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ABSTRACT:
Corynebacterium urealyticum DSM 7109, an opportunistic pathogen retains a strong urease activity that
hydrolyses urea and causes hyperammonuria. Overall codon usage study revealed its evolution as well as the
expressivity of genes which regulate pathogenic gene expression. GC compositional constraint was present in
this pathogen. Correspondence analysis (CA) on codon and amino acid usage revealed the effect of translational
selection, hydrophobicity, aromaticity, protein biosynthesis cost on codon and amino acid usage bias in PHX
(predicted highly expressed) genes. Higher frequency of C ending preferred codons as well as optimal codons
was also an evidence of translational selection pressure on codon usage variation. Strand specific replicational
selection was also present to avoid collisions between polymerases during PHX gene expression. Nucleotide
substitution rate revealed PHX genes were less diverging in their synonymous positions thus conserving optimal
codon usage, though synonymous substitution was shaping genomic evolution of the studied organism. Urease
coding genes clustered along with PHX genes on CA plots and their expression as well as frequency of optimal
codon usage were higher than other protein coding genes. Thus the present study reveals codon and amino acid
usage variation as well as genomic evolution of C. urealyticum genes, which may help in further investigation of
their pathogenesis in addition with host-pathogen interaction.
Keywords:relative synonymous codon usage, correspondence analysis, highly expressed gene, translational
selection, nucleotide substitution, replicational selection

[I] INTRODUCTION
Codon usage bias performs a major role
towards molecular evolution at DNA level of
living organisms. According to codon
degeneracy rule, most amino acids are coded by
more than one codon which are called
synonymous codons. According to "genome
hypothesis", frequency of synonymous codon
usage pattern is usually varies species to
species. Moreover, synonymous codons differ
by nucleotide in third position of codons and
are conserved among genes [1]. Codon usage
variation is a consequence of many important

features
like
nucleotide
compositional
constraint [2], mutational bias [3], gene length
[4], tRNA abundance [5, 6], codon–anticodon
interaction [7], gene expression level [8, 9],
amino acid conservation [10], replicationaltranscriptional selection [11], synonymous and
asynonymous nucleotide substitutions of
orthologous genes [12] etc. In some prokaryotes
such as, Escherichia coli [13], the occurrence of
codon usage is directly proportional to the
corresponding anticodon frequencies and the
preferred codons in highly expressed genes are

predicted by the presence of most abundant
tRNAs. In microbial organisms, the frequency
of amino acid usage is also affected by several
physiochemical
properties
such
as
hydrophobicity and aromaticity of respective
proteins [14], as well as the ecological niches of
that organism [15]. Other factors such as
protein secondary structure [16, 17, 18, 19] and
mRNA folding [20, 21] are also responsible for
codon usage variation in genes. Thus analysis
of codon usage data would reveal the
fundamental cause of molecular evolution at
gene level of an organism.
Corynebacterium urealyticum DSM 7109 is a
gram positive bacillus with a strong urease
(urea amidohydrolase, EC 3.5.1.5) activity [22],
slow growing opportunistic pathogen [23]. It
causes urinary tract infection by hydrolysing
urea to ammonia thus increases renal pH and
generates renal disease, renal stones, etc. [24].
In most cases, C. urealyticum becomes
antibiotic resistant by rising urine pH. The
complete genome sequence of C. urealyticum
DSM 7109 has already been determined and
deposited in public database [25] but sequence
based analysis yet not been done. Genome size
of C. urealyticum DSM 7109 is also small
which may be the effect of bacterial life style in
a specific niche, responsible for their
pathogenic activities. In this study, codon usage
as well as amino acid usage variations of C.
urealyticum DSM 7109 has been analysed by
using multivariate statistical analysis, optimal
codon usage study, gene expression study,
correlation analyses, nucleotide substitution
rate, etc. to recognize the molecular evolution
strategy of the genome.
[II] METHODS
2.1. Sequence retrieval
Total 2024 protein coding gene sequences of C.
urealyticum DSM 7109 were retrieved from
IMG-JGI database (https://img.jgi.doe.gov/).
2.2. Codon and amino acid usage pattern
analysis
To analyse the codon and amino acid usage
patterns in C. urealyticum DSM 7109genes,
several parameters such as gene length, the
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percentage of nucleotide compositions at third
position like A3s, T3s, G3s and C3s, total amount
of GC as well as total GC compositions at the
third position of codons (GC3s), hydrophobicity,
aromaticity were calculated for each protein
coding gene. CodonW [26] software was used
to accomplish said principle. Biosynthesis cost
of proteins was calculated by using DAMBE
[27] software.
2.3. Detection of the trend in codon usage
pattern
CodonW [26] was also used to determine
heterogeneity of codon usage pattern such as
effective number of nucleotides (ENc),
characteristics of synonymous codon usage
like, RSCU (relative synonymous codon usage),
frequency of optimal codons (Fop), etc.
Expected curve of GC3-ENc plot was
determined by the formula:
ENc= 2 + s + {29/ [s2 + (1-s) 2]}
where, s = GC3s.
The continuous curve interpreted relationship
between ENc and GC3 under H0 (no
selection)[28].
RSCU of codon ‘i’ was defined as, RSCUi=
(Obsi/ Expi), where, Obsi= observed number of
occurrences of codon i and Expi= expected
number of occurrences of same codon [29].
Fop was calculated by the formula:
Optimal

The number of "optimal"
codons

Fop =
Sum of the numbers of "optimal" and
"non-optimal" codons
codons were recognized by the most abundant
isoacceptingtRNAs [13].
2.4. Gene expression study
Codon adaptation index (CAI) measurement is
a broadly used technique to study gene
expression level in both prokaryotes and
eukaryotes [26]. CAI was calculated by the
formula:

where, L is the number of codon in a gene,
is relative adaptiveness of kth codon [30].
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In this study, CAI was calculated according to
the equation of Sharp and Li [31] in CAI
Calculator
2
(http:
//www.evolvingcode./net/codon/)
by
considering ribosomal protein coding genes as a
reference set of genes. After sorting the genes
according to their CAI values, top 10% genes
were predicted as highly expressed genes
(PHX) and bottom 10% genes were predicted as
lowly expressed genes (PLX).
2.5. Localizing the genes on leading and
lagging strand
To determine the leading and lagging strand of
replication, origin of replication and
termination sites, GC skew was calculated
using GenSkew: Genomic nucleotide skew
application (http://genskew.csb.univie.ac.at/) by
taking a 200 kb window size and a step size of
3kb. Total number of genes in both strands was
calculated by developing PERL scripts.
2.6. Multivariate statistical analysis
Correspondence analysis was performed using
CodonW [26]. It is a geometric approach for
data analysis[32], which was carried out to
detect codon and amino acid usage variations
among the studied genes. A multidimensional
space of 59 axes was created for CA on RSCU,
whereas, for CA on RAAU (relative amino acid
usage), a multidimensional space of 20 axes
was developed, where each axis was explaining
a decreasing amount of variation [33]. It was
carried out on simple codon count and amino
acid frequencies.
2.7. Nucleotide substitution rate calculation
Nucleotide substitution rate was analysed by
calculating (non-synonymous substitutions per
non-synonymous substitutions per time period)
and Ks (synonymous substitutions per
synonymous substitutions per time period)
between
orthologous
genes
of
C.
glycinophilumand C. urealyticum. Orthologous
genes were predicted by using Reciprocal Best
Blast Hit (RBBH) approach with an identity
level of ≥50% and an E value of 1e 10 and
with at least 50% alignment score in local
BLASTP
program
(ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LA
TEST/). Ka and Ks were calculated by using
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Codeml program in PAML package (version
4.5)
(http://abacus.gene.ucl.ac.uk/software/paml.htm
l) [34]. Spearman's rho correlation coefficient
tests between codon and amino acid usage
indices were performed by SPSS statistical
software (version 19).
[III] RESULTS
3.1. Codon usage analysis
Overall codon usage of C. urealyticum DSM
7109 genes (excluding ATG for Met and TGG
for Trp) and relative synonymous codon usage
(RSCU) shown in Table 1. It was observed that,
among 27 preferred codons 55.56% codons was
C ending, 37.04% was G ending and only
3.70% of each was A and T ending. Moreover,
among 19 optimal codons 73.68% codons was
C ending and rest was G ending. A or T ending
codons was not used as optimal codons in C.
urealyticum genes.
3.2. Heterogeneity of codon usage among
genes
Protein coding genes of C. urealyticum biased
towards high GC content ranging from 39% to
73.70% (data not shown) with a mean value of
64.58% and standard deviation of 4.02%. GC3
content was ranging from 37.20% to 94.20%
with an average value of 80.20% and standard
deviation of 8.42% and ENc values were
ranging from 20.82% to 61% with a mean value
of 37.75% and standard deviation of 7.12%.
Genes with higher GC3 content showed lower
ENc values (Table 2). GC3-ENc plot (Figure 1)
also depicted that ENc decreased with
corresponding increase in GC3 and considerable
number of genes were lying below the expected
curve towards GC3 dense area. PHX as well as
urease coding genes deposited in same region
towards GC3 rich region in GC3-ENc plot.
Expression level of protein coding genes was
not so high (Table 2) and was ranging from
0.079 to 0.928 (Figure 2) with an average of
0.474 and standard deviation of 0.14. Majority
of genes displayed CAI values from 0.35 to
0.55. Urease coding genes showed higher
expression level than other protein coding
genes but not as high as ribosomal protein
coding genes. Frequency of optimal codons was
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higher in urease coding genes with higher GC3
content (GC3>0.80) (Table 3). Hydrophobicity
of these genes was lower.
3.3. Multivariate statistical analysis on codon
and amino acid usages and correlation tests
Correspondence analysis (CA) was performed
on RSCU values as well as amino acid usage to
investigate the major possible trend responsible
for codon and amino acid usage bias in C.
urealyticum genes. CA on RSCU (Figure 3a)
accounted for f1 (18.92%) and f2 (8.81%) as
first (axis 1) and second (axis 2) major axes of
the total variations in data respectively. Here,
protein coding genes clustered towards origin
of the axes. PHX and PLX genes distinctly
deposited on the plot, urease coding genes
deposited along with PHX genes. Correlation
tests showed significant correlations between
axis 1 and C3, G3, GC, GC3, ENc, CAI and Fop
(Table 4). Significant positive correlation was
noticed between GC3 and CAI (0.704, p<0.01),
whereas a significant negative correlation was
observed between GC3 and ENc (-0.775,
p<0.01). CAI also significantly negatively
correlated with ENc (-0.878, p<0.01). All the
above observations were an evidence of the
presence of translational selection of codons in
gene expression of C. urealyticum. C3
significantly positively correlated with CAI
(0.736, p<0.01). Fop also significantly
positively correlated with GC3 (0.569, p<0.01)
and with CAI (0.774, p<0.01). Significant
positive correlation was observed between Fop
and C3 (0.649, p<0.01), which supported the
former prediction.
CA on amino acid usage (Figure 3b) accounted
for 18.02% (axis 1) and 12.45% (axis 2)
respectively. In this plot, protein coding genes
also deposited towards the centre of the two
axes. Here PHX and hydrophobic protein

coding genes deposited separately, and urease
coding genes deposited along with PHX
genesas in CA on RSCU before. It revealed
PHX genes were not including hydrophobic
protein coding genes. Moreover, correlation
tests showed axis 1 and axis 2 significantly
correlated with CAI, gravy, aromaticity and
mean cost of proteins (Table 5). CAI
significantly negatively correlated with
hydrophobicity (-0.081, p<0.01) as well as with
aromaticity (-0.060, p<0.01). Significant
positive correlation was noticed between
hydrophobicity and aromaticity of genes (0.080,
p<0.01). Protein biosynthesis cost strongly
negatively correlated with CAI (-0.129,
p<0.01),
whereas
hydrophobicity
and
aromaticity significantly positively correlated
with protein synthesis cost (0.047, p<0.05) and
(0.821, p<0.01) respectively.
3.4. Location and expression of genes on
leading and lagging strand
Among both complementary strands, leading
strand was enriched in positive GC skew
values, represented abundance of G over C. The
Z-curve (Figure 4) indicated the origin and
terminus of genome, where, X and Y axes
denoted chromosomal location (in base pair)
and GC skew values correspondingly. Gene
expression of most of the protein coding genes
was from 0.40 to 0.65 and leading strand
contained 55.25% of the said genes (Table 6).
About 55% protein coding genes with
CAI>0.65 were residing on leading strand of
replication. Proportion of ribosomal protein
coding genes on leading strand touched 73.33%
and all urease coding genes were coded by
leading strand of replication. Thus, amount of
genes located on leading strand was higher than
lagging strand of replication in C. urealyticum.

Table-1.Overall RSCU values and codon count of genes.
Amino Acid
Phe

Leu

Codon
UUU
UUC*
UUA
UUG
CUU
CUC*
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Codon Count
4482
10874
2510
7430
8907
14100

RSCU
0.05
1.42
0.28
0.84
1.00
1.59
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Ile

Val

Tyr
His
Gln
Asn
Lys
Asp
Glu

Ser

Pro

Thr

Ala

Cys

Arg

Gly

CUA
CUG*
AUU
AUC*
AUA
GUU
GUC*
GUA
GUG
UAU
UAC*
CAU
CAC*
CAA
CAG*
AAU
AAC*
AAA
AAG*
GAU
GAC*
GAA
GAG*
UCU
UCC*
UCA
UCG
AGU
AGC
CCU
CCC
CCA
CCG*
ACU
ACC*
ACA
ACG
GCU
GCC*
GCA
GCG
UGU
UGC*
CGU
CGC*
CGA
CGG
AGA
AGG
GGU
GGC*
GGA
GGG
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3947
16433
3975
12298
2797
7996
13702
4871
14476
2846
4890
9449
15301
7904
16203
3881
8352
4802
9333
12081
14103
11172
14691
8139
15249
10189
19875
5951
16811
14211
17466
16801
26412
6167
16391
6768
14354
16651
25457
15658
27484
6481
15368
14009
27210
19339
25549
8268
14389
15268
24936
15398
17142

0.44
1.85
0.63
1.93
0.44
0.78
1.34
0.47
1.41
0.74
1.26
0.76
1.24
0.66
1.34
0.63
1.37
0.68
1.32
0.92
1.08
0.86
1.14
0.64
1.20
0.80
1.56
0.47
1.32
0.76
0.93
0.90
1.41
0.56
1.50
0.62
1.31
0.78
1.19
0.73
1.29
0.59
1.41
0.77
1.50
1.07
1.41
0.46
0.79
0.84
1.37
0.85
0.94
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Fig: 1.GC3-ENc plot genes. The continuous curve identifies the relationship between ENc and GC3 under random codon
usage. Grey circles indicate protein coding genes. Red triangles indicate PHX genes. Black circles indicate urease coding
genes.
Preferred codons (RSCU>1) are in bold and optimal codons are with sign * (p<0.01)

Fig: 2.Frequency distribution of CAI values for protein coding genes.
Table-2. Mean values of codon and amino acid usage indices.

Gene group

GC%

GC3%

ENc

Fop

CAI

Protein coding genes

64.58±4.02

80.20±8.42

37.75±7.12

56.84±6.25

0.474±0.14

Ribosomal genes

62.43±2.64

79.40±5.08

31.30±4.70

63.49±5.57

0.709±0.09

Urease coding genes

63.97±1.72

88.18±2.86

28.79±2.26

64.71±5.65

0.687±0.08
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Fig: 3.Correspondence analysis on (a) RSCU values, where grey circles indicate protein coding genes,red and green
triangles indicate PHX, PLX genes respectivelyand black circles indicate urease coding genes; and on (b) amino acid usage,
where grey circles indicate protein coding genes;red triangles and violet diamonds indicate PHX genes and highly
hydrophobic protein coding genes respectively. Urease coding genes are indicated in black circles.

Fig: 4.GC skew identifies probable sites of origin of replication and terminus in C. urealyticum DSM 7109 genome.
Fig: 4.GC skew identifies probable sites of origin of replication and terminus in C. urealyticum DSM 7109 genome.

Table-3. Codon usage indices of urease coding genes.
IMG ID

Description

GC3

ENc

CAI

Fop

Gravy

641674198
641674199
641674200
641674201
641674202

Urease gamma subunit
Urease beta subunit
Urease alpha subunit
Urease accessory protein
Urease accessory protein

0.85
0.81
0.84
0.91
0.91

29.96
28.25
28.91
28.22
30.22

0.613
0.738
0.736
0.713
0.596

0.537
0.716
0.682
0.643
0.679

-0.369
-0.532
-0.248
-0.570
-0.264

641674203
641674204

Urease accessory protein
Urease accessory protein

0.90
0.93

27.71
30.52

0.775
0.617

0.65
0.662

-0.130
-0.328

Table-4. Correlations between codon usage indices.
Axis1
Axis2
C3s
G3s
GC
0.176** -0.753**
-0.117**
-0.258**
Axis1 1
1
-0.369**
0.569**
0.561**
Axis2
**
1
-0.323
0.180**
C3s
1
0.228**
G3s
1
GC
GC3s
ENc
CAI
Fop
** Correlation is significant at the 0.01 level (2-tailed).
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GC3s
-0.768**
0.241**
0.656**
0.322**
0.531**
1

ENc
0.899**
0.120**
-0.732**
-0.101**
-0.301**
-0.775**
1

CAI
-0.983**
-0.219**
0.736**
0.077**
0.220**
0.704**
-0.878**
1

Fop
-0.761**
-0.194**
0.649**
-0.008
0.112**
0.569**
-0.736**
0.774**
1
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Table-5. Correlation between amino acid usage indices.
Axis1
Axis2
CAI
Gravy
1
-0.122**
0.320**
-0.832**
Axis1
**
1
-0.357
-0.184**
Axis2
1
-0.081**
CAI
1
Gravy
Aromo
Mean Cost
**Correlation is significant at the 0.01 level (2-tailed) and
*Correlation is significant at the 0.05 level (2-tailed).

Aromo
Mean Cost
-0.171**
-0.118**
**
-0.428
-0.433**
**
-0.060
-0.129**
**
0.080
0.047*
1
0.821**
1

Table-6. Number of protein coding genes on leading and lagging strand of replication.
Gene group

Total No. of genes
(n)

Leading strand
(n)
Percentage

Lagging strand
(n)
Percentage

CAI≤0.40

566

303

53.53

263

46.47

0.40<CAI≤0.65

1191

658

55.25

533

44.75

CAI>0.65

267

147

55.06

120

44.94

Ribosomal

60

44

73.33

16

26.67

Urease

7

7

100

0

0

Protein
coding
genes

3.5. Selection pressure on codon usage
It was observed that correlation between Ka and
CAI of orthologous genes was more
significantly negative (r = -0.633,p<0.01) than
correlation between Ks and CAI (r = -0.532,
p<0.01). When the orthologous genes were
sorted according to their Ks values, lowest Ks
was possessed by highly expressed genes. Fop
of orthologous genes was significantly
negatively correlated with Ks (r = -0.446,
p<0.01).
[IV]
DISCUSSION
Species-specific codon usage as well as
preference
forsynonymous
codons
in
prokaryotes are consequences of various
important features such as nucleotide
compositional constraint, mutational bias and
translational selection of codons, etc. C.
urealyticum genes biased towards high GC
content with a little variation around mean
value except small regions. High proportion of
C3 and G3 than frequency of A3 and T3 ending
codons suggested greater stability of C and G
ending codons in contrast with A and T ending.
Thus it could be assumed that compositional
constraint was affecting codon usage variation
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in C. urealyticum genes [35]. Higher GC3
content genes corresponded to lower ENc and a
significant negative correlation between them
showed strong influence of compositional
constraint on codon usage bias among genes. In
GC3-ENc plot majority of points deposited
below the expected curve towards GC3 rich
region, while points must be deposited on
continuous curve if only compositional
constrain was responsible for codon usage
variation in genes [28]. So, apart from
compositional constraint other factors like
mutational bias, natural selection and
translational selection were also affecting codon
usage variation in C. urealyticum genes.
Correspondence analysis is a graphical
illustration of multi-way contingency table
consisting several rows and columns. It can
generate
multidimensional
planes
by
calculating fractions corresponding to the
number of columns [36]. CA on RSCU of C.
urealyticum genes showed that fraction of first
major axis (18.92%) was larger than second
major axis (8.81%), which was indicating that
axis 1 was primary factor for codon usage
variations. Significant correlation between axis
1 and CAI indicated that codon usage bias in C.
urealyticum genes was considerably affected by
27

gene expression. Strong negative correlation
between CAI and ENc held the former
prediction. Most of the genes concentrated
towards origin of axes revealed that codon
usage bias in C. urealyticum genes were
homogeneous to some extent. Deposition of
PHX and PLX genes along axis 1 revealed
synonymous codon usage of these two types of
genes were different and clustering strategy of
PHX
genes
showed
conservation
of
synonymous codons among PHX genes.
Moreover, significant positive correlations
between CAI and GC, GC3, G3 and Fop
suggested that translational selection of codons
was present in C. urealyticum genes [37].
Significant positive correlation between CAI
and C3 revealed C ending codon usage bias in
PHX genes. Moreover, optimal codons of C.
urealyticum genes was also biased towards C
ending over G ending triplets. According to
Moriyama and Powell RNY (R- Purine, N-any
nucleotide base and Y-pyrimidine) codons were
more beneficial for translation of genes. CA on
amino acid usage revealed amino acid
conservation among genes. PHX genes of C.
urealyticum
distinctly
deposited
from
hydrophobic protein coding genes. Moreover,
significant negative correlation between CAI
and GRAVY as well as aromaticity revealed
unwillingness of PHX genes to compriseof
hydrophobic and aromatic protein coding genes
as biosynthesis cost of hydrophobic as well as
aromatic proteins are higher [14]. Protein
synthesis cost was also inversely proportional
to gene expression level, which revealed that
PHX genes of C. urealyticum were very
economical towards their expression. Similar
expression strategy was also observed in
Bifidobacterial PHX genes [38]. Nucleotide
substitution rate (Ka and Ks) can estimate the
nature of selection pressure, which affects
genomic evolution of organisms [39]. In C.
urealyticum, synonymous positions ofPHX
genes wereless diverging and helped in
stabilizing optimal codon usage in PHXgenes.
In silico detection of the origin of replication
and terminus sites in a genome had already
been well established by several experimental
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corroborations [40] and in present study, Zcurve distinguished the mentioned sites in C.
urealyticum genome (Figure 4). According to
Chargaff and his colleagues [41], nucleotide
distribution between two complementary DNA
strands is dissimilar. Furthermore, amount of
genes is also different on both leading and
lagging strands of replication [42]. In this study
existence of greater number of genes as well as
PHX genes and urease protein coding genes on
leading strand than lagging strand of replication
revealed that leading strand was enriched with
essential genes than nonessential ones in C.
urealyticumlike other prokaryotes[43]. Lafayet
al. has been discussed about ‘replicational
selection’, which permits the occurrence of
gene enrichment on leading strand to avoid
collision
between
polymerases
during
replication and transcription at the same time in
prokaryotes [44].
Urease coding genes of C. urealyticum play an
important role in their pathogenicity [25]. In the
present study urease coding genes showed
higher expression level and optimal codon
usage. They clustered along with PHX genes
and were also reluctant to use hydrophobic
amino acids, thus revealed translational
selection pressure on codon and amino acid
usage bias in urease coding genes of C.
urealyticum. Replicational selection was also
present in these gene expression. These genes
are very important in amino acid transport and
metabolism of C. urealyticum. In urinary tract
of patients with urological diseases the
pathogen takes the opportunity to break down
urea by urease and make urine alkaline which
further leads to form renal stones [45]. Thus
codon usage study may further help to
understand molecular basis of pathogenesis and
basis of host-pathogen interactions in C.
urealyticum.
[V] CONCLUSION
Codon usage variation among C. urealyticum
DSM 7109 genes was mostly inﬂuenced by
translational selection as well as natural
selection. Biosynthesis cost of proteins as well
as their hydrophobicity, aromaticity were also
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regulating codon and amino acid usage
variations in highly expressed genes. Strand
specific gene expression was present in genes.
Overall gene expression of C. urealyticumwas
moderate, whereas urease coding genes showed
a higher degree of expression and codon usage
bias towards GC rich codons. Synonymous
positions were diverging less in highly
expressed genes of C. urealyticum, thus
conserved optimal codon usage in these genes.
More study would be helpful to understand the
gradual evolution of C. urealyticum DSM
7109genes and their pathogenicity.
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