend to possess
C, anticodons for Leu (LeuCAA). In fact, occurrence of Leu,,, was
found in most of the bacteria in the different G+C% groups in the
HTN and in the LTN. Differential occurrence was also observed with
respect Gly..., Pro.,., Thr . and Ser . within a G+C% group.
Similarly, there were differences among GlnCUG, GluCUC and Lys o
within a G+C% with respect to their occurrence. This observation
of C,, occurrence was similar for the HTN and the LTN. The amino
acid specific variation in C,, occurrence was evident in the heat-map
dendrograms (Figure 1A and 1B). The occurrence of C,, in the VL
group for some amino acids and the avoidance of C,, in the VH
group for some amino acids indicated the influence of some selection
mechanism.

were found to

The occurrence of G,, across the eight family box anticodons in
different G+C% groups in the HTN and in the LTN was analyzed
(Table 3C & 3D). G,, occurrence was found to be more in the high
G+C% bacteria and less in the bacteria with low G+C%. However,
the extent of difference between the high G+C% and the low G+C%
bacteria with respect to G,, occurrence was lower than that with
respect to the occurrence of C,,. This indicated that G,, occurrence
was more essential than C,, occurrence in bacteria. The general
observation was that C,, occurrence was often accompanied with G,
occurrence but the reverse was not true. G,, occurrence for Gly .
was observed to be prevalent in all the G+C% groups while in case
of AlaGGC and Pro, its occurrence was lower in the G+C% low
group. Among the eight amino acids within a G+C% group there
was difference in the occurrence frequency of G,,. The amino acid
specific variation in G,, occurrence was evident in the heat-map

Group  jacoc SV ?g Thr- Val.CAC Arg-CCG Arg-CCU Leu-CAG Leu-CAA Ser-CGA GIn-CUG O Lys-
G+C ccc o CGU cuc cuu
VH (6) 0.67 1.00 1.00 1.00 0.83 1.00 0.83 1.00 0.83 1.00 0.67 0.67 0.83
H(16) 0.31 0.94 0.94 1.00 0.50 1.00 1.00 1.00 1.00 0.81 0.50 0.13 0.69
M(36) 0.08 075 047 0.64 0.00 1.00 0.97 0.97 1.00 0.53 0.64 0.06 0.39
L(37) 0.05 0.30 0.27 0.32 0.00 0.84 073 0.49 1.00 0.22 0.32 0.19 0.41
VL(6) 0.00 0.50 0.33 0.33 0.00 0.00 0.83 0.33 1.00 0.33 0.67 0.67 0.83

Number in parentheses against each G+C group defines the number of bacteria in that particular group analyzed in this study. The value 1.00 means all the bacteria
belonging to this group studied here possess the tRNA with the anticodon. Similarly the value 0.00 means no bacteria belonging to this group studied here possess

the tRNA with the anticodon.
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Table 3B: C,, occurrence frequency in LTN.

Géi‘(’:p Ala-CGC gcl:yc g(r;(; gg’u c\:lzlc éégc; Arg-CCU Leu-CAG Leu-CAA Ser-CGA gl'j“G gb“c Lys-CUU
VH(11) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 073 073 | 091
H(10) 0.70 0.90 1.00 090 090 1.00 100 0.90 1.00 0.90 060 060 060
M(16) 0.38 0.63 0.63 056 044 | 088 = 08 088 1.00 0.56 025 = 025 = 044
L(21) 0.10 0.19 0.24 0.71 000 038 076 | 071 095 057 019 010 = 048
VL(42) 0.00 0.02 0.00 045 002 = 062 036 019 067  0.12 007 000 040

Number in parentheses against each group defines the number of bacteria in that particular group analyzed in this study. The value 1.00 means all the bacteria
belonging to this group studied here possess the tRNA with the anticodon. Similarly the value 0.00 means no bacteria belonging to this group studied here possess

the tRNA with the anticodon.

Table 3C: G,, occurrence frequency in HTN.

G(;‘:‘(’:p Ala-GGC Gly-GCC Pro-GGG Thr-GGU Val-GAC Arg-GCG Leu-GAG Ser-GGA
VH (6) 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00
H(16) 1.00 1.00 1.00 1.00 1.00 0.00 1.00 0.94
M(36) 0.97 1.00 0.89 1.00 0.94 0.00 0.94 1.00
L(37) 0.62 1.00 0.46 0.95 0.76 0.00 0.84 0.95
VL(6) 0.00 1.00 0.00 0.83 0.00 0.00 0.50 1.00

Number in parentheses against each group defines the number of bacteria in that particular group analyzed in this study. The value 1.00 means all the bacteria
belonging to this group studied here possess the tRNA with the anticodon. Similarly the value 0.00 means no bacteria belonging to this group studied here possess

the tRNA with the anticodon.

Table 3D: G,, occurrence frequency in LTN.

G(;‘:‘ép Ala-GGC Gly-GCC Pro-GGG Thr-GGU Val-GAC Arg-GCG Leu-GAG Ser-GGA
VH(11) 1.00 1.00 1.00 1.00 1.00 0.09 1.00 1.00
H(10) 1.00 1.00 1.00 1.00 1.00 0.00 0.70 0.90
M(16) 0.88 1.00 1.00 1.00 1.00 0.06 0.75 1.00
L(21) 0.81 1.00 0.86 0.95 0.95 0.24 0.81 0.95
VL(42) 0.48 0.88 0.24 0.88 0.55 0.19 0.45 0.76

Number in parentheses against each group defines the number of bacteria in that particular group analyzed in this study. The value 1.00 means all the bacteria
belonging to this group studied here possess the tRNA with the anticodon. Similarly the value 0.00 means no bacteria belonging to this group studied here possess

the tRNA with the anticodon.

dendrograms (Figure 1C and 1D). The low frequency of G,, in Ala_ .
and Pro_. and the high frequency of G,, in Gly_ ., and Thr__ within
a G+C% group indicated the influence of a selection mechanism for
its occurrence.

In case of the Arg family box, neither C,, nor G,, occurrence was
discussed because unlike the other family boxes, C,, occurrence is
essential here to decode the CGG codon as U,, anticodon for this
family box is usually absent in bacteria. In bacteria the anticodon
modifying enzyme for tRNA* family box is different in the sense
that A, (adenine) is converted to I, (inosine) [6].

A study was made to compare the copy number of U,,, G,, and
C,, anticodon genes among different amino acids. The occurrence
of U,, gene numbers across different G+C% was found to be similar
indicating low influence of the genome G+C% on its occurrence. As
expected C,, and G,, gene numbers were more in the high genome
G+C% bacteria. But C,, and G,, gene numbers were either one or
two and lesser than that of U,, even in the G+C% high genomes. The

exception was G,, tRNA gene numbers of Gly where the gene number

was 3 to 4 even in the low G+C% genomes. In fact G,, gene number
was more than U,, gene number in case of Gly. Box plot of the C,,
and G,, gene numbers for different amino acids also suggested the
difference among different amino acids (Fig. 2). In case of Ala, Val
and Glu, it was evident that C,, gene number was low. In general
lower gene number of C,, anticodons than U,, and G,, anticodon
gene numbers in the high G+C% bacteria indicated weak selection on
this anticodon in G+C% high bacteria.

Discussion

In this study we addressed the issue of the importance of increased
anticodon diversity in bacteria. Anticodons are so fundamental to
translation, its diversity among bacteria is a very exciting which may
shed light on the mechanism of molecular evolution. Considering
the wobble pairing rule, C,, occurrence is apparently redundant in
the presence of U, in a genome as the latter can wobble pair with G,.
Occurrence of C,, is more prevalent in the high G+C% genomes than
in the low G+C% genomes. This is in concordance with the view of
neutral theory of evolution which suggests that the occurrence C,, in
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Figure 1a: a(i) and a(ii): Heat map dendrogram of C,, anticodon
occurrence in bacteria with high tRNA number and low tRNA number.
There ae total 13 cases where NNR codons coding for the same amino
acids and for each case C,, occurrence is possible. Amino acids have
been represented by their single letter code in the X-axis. Leu has been
grouped into L_4 and L_2, similarly Arg has been grouped into R_4 and
R_2. From the heat map it is evident that C,, anticodons are more preferred
for some amino acid codons such as and for some other amino acid codons
C,, anticodons are less preferred in bacteria. As described in the text, Ala
and Val where C,, occurrence chance is lower have been grouped together.
Similarly, Arg and Leu where C,, occurrence chance is higher, have been
grouped together. The grouping of amino acids in HTN (i) and LTN (ii) are
not same. But the conclusion from the study that C,, occurrence is found in
low G+C% genomes is true for both HTN and LTN.

genomes is a mere function of the genome composition which favors
greater increase in anticodon G+C%. So, low occurrence of C,, in
some bacteria need not affect translation. From selectionist point of
view, it is belived that C,, occurrence is required in bacteria as U, :G,
pairing is not strong during translation [3]. As the G, abundance is
more in the high G+C% genomes than in the low G+C% genomes, C,,
occurrence is prefereed in the former. Based on this argument which
favors selection theory of evolution, C,, occurrence is expected to
occur more frequently in the high G+C% genomes. If there is indeed
translational selection for C,, anticodon in G+C% high genomes,
then it should be more prominent for amino acids where G, codons
are under more selection than the other synonymous codons in the

high expression genes. Considering the argument of the translational
selection, anticodon diversity might also be observed in some G+C%
low genomes with translational selection is high on G, codons in the
high expression genes.

Though in general C,, occurrence was observed more in the
high G+C% bacteria (Satapathy et al [4]; and also this study), this
study revealed certain exceptions relating to C,, occurrence that was
reported earlier: (i). the C,, anticodon in case of Leu (Leu,,)
observed even in the very low G+C% genomes ; (ii). the absence of
C,, anticodon in case of Ala (Ala_) and Val (Val_,_
bacteria with high G+C% genomes. Our study indicates that that
there are some codons against which C,, anticodon is preferred and
there are some codons against which occurrence of C,, anticodon is
not preferred. Therefore it may be inferred that genome composition
and U, G, weak pairing are not sufficient reasons to explain the
occurrence of C,, in bacteria. Below we are forwarding some
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Figure 1b: b (i) and b (ii): Heat map dendrogram of G,, anticodon
occurrence in bacteria with high tRNA number and low tRNA number.
There ae total 08 family boxes in the genetic code where G,, avoidance is
possible. Amino acids have been represented by their single letter code
in the X-axis. From the heat map it is evident that G,, anticodon is most
preferred for Gly and while for Arg G,, anticodon is least preferred in

bacteria. The grouping of amino acids in HTN (i) and LTN (ii) are not same.

Citation: Prajapati VK, Satapathy SS, Satish Kumar MV, Buragohain AK, Ray SK. Evidences Indicating the Involvement of Selection Mechanisms for
05 the Occurrence of C,, Anticodon in Bacteria. J Cell Sci Molecul Biol. 2015;2(1): 112.



JOURNAL OF CELL SCIENCE & MOLECULAR BIOLOGY Suvendra Kumar Ray

s R
A)
o o T
w
- o o o
o o o o 5
o o o o o
- o
= — a a - @

T T T T T T T T T I T T
GnCM  GuCM Lys C34  Ma C34  GY.CHM  ProC34 T CM  ValCM  Agd_C34  Ag2 C3  Lewd CM  Lew? C34  Ser C34

o
® - e
'
1
1
1
1
'
1
1
1
1
1
1
0 - 1
1
'
1
1
1
o L =]
= o o]
_ - o _ _ e _
' ' ] ]
1 H 1 I I
1 ! 1 | |
1 ! 1 | |
' ! 1 1 1
o — . 1 —_—r . s} L
1 1
1 1
1 1
1 1
1 1
T _—t T T T
1 1 | |
1 1 | |
1 1 | |
1 1 i i
' ' | |
o - —a R —_— — o R

T T T T T T T T
Ala G34  Gly G34  Pro G34  Thr G34  Val G34  Amg G34  Leu G34  Ser G34

Figure 2: A box plot diagram for the tRNA gene numbers having C,, anticodon (Figure 2a) for the tRNA gene numbers having G,, (Figure 2b)anticodon
in the HTN groups. There are total 13 cases where C,, gene number have been (Fig. 2a) considered. Three letter code of amino acids have been written. It is
very evident that Leu4, Leu2, Arg4, Arg2 cases have higher gene number of tRNA with C,, anticodons, whereas lower gene numbers of tRNA with C,, anticodons
for Val, Ala and Glu. This is in concordance with the finding from the heatmap result. Glu_C,,, Ala_C,, and Val_C,, sample data are less significant than the rest
of the samples (Supplementary Table 2).

347

There are total 08 cases where G,, gene number have been (Figure 2b) considered. Three letter code of amino acids have been written. It is very evident that Gly
has the higher gene number of tRNA with G,, anticodons.
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Table 4: Transfer RNA gene number for family box codons.

G(;‘:'(‘:p Ala-GGC CA(';C Ala-UGC | Gly-GCC | Gly-CCC | Gly-UCC | Pro-GGG | Pro-CGG | Pro-UGG | Thr-GGU | Thr-CGU | Thr-UGU

Mean(101) 1.87 0.21 447 4.34 0.93 2.30 113 0.76 2.41 1.75 0.90 259
VH (6) 2.67 117 3.83 3.33 1.33 1.33 1.83 1.50 117 1.67 1.33 1.33
H (16) 2.65 0.35 4.00 4.29 1.00 1.29 1.24 118 1.53 1.59 118 112
M (36) 1.83 0.11 3.42 4.42 0.75 1.67 0.94 0.53 1.94 1.72 0.72 2.08
L (37) 0.84 0.05 422 3.84 0.38 2.30 0.49 0.30 2.54 1.08 0.35 2.95
VL (6) 0.00 0.00 3.83 2.83 0.50 433 0.00 0.33 250 0.83 0.50 3.33
Gg’fg Val-GAC Val-CAC Val-UAC Arg-ACG Arg-CCG Arg-UCG Arg-CCU Arg-UCU

Mean(101) 1.83 0.26 4.29 3.56 127 0.12 1.24 1.72

VH (6) 247 247 1.33 2.33 1.33 0.00 1.00 117

H (16) 2.12 0.82 3.18 3.06 112 0.12 1.06 1.24

M (36) 1.83 0.00 4.06 3.75 1.00 0.06 1.00 1.56

L (37) 1.05 0.00 465 3.27 0.86 0.08 0.76 1.11

VL (6) 0.00 0.00 433 1.50 0.00 0.50 0.83 2.67
G(;T(’:p Leu-GAG | Leu-CAG  Leu-UAG  Leu-CAA | Leu-UAA | Ser-GGA  Ser-CGA  Ser-UGA  Ser-GCU

Mean(101) 1.34 230 1.96 1.46 2.02 1.73 0.71 2.25 1.75

VH (6) 1.33 267 117 0.83 1.00 1.50 1.33 117 1.50

H (16) 112 3.06 118 1.18 112 1.65 0.94 1.29 112

M (36) 117 2.89 1.28 117 1.39 1.64 0.56 1.78 1.31

L (37) 0.86 0.76 2.16 1.08 2.19 1.05 0.22 2.46 1.62

VL (6) 0.50 0.33 247 117 2.67 117 0.33 2.00 1.83

Number in parentheses against each group defines the number of bacteria in that particular group analyzed in this study.

additional possible explanations for the occurrence of C,, anticodon
in bacteria.

It is likely that U, :G, pairing is not always weak. Strength of the
pairing at the wobble position might be influenced by the base pairing
at codon posion 1 and 2. In case of Alaand Val, U, :G, pairing is likely
to be strong due to the influence of the base pairing at codon posion
1 and 2. This might be the reason for the avoidance of Ala .. and
ValC A il the high G+C% bacteria. In cas of Leu, the Leug,, anticodon
decodes the UUG codon in bacteria which is more abudant in the low
G+C% genomes than the other synonymous codons. The occurence
of the Leu,, anticodon in genomes might be argued in view of the
inefficient decoding of the UUG codon by the anticodon Leu, ,. The
presence of the UA dinucleotide as a part of the anticodon Leu,,,
might be affecting the decoding process during translation as it has
been reproted that UA is generally avoided in coding sequences in

bacteria [13,14].

Apart from the efficient codon:anticodon interaction, the
decoding kinetics of some codons during translation might influence
the occurrence of C,, anticodon in bacteria [15]. Recent studies
have provided evidence indicating that decoding rate of a codon is
positively influenced by the cytosolic concentration of the cognate
tRNA, and negatively influenced by the cytosolic concentration of
near-cognate tRNA [16-19] Cognate tRNA is the one with correct

anticodon constitution against a codon . Near cognate tRNA is the
one with anticodon that can undergo Watson-Crick pairing with two
nucleotides of a codon. For example, His-tRNA function as a near
cognate tRNA of Gln and the vice versa is also true. In a more critical
analysis isoacceptor tRNA can function as near cognate tRNA of a
synonymous codon. Following is the example of Gly codon and Gly
anicodon in this regard. To decode the four Gly codons, UCC and
GCC anticodons are sufficient in bacteria. UCC anticodon decodes
the GGG, GGA and the GGU codons while the GCC anticodon
decodes the GGU and GGC codons. It is the cognate-tRNA : near-
cognate-tRNA ratio that determines the decoding time of a codon
during translation. Therefore, while the occurrence of the UCC
anticodon delays the rate of GGC decoding, the occurence of the GCC
anticodon delays the rate of the GGA and the GGG decoding during
translation.Similarly while the CCC anticodon delays the decoding
of the GGA, GGU and theGGC codons, its occurences expedites
the decoding of GGG codon. So the occurrence of C,, anticodon
delays the decoding of some codons while it also expedites decoding
of some other codons during translation. The net advantage to the
cell for these two opposite kinetics would be the determining factor
for the C,, occurrence in bacteria . This might be the reason why we
do not observe a significant increase in C,, anticodon gene numbers
in the bacteria with high G+C%. It has been reported earlier that in
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the fast growing bacteria low tRNA diversity and high tRNA gene
numbers are preferred (Rocha, 2004).

While U, is sufficient to decode the family box codons, due to
the requirement for more effcient decoding of codons in some of the
family box codons, simultaneous evolution of U,, modifying enzyme
along with G,, anticodon possibly had occurred. Both are required for
efficient decoding of the U-ending codons in family boxes and the
U-ending codons are observed to be selected in different family boxes
in bacteria [20]. This might be the reason for the spraing strategy #2
in the bacteria with low G+C%. The observation of the higher G,,
gene number in general for the Gly family box might be due to
strong translational selection on the GGU codon [21]. In the high
G+C% genomes, selection of the G-ending codon in family boxes is
not usually observed though C,, anticodon occurs frequently in these
genomes. This might be the reason why the C,, gene copy number is
found to be lower than that of the U,, and G,, genes. So the occurrence
of C,, in genomes might be the result of a combined effect of the
genome G+C%, codon:anticodon pairing, expeditious decoding of
some codons and delayed decoding of some other codons, with an
overall advantage to the bacteria.

Our study has kept the question regarding evolution of C,, in
bacteria open for speculation on molecular evolution of anticodon
diversity. Future studies will reveal more interesting aspects on the
evolution of anticodon diversity in bacteria.
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