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Abstract
The present study was undertaken to investigate the pattern of optimal codon usage in Archaea. Comparative analysis was
executed to understand the pattern of codon usage bias between the high expression genes (HEG) and the whole genomes in
two Archaeal phyla, Crenarchaea and Euryarchaea. The G+C% of the HEG was found to be less in comparison to the genome
G+C% in Crenarchaea, whereas reverse was the case in Euryarchaea. The preponderance of U/A ending codons that code
for HEG in Crenarchaea was in sharp contrast to the C/G ended ones in Euryarchaea. The analysis revealed prevalence of Uending codons even within the WWY (nucleotide ambiguity code) families in Crenarchaea vis-à-vis Euryarchaea, bacteria and
Eukarya. No plausible interpretation of the observed disparity could be made either in the context of tRNA gene composition
or genome G+C%. The results in this study attested that the preferential biasness for codons in HEG of Crenarchaea might
be different from Euryarchaea. The main highlights are (i) varied CUB in the HEG and in the whole genomes in Euryarchaea
and Crenarchaea. (ii) Crenarchaea was found to have some unusual optimal codons (OCs) compared to other organisms.
(iii) G+C% (and GC3 ) of the HEG were different from the genome G+C% in the two phyla. (iv) Genome G+C% and tRNA
gene number failed to explain CUB in Crenarchaea. (v) Translational selection is possibly responsible for A+T rich OCs in
Crenarchaea.
[Baruah V. J., Satapathy S. S., Powdel B. R., Konwarh R., Buragohain A. K. and Ray S. K. 2016 Comparative analysis of codon usage bias in
Crenarchaea and Euryarchaea genome reveals differential preference of synonymous codons to encode highly expressed ribosomal and RNA
polymerase proteins. J. Genet. 95, 537–549]

Introduction
The ever increasing data on the immense diversity, abundance of microorganisms and innovations in sequencing
technologies have widened the scope of microbiology in
the recent years. With gradual understanding of the role of
Archaea (previously considered as a minor group with mere
adaptation to environmental niches, not occupied by bacteria) in global nutrient cycling as well as the revelation of their
ecological competitiveness in ‘mainstream’ environment and
∗ For correspondence. E-mail: vishwabaruah@gmail.com.

prospects of exploring them for production of thermostable
polymerases, make it imperative to have a deeper delving
from the perspective of evolutionary biology (Jarrell et al.
2011). Jarrell et al. (2011) have pointed out that studies pertaining to the diverse group of Archaea can provide exemplar
evidence of the essentially conserved biological processes
across all domains of life. Among others, studies pertaining to codon usage bias (CUB) can provide critical clues
to evolutionary biologists. The Archaea is an interesting
group of unicellular organisms to study CUB considering
their unusual ecological niches with extreme conditions.
Archaea includes two major phyla: Crenarchaeota and
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Euryarchaeota and the recently classiﬁed additional three
small phyla, namely, Korarchaeota, Nanoarchaeota and
Thaumarchaeota.
It is pertinent to note that CUB is observed in the context
of the nonrandom use of the synonymous codons that code
for the same amino acid. Comprehensive studies in bacteria
and many eukaryotes (Bennetzen and Hall 1982; Gouy and
Gautier 1982; Ermolaeva 2001; Ran and Higgs 2010; Wald
et al. 2012) proved beyond doubt the prevalence of CUB in
the synonymous codons. The pattern and extent of CUB vary
not only among different organisms, but also among genes
within the genome (Gouy and Gautier 1982; Sharp and Li
1986a, b). Efficient translation in terms of speed and accuracy
has been envisaged for the selection of optimal codons (OCs)
in high expression genes (HEG) relative to low expression
genes or the whole genomes, both in prokaryotes and eukaryotes (Kurland 1992; Akashi 1994; Eyre-Walker 1996; Ran
and Higgs 2010). Further, the growth rate and the nature of
growth habitat inﬂuence CUB in organisms. Higher selection on CUB in the prokaryotes in diverse ecological niches
as well as those exhibiting high growth rates has been previously reported (Vieira-Silva and Rocha 2010; Botzman and
Margalit 2011). It is to be noted that variation in translation power among microbes is not explicable in the context
of difference in CUB (Dethlefsen and Schmidt 2005). However, from the perspective of in silico study of CUB, unlike
bacteria and eukarya, not much literature can be mined from
the databases for the organisms belonging to Archaea. In this
context, a number of queries emanate.
• Do variations exist in the OCs in the two groups of
Archaea: Euryarchaea and Crenarchaea?
• How do individual members of Crenarchaea and Euryachaea
fare vis-à-vis the extent of OCs used in their genomes?
• Is tRNA gene number sufﬁcient to explain the CUB
difference (if any) between Euryarchaea and Crenarchaea?
In this study the authors present a comparative analysis of
the CUB in the two groups of Archaea in an effort to address
these issues.
The results reported in this study provide scope for further studies on the probable selection mechanism that may
be accountable for the observed departures with respect to
the occurrence of OCs in the HEG in Crenarchaea from that
found in Euryarchaea.

Materials and methods
Data acquisition

Data were generated for 42 completely sequenced Archaea
consisting of 30 Euryarchaea and 12 Crenarchaea (see table 1
in electronic supplementary material at http://www.ias.ac.
in/jgenet/). Abundant ubiquitous expression of RNA polymerase and ribosomal protein genes in organisms led us to
consider these under HEG set. For each organism, codon
frequency for two set of genes (i) HEG and (ii) all the
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genes in the whole genome genes (WGG) were generated
from Codon Usage database (http://www.kazusa.or.jp/codon/)
(Nakamura et al. 2000). Sequences were generated from
European Nucleotide Archives. Information related to organisms’ genome size, genome G+C% and gene count were
retrieved from UCSC Microbial Genome Browser (http://
microbes.ucsc.edu/) (Schneider et al. 2006; Chan et al. 2012)
and tRNA gene numbers were mined from Genomic tRNA
database (http://gtrnadb.ucsc.edu/) (Lowe and Eddy 1997;
Chan and Lowe 2009).
Calculation used for comparison of codon usage in Euryarchaea
and Crenarchaea

GCcoding (GC content of the genes) and GC3 (GC content
at the 3rd codon position) were retrieved for WGG and
HEGs for each organisms. From these values, we found
out GCcoding and GC3 by subtracting GCcoding and GC3 ,
respectively, in WGG from that of HEG. Any positive
GCcoding and GC3 value thus obtained was inferred as
higher G/C usage and lower A/T usage in HEG than WGG,
whereas the negative value indicated the reverse. Similarly,
RSCUdiff (RSCU in HEG–RSCU in WGG) values were calculated for the 59 sense codons (codons for methionine and
tryptophan were excluded). In an organism, a codon with
RSCUdiff > 0 was considered to be overrepresented or frequently occurring codons in HEG, whereas RSCUdiff < 0
represent underrepresented or rarely used codons in HEG
than WGG.
ENC (Wright 1990) and ENC (November 2002) are the
two widely used measures of CUB. ENC gives the information about the overall CUB in a gene, whereas ENC is a
measure of CUB after ﬁltering codon bias due to nucleotide
composition in a gene. ENCWGG (ENC of WGG) and
ENCHEG (ENC of HEG) were calculated from the concatenated coding sequences of all the genomes and HEG, respectively. Positive value (or greater value) of ENC (ENCWGG
− ENCHEG ) or ENC (ENCWGG − ENCHEG ) (which is a
minor modiﬁcation to previous methodology as implemented
by Vieira-Silva and Rocha (2010) and Wald et al. (2012)
corresponds to greater CUB in the HEG over the WGG.
Um(g), a new measure of CUB (Satapathy et al. 2014) was
also implemented in similar manner. However, in this case,
connotation of negative (or lesser) Um(g) (Um(g) in concatenated coding sequences of WGG–Um(g) in concatenated
coding sequences of HEG) is suggestive of greater CUB in
the HEG than corresponding WGG and vice versa.
Wi, the relative adaptiveness value is deduced from number of tRNA isoacceptors that recognize the ith codon (dos
Reis et al. 2004). Wi takes into account Crick’s Wobble rules
for codon–anticodon pairing for assessing CUB using tRNA
copy number and hence is indicator of translation elongation
rate based on abundance of tRNA gene number.
Software implementation

Visual Gene Developer 1.4 (Jung and McDonald 2011)
and CAI calculator (http://genomes.urv.cat/CAIcal/calc.php)
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(Puigbo et al. 2008) were used for calculating codon usage
indices while ENC and Um(g) were calculated from concatenated coding sequences using C language programs
(table 2 in electronic supplementary material). Further,
‘codon context’ was analysed using Anaconda. Statistical
analysis was implemented using ‘R’ (R Development Core
Team 2008).

Results
The CUB in the two phyla has been studied from different perspectives. (i) We have started our analysis by making a comparative account of the nucleotide composition to
comprehend the varied evolution of G/C or A/T richness of
codons used in the HEG compared to WGG in the two phyla
under consideration. (ii) This was followed by elucidation of

the dictates of mutational/translational factors in CUB and
variation in synonymous codon frequency of different fold
degenerate families of amino acids in the two phyla. (iii)
And ﬁnally, the inﬂuence of different tRNA gene numbers
between the two phyla was studied.
Comparative investigation of CUB and codon contexts
pattern between the two Archaeal phyla was the prime objective of the study. The mean genome G+C% of the two
Archaea groups namely, Euryarchaea and Crenarchaea, was
not found to be signiﬁcantly different (Mann–Whitney U
test, P = 0.401 > 0.05). HEGs are associated with highest CUB in organisms (Rocha 2004; Hershberg and Petrov
2008; Sharp et al. 2010). It is known that transcription factors (RNA polymerase) and ribosomal proteins encoding
genes express profusely in prokaryotes (Karlin and Mrázek
2000; Karlin et al. 2005). For this reason, we considered

Figure 1. Nucleotide composition in Crenarchaea and Euryarchaea. Organisms are arranged in increasing order of their genomic GC
content in each phylum. The height of the vertical column represents GCcoding (GC content of concatenated HEGs sequence − GC content
of concatenated WGG sequence) (upper illustration) and GC3 (GC content at third position of codons in concatenated HEGs sequence −
GC content at third position of codons in concatenated WGG sequence) (lower illustration). Error bar and colour of each vertical column
indicates ±SE of HEG sequences and statistical signiﬁcance (t-test; black, P ≤ 0.001; grey, P ≤ 0.05; white, P > 0.05), respectively. In
general, GCcoding and GC3 are negative for Crenarchaea and positive for Euryarchaea suggesting HEGs with respect to whole genome
are A/T biased in former and G/C biased in later phylum.
Journal of Genetics, Vol. 95, No. 3, September 2016
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ribosomal proteins and RNA polymerase genes as HEG for
this study.
Nucleotide composition study in Euryarchaea and Crenarchaea

Nucleotide composition of synonymous codon is a prominent factor that inﬂuences CUB in organisms. GC and GC3
content of the coding region were examined to comprehend the differential evolution of G/C or A/T richness of
codons used in the HEG compared to WGG between the
two Archaeal taxa. The change in GC content (refer Materials and methods section) of the codons used in HEGs with
respect to all the genes in the genome (WGG) distinguishes
Crenarchaea from Euryarchaea (ﬁgure 1). Overall, the HEGs
in Crenarchaea are comprised of codons with lower than
average GC content with the reverse holding true for the
Euryarchaea. In a similar trend, the GC at third position
of the codon in HEG was lower than that of the WGG in
case of Crenarchaea, while the opposite was shown by Euryarchaea. Two organisms belonging to Euryarchaea, namely,
Methanoculleus marisnigri JR1 and Methanothermobacter
thermautotrophicus str. Delta H exhibited result, which was
incoherent with respect to other organisms of the same phyla
for both GCcoding and GC3 .
Effect of mutational/translational factors in determining CUB

To verify the contribution of nucleotide composition in
determining the G/C or A/U bias of codon usage among

Euryarchaea and Crenarchaea, we exploited GC3 s (GC content on the third synonymous codon position of each gene)
effective number of codons (ENC) and ’codon adaptation
index’ (CAI) of each gene (ﬁgure 2). ENC is a nondirectional measure known to have association with the nucleotide
compositions of the genes and values vary from 20 (extreme
codon bias) to 61 (no biased usage of codons) (Wright 1990).
CAI is a useful directional measure of CUB and estimates the
expression level of a gene (Sharp and Li 1987).
Figure 2a corresponds to distribution plot of ENC against
GC3 s for HEGs of Crenarchaea and Euryarchaea. If the
nucleotide composition alone inﬂuences the CUB, the genes
should follow the theoretical curve (Wright 1990). However,
majority of genes failed to comply with the expected theoretical curve and almost all points were either under or over the
theoretical curve in both Crenarchaea and Euryarchaea, suggesting involvement of translational factors or natural selection in determining the codon usage pattern of HEGs in these
organisms. Qualitative assessment between the base composition and biased codon preference scatter plot method
between ENC and CAI was performed (Vicario et al. 2007)
(ﬁgure 2b). The bulk of these genes in both the phyla exhibited high CAI values which were suggestive of their high
expressions. Negative (Pearson) correlation was obtained
between the ENC and CAI values for each organism indicating very distinct relationships between expressions with
biased codon preference in HEGs. The correlation values
ranged from −0.11 to −0.76 among the Crenarchaea and

Figure 2. Distribution plot of codon indices. Figure represents scatter plot between (a) ENC vs GC3s, (b) ENC vs CAI and (c) CAI vs
GC3s of each individual HEG. (a) Majority of genes in both Crenarchaea and Euryarchaea do not follow expected theoretical curve (solid
blue line), if the codon bias is only due to GC3s suggesting major role of other factors besides nucleotide composition. (b) Genes in both
Crenarchaea and Euryarchaea exhibit high CAI values typical of HEG. (c) CAI and GC3s show typical ‘V’ shaped relationship.
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Table 1. Amino acid-speciﬁc codon preference in the HEGs in Archaea.
Amino acid
(three letter
code)

Amino acid
one letter
code

Codon
preferencewise

Euryarchaea
Average increase
in usage in phyla

Per cent
of organism

Codon
preferencewise

Crenarchaea
Average increase in
usage in phyla

Per cent
of organism

Ala

A

GCU*
GCA
GCC
GCG

0.164
0.136
0.053
0.008

66.7
50
16.7
10

GCU*
GCA*
GCG
GCC

0.143
0.103
0.003
0.000

91.7
83.3
8.3
0

Cys

C

UGC
UGU

0.075
0.031

63.3
33.3

UGU*
UGC

0.103
0.015

75
25

Asp

D

GAC*
GAU

0.155
0.000

93.3
0

GAU*
GAC

0.117
0.010

75
16.7

Glu

E

GAG
GAA

0.053
0.027

50
43.3

GAA
GAG

0.070
0.015

66.7
33.3

Phe

F

UUC*
UUU

0.283
0.000

96.7
0

UUU
UUC

0.100
0.033

66.7
25

Gly

G

GGU*
GGC
GGA
GGG

0.357
0.087
0.013
0.000

100
56.7
10
0

GGU*
GGA
GGC
GGG

0.147
0.083
0.037
0.000

83.3
58.3
41.7
0

His

H

CAC*
CAU

0.319
0.000

96.7
0

CAU*
CAC

0.125
0.018

75
25

Ile

I

AUC*
AUU
AUA

0.251
0.028
0.026

80
26.7
16.7

AUA*
AUU
AUC

0.100
0.060
0.000

75
58.3
0

Lys

K

AAG*
AAA

0.215
0.019

80
20

AAA
AAG

0.035
0.058

58.3
41.7

Leu

L

CUC*
CUU
CUG
UUA
CUA
UUG

0.252
0.172
0.068
0.134
0.014
0.016

86.7
60
33.3
30
13.3
10

UUA*
CUU
UUG
CUA
CUG
CUC

0.225
0.130
0.060
0.085
0.010
0.000

75
66.7
50
50
8.3
0

Asn

N

AAC*
AAU

0.296
0.001

96.7
3.3

AAU
AAC

0.092
0.018

66.7
16.7

Pro

P

CCA
CCU
CCG
CCC

0.088
0.105
0.093
0.040

46.7
43.3
43.3
30

CCU*
CCA
CCG
CCC

0.103
0.137
0.050
0.000

75
66.7
50
0

Gln

Q

CAG*
CAA

0.150
0.041

80
20

CAG
CAA

0.048
0.030

50
41.7

Arg

R

AGA
CGU
CGC
AGG
CGA
CGG

0.360
0.160
0.174
0.080
0.012
0.000

63.3
56.7
46.7
30
13.3
0

AGA*
CGU
AGG
CGC
CGA
CGG

0.340
0.065
0.080
0.025
0.005
0.000

83.3
50
41.7
25
8.3
0

Ser

S

AGC*
UCC
UCA
AGU
UCU
UCG

0.254
0.194
0.086
0.058
0.034
0.002

83.3
53.3
36.7
36.7
16.7
3.3

AGC*
AGU
UCU
UCA
UCG
UCC

0.155
0.090
0.080
0.050
0.055
0.000

75
66.7
58.3
41.7
33.3
0
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Table 1 (contd)
Amino acid
(three letter
code)

Amino acid
one letter
code

Codon
preferencewise

Euryarchaea
Average increase
in usage in phyla

Per cent
of organism

Codon
preferencewise

Crenarchaea
Average increase in
usage in phyla

Per cent
of organism

Thr

T

ACC*
ACU
ACA
ACG

0.196
0.063
0.075
0.020

73.3
36.7
36.7
16.7

ACU*
ACA
ACG
ACC

0.140
0.100
0.010
0.000

75
66.7
16.7
0

Val

V

GUC*
GUU
GUA
GUG

0.117
0.080
0.020
0.005

70
50
30
6.7

GUA*
GUU
GUC
GUG

0.130
0.093
0.010
0.003

75
58.3
16.7
8.3

Tyr

Y

UAC*
UAU

0.253
0.002

90
6.7

UAU*
UAC

0.122
0.003

83.3
8.3

Ter

#

UAA
UGA
UAG

0.319
0.180
0.041

70
33.3
16.7

UGA
UAA
UAG

0.250
0.070
0.008

91.7
33.3
8.3

*Fourteen OCs chosen for arranging Euryarchaea and Crenarchaea according to selection. Codons with the greatest increase in RSCU value
are shown in bold.

remained within −0.07 to −0.86 among the Euryarchaea.
Further, scatter plot between GC3s and CAI exhibited mixed
correlation (Pearson) values ranging from −0.88 to 0.94
(with majority exhibiting moderate correlation) among the
Crenarchaea and from −0.84 to 0.96 among the Euryarchaea
(exhibiting low to no correlation in many organisms) indicating no common relationships between expressions with
biased nucleotide preference for encoding HEGs within both
Archaea phyla (ﬁgure 2c).
Our next approach was to calculate the ENC in concatenated coding sequences of the genomes and the concatenated high expression gene sequence to elucidate whether
HEGs in Crenarchaea were under higher translational selection pressure than the WGG. ENC was derived from
ENC which measures CUB after removing biasness due to
nucleotide composition of the genes. The positive values of
ENC and ENC attested that HEGs in Crenarchaea are
under higher translational selection than the WGG (table 3
in electronic supplementary material). We also calculated the
Um(g), another measure to ﬁnd out if selection is operative in causing CUB in genomes (Satapathy et al. 2014).
The assessment of Um(g) also vouched for the higher selective pressure on codon preference for encoding the HEGs
than the WGG (table 3 in electronic supplementary material)
in Crenarchaea. The elucidation of the role of translational
selection on the A/U enriched frequent codons gives a novel
insight into factors responsible for CUB.
There is also a general perception that the selection of
translationally favoured codons occur with higher frequency
in HEG than WGG. However, the A/U enrichment of the
synonymous codons in HEGs in Crenarchaea was difﬁcult to
explain in this backdrop. The role of transcription-induced
mutation stemming out of higher transcription levels of the
HEGs compared to the WGG may be put forth as a reason
for this. Scrutiny of frequently occurring codons (UUA and
542

AGA in Leu and Arg; AUA of Ile) in Crenarchaea with
A/U enrichment at the 1st position did reveal the role of
mutational bias. This steered us to hypothesise that: (i) none
of the amino acids’ G/C ending codons would be favoured
more than the A/U ending codons if mutational bias for A/U
enrichment in the HEGs occur in the absence of selection
in Crenarchaea. (ii) If greater occurrence of codon is due to
mutational bias, then in case of the ﬁve amino acids having
family boxes, it should be expected that all codons occurring
frequently should end with the same nucleotide. However,
examination of the observations in table 1 (table 4 in electronic supplementary material) repudiates the above suppositions. The G/C-ending codons were favoured than A/U ending
codons for Ser and Gln, indicating that A/U enrichment may
not be due to mutational bias in HEGs. On the other hand,
presence of U-ending as well as A-ending codons as OCs
refuted our second hypothesis. It is pertinent to mention that
GGU, a selected codon in bacteria (Satapathy et al. 2014)
was found as OC in almost all the Crenarchaea.
Variation in synonymous codon frequency in Archaea

Relative synonymous codon usage (RSCU) values of HEGs
and WGGs were analysed to comprehend the pattern of CUB
in each organism. RSCUdiff > 0 correspond to codons used
more frequently in contrast to RSCUdiff < 0 that represent
seldom use of codons in HEG than WGG. The number of
organisms exhibiting RSCUdiff > 0 or RSCUdiff < 0 varies
between two phyla (table 2). Chi-square signiﬁcance levels
for 59 sense codons (excluding Met and Trp codons) were
evaluated for comparing the number of organisms in both
phyla, where the codon is overrepresented (RSCUdiff > 0)
or underrepresented (RSCUdiff < 0). Thirty codons were
found to be signiﬁcantly (P < 0.05) different in RSCUdiff
(whether RSCUdiff is > or <, then 0) indicating biased usage of
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Table 2 Codons usage variation between Euryarchaea and
Crenarchaea.
Codon

AA

Mann–Whitney U test

χ 2 signiﬁcance levels

UUU
UUC
UUA
UUG
CUU
CUC
CUA
CUG
AUU
AUC
AUA
GUU
GUC
GUA
GUG
UCU
UCC
UCA
UCG
CCU
CCC
CCA
CCG
ACU
ACC
ACA
ACG
GCU
GCC
GCA
GCG
UAU
UAC
CAU
CAC
CAA
CAG
AAU
AAC
AAA
AAG
GAU
GAC
GAA
GAG
UGU
UGC
CGU
CGC
CGA
CGG
AGU
AGC
AGA
AGG
GGU

F
F
L
L
L
L
L
L
I
I
I
V
V
V
V
S
S
S
S
P
P
P
P
T
T
T
T
A
A
A
A
Y
Y
H
H
Q
Q
N
N
K
K
D
D
E
E
C
C
R
R
R
R
S
S
R
R
G

**
**
*
**

2.016671E-06
2.016671E-06
1.363037E-02
1.617046E-02
2.120848E-01
1.742114E-07
5.507511E-03
2.428237E-01
1.528446E-01
4.317037E-06
1.371752E-03
5.327330E-01
3.359466E-03
4.602066E-03
6.512714E-01
2.255797E-02
1.836305E-03
1.120678E-01
1.665575E-02
1.335083E-01
5.076007E-02
3.462459E-01
6.839414E-01
7.509731E-02
5.051030E-05
3.670272E-02
4.733770E-01
2.380855E-01
2.077881E-01
6.081006E-02
5.053520E-01
1.626359E-06
1.626359E-06
5.924126E-07
5.924126E-07
7.744542E-02
7.744542E-02
6.551830E-07
6.551830E-07
1.519800E-02
1.519800E-02
3.761291E-07
3.761291E-07
3.230899E-01
3.230899E-01
4.750076E-02
4.750076E-02
7.997797E-01
1.980029E-02
4.164731E-02
1.095310E-01
1.271439E-01
8.078076E-01
4.210758E-01
5.530495E-01
7.243976E-02

**
**
*
**
**
**
**
*
**
**
**

*
**

**
**
**
**
*
*
**
**
**
**
**
**
*
*
**
**
*
*

**

Table 2 (contd)
Codon

AA

Mann–Whitney U test

χ 2 signiﬁcance levels

GGC
GGA
GGG

G
G
G

**

1.863284E-01
3.899715E-03
5.220933E-01

Mann–Whitney U test signiﬁcance level for 59 sense codons
(excluding Met and Trp codons) for ﬁnding whether RSCUdiff
(change in codons usage in HEG compared to WGG) in organisms
of the two phyla are same or different. Thirty-seven codons were
found to be signiﬁcantly different in RSCUdiff value; *signiﬁcance
at P = 0.05; **signiﬁcance at or P below 0.01).
Chi-square signiﬁcance levels for 59 sense codons (excluding Met and Trp codons) for the number of organisms where
the codon is overrepresented (RSCUdiff > 0) compared to the
number of organisms, where the same codon is underrepresented
(RSCUdiff < 0) between the two phyla. Thirty codons were found
to be signiﬁcantly different (values in bold means P < 0.05).

codons in these phyla to code HEGs (Behura and Severson
2012). In another calculation, Mann–Whitney U test signiﬁcance level in 59 sense codons (excluding Met and Trp
codons) for biased codons usage (RSCUdiff ) among the two
phyla revealed 37 codons to be employed in signiﬁcantly
biased manner among the two phyla (P <0.05) to code HEG
(table 2).
We utilized hierarchical clustering technique and singular
value decomposition (SVD) on the RSCUdiff for segregating/clustering members of the two phyla based on varied
manner for encoding ribosomal and RNA polymerase proteins (HEGs). Hierarchical clustering of RSCUdiff is represented by heatmap with row and column dendrogram using
pseudo-colour (ﬁgure 3) (note that it is not a phylogenetic
tree). It was evident that C-ending or G-ending codons
are used frequently in Euryarchaea, whereas A-ending or
U-ending codons are used in the Crenarchaea. Most of the
Crenarchaea were clustered together with exceptions of A.
pernix, H. butylicus and S. marinus. These three organisms
belong to the same order Desulfurococcales in the class
Thermoprotei.
SVD is a statistical technique for factorizing a complex
data matrix into few major components and is similar to principal component analysis (PCA). SVD is employed for rectangular data matrix with more rows than columns or vice
versa. Figure 4 depicts the 3D plot of ﬁrst three major components of SVD from various angles. Crenarchaea were found
to cluster together and visibly distinct suggesting unique
codon usage for HEG in contrast to Euryarchaea.
In general, it was observed that codons ending with G/C
were more frequent in the HEGs in Euryarchaea. On the other
hand, preponderance was observed for the codons ending
with A/T in the HEGs in Crenarchaea. The main highlights
of the analysis of each synonymous codon were compared
between the two Archaea groups for individual amino acids
except Met and Trp (table 1; ﬁgure 5).
In case of the two fold degenerate Y (pyrimidine, i.e. C/U)ending codons (Asn, Asp, Cys, His, Phe and Tyr), there was a
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Figure 3. Hierarchical clustering of the RSCU value differences (RSCUdiff ) observed in Euryarchaea and Crenarchaea (shown in box) in
a heatmap with row and column dendrogram. Most of the Crenarchaea are grouped close to each other with exceptions of those belonging
to order Desulfurococcales (A. pernix, H. butylicus and S. marinus). The matrix corresponding to larger cluster of Crenarchaea is separated
using false white line.

distinct difference between the Euryarchaea and Crenarchaea
(ﬁgure 5, a&b). Except for Cys, the C-ending codons were
more frequent than the U-ending codons for the other ﬁve
amino acids in at least 75% of the Euryarchaea genomes
studied. In contrast, the U-ending codons were more frequent
than the C-ending codons in Crenarchaea. Similarly, in case
of two fold degenerate R (purine, i.e. A/G)-ending codons
(Gln, Lys and Glu), Euryarchaea exhibited greater preference
for the G-ending codons, while A-ending codons were preferred in the HEGs in Crenarchaea. In case of Ile, a three-fold
degenerate family, the U-ending codons were used more frequently than the C-ending codons in Crenarchaea (table 1;
ﬁgure 5, c&d).
In general, the U-ending codons were observed to be preferred in the four-fold degenerate families of Ala, Pro, Thr,
Val and Gly (table 1; ﬁgure 5, c&d). However, a number of
variations could be observed between the two taxa.
• For Gly, the GGA frequency was higher in the HEG than
in the WGG, in more than 58% genomes of Crenarchaea,
while the same observation was below 10% in Euryarchaea.
• For Val and Thr, the A-ending and U-ending codons
together occurred more frequently in 80% genomes of
Crenarchaea, while it was about 50% for the Euryarchaea.
Similar observation was also made in case of Pro.
We also analysed synonymous codons for the six-fold degenerate families (Leu, Arg and Ser). For every amino acid, two
sets of codons were prepared: one for the four-fold degenerate codons (Leu1, Arg1 and Ser1) and the other for the
544

two-fold degenerate codons (Leu2, Arg2 and Ser2) (table 1;
ﬁgure 5, e&f).
• For Leu1, the A-ending and U-ending codons in combination were selected in 95% genomes of Crenarchaea. In
Euryarchaea, the G-ending and C-ending codons together
were present in 65% genomes for Leu1.
• For Arg1 and Ser1, the A-ending and U-ending codons in
combination were selected at higher frequencies over the
G-ending and the C-ending codons together.
• It was apparent from the data that use of Leu2, Arg2 and
Ser2 codons were considerably more in Crenarchaea compared to Leu1, Arg1 and Ser1, whereas in Euryarchaea,
the latter were used to a greater extent.
A plausible surmise of the above discussion would be: frequently occurring codons were either U-ending and/or Aending in the degenerate families in Crenarchaea while these
were often either C-ending and/or G-ending in Euryarchaea.
The difference of amino acid-speciﬁc codon preference
between the two taxa was exempliﬁed by the difference
of the G+C% between the HEG and WGG in the two taxa.
We also analysed codon contexts / codon pair in the HEG
of both the Archaeal phyla (ﬁgure 6). Codon context patterns based on average matrix of residuals of each codon
context of HEGs of each organism belonging to Crenarchaea
and Euryarchaea revealed that G/C-ending and A/U-ending
codons paired less frequently in both the phyla. However,
a side-by-side comparison of the amino acid coding triplets
was suggestive of a greater frequency of A/U-ending codons
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Figure 4. Singular value decomposition (SVD) of the RSCU value differences (RSCUdiff ). Figure represents a 3-dimensional scatterplot
of ﬁrst, second and third major component of SVD (from different viewpoints) of the RSCU value differences (RSCUdiff ) observed between
HEG and whole genome. Crenarchaea (red spheres) appear to cluster together and are distinct from other spread out Euryarchaea (blue
sphere) in the box.

following the A/U-ending codons in HEGs of Crenarchaea
than Euryarchaea. G/C-ending codons, on other hand, are
more frequent following G/C-ending codons in Euryarchaea
than Crenarchaea. Also G-ending codon followed by Cending codon and C-ending codon followed by C-ending
codon in Crenarchaea are less likely to occur compared to
Euryarchaea.
Inﬂuence of tRNA gene number in determining CUB

It is generally believed that tRNA gene number plays an
important selection factor for determining codons present in
the HEG in bacteria (Rocha 2004; Satapathy et al. 2010a).
This led us to perform a comparative study between tRNA
gene copy number and the amino acid speciﬁc synonymous
codons in the above two taxa. In our analysis, we did not
include tRNA number of Met and Trp (these being single
codon amino acids). Total tRNA (ttRNA) gene number and
tRNA diversity (dtRNA) were highly correlated in Eury-

archaea, however, no correlation was found in Crenarchaea
as dtRNA was constant (42) with varying ttRNA.
We compared tRNA gene number and Wi score with that
of observed change in RSCU (RSCUdiff ) for each organism.
Wi based on abundance of tRNA gene number is an indicator of translation elongation rate. Fundamentally, increase
or decrease in codon usage represented by RSCUdiff should
comply with tRNA availability represented by greater tRNA
gene number and higher Wi score. Higher tRNA availability can only support faster translation and hence, higher
expression of protein by ribosomal machinery. However,
Crenarchaea was found to be a divergent group where the
observed change in RSCU (RSCUdiff ) was not paralleled by
corresponding tRNA gene number and Wi score (ﬁgure 7a;
table 2 in electronic supplementary material).
In Crenarchaea, ttRNA ranged from 42 to 46 with 42 different tRNA anticodons. Thus, tRNA diversity (dtRNA) was
high irrespective of genome G+C% of any Crenarchaea.
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Figure 5. OCs in two groups of Archaea for two, three, four and six-fold degenerate amino acids. Percentage of organisms where amino
acid-speciﬁc codons are overrepresented in HEGs (i.e. RSCUdiff > 0) are shown in a six panel ﬁgure to describe OCs in Crenarchaea
(upper panels) and Euryarchaea (lower panels). Panels from left (to middle) to right side illustrate results for two, four (including three)
and six-fold (presented in two separate sets with sufﬁx 1 and 2) degenerated amino acids, respectively. Height of the vertical bar represents
percentage of organisms with U/C/A/G-ending codons as OC in different amino acids. A common observation is that A/U-ending codons
for an amino acid are usually more frequently observed in Crenarchaea than Euryarchaea.

Figure 6. Codon context patterns of HEGs in Euryarchaea and Crenarchaea. The cluster pattern represents codon context patterns of HEGs
of each organism with 5 codons in rows and 3 codons in columns. Colour gradient as scale below the ﬁgure represents greater (green) and
lower number of contexts (red).

This may be attributed to thermophilic nature of all the Crenarchaea considered in this study (table 1 in electronic supplementary material). This was in line with the report about
high tRNA diversity in thermophilic bacteria, irrespective
of their genome G+C% (Satapathy et al. 2010a). Anticodons
with C at the 1st position were present for most of the
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amino acids encoded by NNG codons. This observation suggested that there was no speciﬁc tRNA gene copy number present in Crenarchaea that could support the frequent
occurrence of U/A ending codons in different amino acids,
observed in this study (table 3 in electronic supplementary
material).
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Figure 7. tRNA gene number and its role in CUB. Scatter plots of ttRNA gene number vs dtRNA in Crenarchaea and Euryarchaea (upper
illustration). Modiﬁed dot-cum-bubble plot represents translation elongation rate based on available tRNA isoacceptor and corresponding
impact in RSCUdiff for two-fold degenerate codons (lower illustration). Greater or reduced translation elongation rate are represented as
high and low Wi score (relative adaptiveness) based on availability of tRNA gene. Bubble colour indicates archaea phyla (green denotes
Euryarchaea and blue denotes Crenarchaea), whereas size of the bubble indicates number of instances (codons) where RSCUdiff was greater
(or codon was selected). Common observation is that Crenarchaea (mostly) shows selection of codons despite low Wi score, whereas
Euryarchaea shows selection of codons mostly when Wi score is high for HEG sequences.

In Euryarchaea, ttRNA ranged from 30 to 55 whereas
tRNA diversity ranged from 29 to 42. The following observations are pertinent.
• Higher tRNA diversity was observed in genomes with
higher G+C% and vice versa as in bacteria (Satapathy
et al. 2010b). One exception was observed in case of
Methanopyrus kandleri AV19 which is with higher genome G+C%, i.e. 61, lower tRNA diversity, i.e. 29 and
surprisingly a hyperthermophile. Similarly, Methanococcus vannielii SB which is among the most translationally
selected Euryarchaea has total tRNA gene number of 32
and tRNA diversity of 29. This was in contrast with the
known fact that tRNA gene copy number and selection are
highly correlated in bacteria.
• Several members of Euryarchaea such as Thermococcus kodakarensis KOD1, Pyrococcus furiosus DSM 3638,
Pyrococcus horikoshii OT3 and Pyrococcus abyssi GE5
contain high tRNA diversity, i.e. 42 but single gene copy
number similar to Crenarchea.
Although, the favoured growth temperatures of these Euryarchaea bear resemblance to that of Crenarchaea, the former members are too dissimilar from the latter with respect
to CUB.
This suggested that the difference between the two taxa in
terms of their CUB was not due to different tRNA gene numbers between them. At this juncture, the authors would like to
mention that owing to lack of data related to unique and taxaspeciﬁc RNA modiﬁcation system of the Archaea domain,

no comparative analysis of the anticodon modifying enzymes
was possible. This is a requisite to eliminate the possible role
of anticodon modiﬁcation system in differentially modelling
the CUB in these two taxa.

Discussion
In the present study, we have reported CUB in HEG and
WGG in 42 Archaea genomes which included 30 Euryarchaea and 12 Crenarchaea. This study unfolded several
interesting observations (as mentioned below) that may be
forwarded as the premise for explaining translation selection
in Archaea.
• The G+C% of the HEG was found to be less in comparison with the genome G+C% in Crenarchaea, whereas the
reverse was the case in Euryarchaea.
• The preponderance of U/A-ending codons that codes for
HEG in Crenarchaea was in sharp contrast to the C/Gending ones in Euryarchaea.
• The analysis revealed the prevalence of U-ending codons
even within the WWY families in Crenarchaea vis-à-vis
Euryarchaea, bacteria and Eukarya. (it is to be noted that
no plausible interpretation of the observed disparity could
be made either in the context of tRNA gene composition
or genome G+C%).
To the best of our knowledge, this is the ﬁrst report in
favour of the occurrence of translational selection on CUB
in many Archaea genomes analysed collectively. Previous
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reports on CUB studies for three organisms analysed separately for Crenarachaea and Euryarchaea (Jiang et al. 2007;
Wu et al. 2007). The present analysis, in contrast, is in the
context of only translational selection which is not inclusive
of the low expression genes.
We know that performance of the translational machinery
differs with the ecological strategies of bacteria (Dethlefsen
and Schmidt 2007). In the context of the highly extreme and
restricted ecological niches of these prokaryotes, the elucidation of translational selection in Archaea is of signiﬁcance.
The ﬁnding is also crucial as growth rate of many Archaea is
not well documented.
We were perplexed by the ﬁnding that neither the dictates of optimal energy in codon–anticodon interaction nor
the rule of high accuracy were adhered to in case of the use
of U-ending codons as OC for Phe, Tyr, Ile and Asn. This
raises the question as to which of the following two plays
the deciding role in CUB, the enrichment of the high expression gene with A/U-ending nucleotides or some sort of selection pressure. As Crenarchaea/Euryarchaea average genome
GC content was found to be much similar, the pattern of
CUB difference could not be attributed to genome composition. Remarkably, the GC content of HEG was lower than
the genome GC content in Crenarchaea, while its reverse
was true in Euryarchaea. Whether there is any inﬂuence of
number of origin of replication in chromosomes in Crenarchaea and Euryarchaea is yet to be studied. It is known that
the former has multiple origin of replication in its chromosome while the latter has often one origin of replicon in the
chromosome (table 5 in electronic supplementarymaterial).
Two important selection mechanisms were recently discovered in bacteria which suggested selection on the whole
organism. First, the growth rate: organisms with high growth
rate are with high translational selection which we observed
to be true in Euryarchaea but this may not be true in Crenarchaea. There is evidence that slow growing bacteria are
subjected to selection in HEG (Supek et al. 2010). Secondly,
the mode of nutrition cannot be overlooked. Often, bacteria living as parasites have to adapt to varied host environments. Greater selection pressure is operative on organisms
growing on different environments compared to those thriving in limited condition (Botzman and Margalit 2011). However, such mechanism was not evident in Crenarchaea. The
authors are hopeful about revelation of the selection strategies responsible for CUB in HEG in these Archaea in future
studies.
We would like to bring to the attention of the readers
that the static versus dynamic / the context dependent gene
expression studies demand attention. We would also like to
emphasize upon the fact that we have considered the expression of RNA polymerase and ribosomal protein genes in
the organisms. These are universally known to exhibit abundant and ubiquitous expression and consequently, they were
considered under high expression gene sets with respect to
WGG. In the perspective of CUB, the various parameters
like GCcoding and GC3 , ENC (ENCWGG −ENCHEG )
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or ENC (ENCWGG − ENCHEG ), Um(g) and the Wi were
assessed with reference to the HEG and WGG. Microarray data would surely complement our understanding of
the CUB results presented here. Due to limitation of our
resources, microarray analysis was not performed. It is to
be noted that the facet of missing value problem (attributed
to various experimental reasons) in high throughput gene
expression proﬁling techniques such as cDNA microarray
technology merits special mention (Oh et al. 2011; Raghava
and Han 2005). In this context, missing value imputation
is a critical preprocessing step in microarray data analysis.
Various local, global, hybrid or knowledge assisted missing
value imputation algorithms have been proposed and validated time and again (Liew et al. 2011). To cite for evidence, a detailed assessment of the impact of ﬁve missing
value imputation methods on three clustering and four classiﬁcation methods was executed in the milieu of 12 cancer
gene expression datasets (de Souto et al. 2015). The study
attested that the imputation analyses have a minor inﬂuence on the classiﬁcation and downstream clustering assessments. Nevertheless, considering these aspects in the context
of our studies in CUB in Archaea hold extensive prospects
for future studies.

Conclusion
Study of CUB in Archaea is scarce compared to other organisms. By ﬁnding the difference in CUB between HEG and
WGG, we found that the two major phyla, Euryarchaea
and Crenarchaea are remarkably different in employing their
codons in HEG. It is evident from the analysis that combined
GC content of codons and GC3 are considerably low in HEG
than average genome in Crenarchaea, which makes it different from the Euryarchaea and Eubacteria. Future research on
translational apparatus of Crenarchaea would aid in explaining the interesting departure of CUB as elucidated through
this work.
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