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The large amount of genomic information present in the global databases may be analyzed from a
wide variety of perspectives to obtain novel information regarding the functional relation between
different organisms as well as their comparative physiology, and lifestyle. In this study, an in-depth
comparative codon utilization analysis has been employed to study the genome design of an
interesting bacterial species Myxococcus, utilizing the whole genome of four myxococci species.
Myxococcus represents the myxobacteria characterized by gliding motility, fruit-body formation and
the production of lytic principles capable of attacking different bacterial and fungal cells on which
the formation of fruiting bodies readily takes place. Among the four species analyzed in this study,
M. fulvus was found to display the most codon biased genome with ninety percent of its protein
coding genes having Nc values below 40. Correlation between the different codon usage parameters
showed strong negative correlation between Nc and GC3; the GRAV'Y score, which is a measure of
hydropathicity of a protein was also found to be influenced by the genic GC content. An interesting
observation of this comparative intra-specific codon usage utilization study was the relatively weak
positive correlation between GC3 and GC content in the protein coding genes of the four
Myxococcus species.

Copyright © Ayon Pal., 2016, this is an open-access article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly

cited.

INTRODUCTION

The advent of modern sequencing methods (Mardis 2008,
Morozova and Marra 2008, Metzker 2010), and the creation of
state of the art biological databases (Baxevanis 2001, Birney
and Clamp 2004, Benson, Cavanaugh et al. 2013), puts forward
the attractive proposition of comparative genomics. At present,
there are more than forty thousand fully sequenced bacterial
genomic datasets in the genome databases worldwide
(Markowitz, Chen et al. 2012, Benson, Cavanaugh et al. 2013).
The large amount of bacterial genomic information present in
the global databases may be analyzed from a wide variety of
perspectives to obtain novel information regarding the
functional relation between the different organisms, as well as
their comparative physiology, and lifestyle. In this study, codon
utilization analysis has been employed to study the genome
design of an interesting bacterial species Myxococcus. This
organism belongs to the order Myxococcales of the class 06—
Proteobacteria, and represents Gram-negative, spore-forming,
chemoorganotrophic, obligate aerobes (Goldman, Bhat et al.
2007). Myxococci are nonflagellated elongated rods with
rounded or tapered ends. Myxococcus represents the
myxobacteria characterized by gliding motility, fruit-body
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formation and the production of lytic principles capable of
attacking different bacterial and fungal cells on which the
formation of fruiting bodies readily takes place (Singh 1947,
Nolte 1957, Mason and Powelson 1958, Berg 1975); three
peculiar features possessed together by any known bacteria till
date. Important species of Myxococcus include M. fulvus, M.
dtipitatus, M. virescens, M. xanthus, M. coralloides, M.
flavescens, and M. macrosporus.

An in-depth comparative codon usage anaysis of the whole
genome of four Myxococcus species was carried out in this
study. These four genomes includes M. fulvus HW-1 (Li, Li et
al. 2011), M. stipitatus DSM 14675 (Huntley, Kneip et al.
2013), M. virescens DSM 2260 and M. xanthus DK 1622
(Goldman, Nierman et al. 2006). Myxococcus fulvus is a
halotolerant marine myxobacterium which is reported to
exhibit complex socia behaviors in the presence of low
concentrations of seawater but adopts an asocia living pattern
under oceanic conditions (Li, Li et al. 2011). M. dtipitatus is
characterized by the production of morphologically distinct
fruiting bodies and secondary metabolites with cytotoxic or
antibiotic actions (Huntley, Kneip et al. 2013). In comparison
to the other members of Myxococcus, M. dtipitatus generates a
more complex fruit body structure where a mass of myxospores
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is placed on top of a cell-free stalk (Dawid 2000). M. virescens
is known to produce a family of at least 12 closely related
antibiotics, called the myxovirescins which are effective
against Gram negative as well as Gram positive bacteria
(Gerth, Irschik et al. 1982). M. xanthus is perhaps the most
prolific of al the myxococci. It is a soil bacterium which
commonly grows in damp top soil rich in organic matter and
displays different forms of self-organizing behavior as a
response to environmental cues. During normal conditions with
abundant food, it exists as a predatory, saprophytic single-
species biofilm caled a swarm, whereas, during starvation
period, it undergoes a multicellular development cycle (Kroos,
Kuspa et al. 1986). So, Myxococcus represents a genus quite
enigmatic in comparison to other known bacteria, and different
members of this genus display unique features.

MATERIALS AND METHODS

The whole genome sequences of the four Myxococcus species
namely, M. fulvus HW-1 (Li, Li et al. 2011), M. stipitatus DSM
14675 (Huntley, Kneip et al. 2013), M. virescens DSM 2260
and M. xanthus DK 1622 (Goldman, Nierman et al. 2006) were
obtained from the IMG database (Markowitz, Chen et al.
2012). The different codon usage parameters like effective
codon number (Nc), GC content, GC content at the third
position of the codon (GC3) and grand average of hydropathy
(GRAVY) were calculated using the software CodonW (Peden
1999). Nc quantifies the "effective” number of codons that are
used in agene (Wright 1990). For the nuclear universal genetic
code, the value of Nc ranges from 20 (i.e., the codon bias is
maximum) to 61 (i.e., no codon bias). It has been shown that
this is one of the best measures to show codon usage bias or
CUB (Comeron and Aguade 1998). An Nc value of less than
forty (Nc<40) is considered as the hallmark of major CUB (L,
Zhao et al. 2005, Lahr, Nguyen et al. 2011, Liu, Zhang et al.
2011, Belalov and Lukashev 2013, Butt, Nasrullah et al. 2014),
suggesting a significant CUB at the whole genome level.
Information regarding intraspecies and inter-species
synonymous codon usage variation can be accounted for by
studying the variation in GC content in the third position of a
codon. GC3 represents the guanine and cytosine content at the
third position of a codon (Wright 1990) and have been found to
play avita rolein cell function (Epstein, Lin et al. 2000, Smith
and Eyre-Walker 2001). It is one of the mgjor driving force of
CUB (Muto and Osawa 1987, Wan, Xu et al. 2004). GC3 is
defined as the proportion of GC content in the third codon
position, excluding methionine and tryptophan (nuclear
universal genetic code) (Wright 1990).

A plot of Nc versus GC3s provides a useful visua display of
the main features of codon usage patterns for a number of
genes. Such a plot is referred to as the Nc-plot. Modified Nc-
plot depicting the correlation between Nc and GC3 was used to
explore the variation in inter-specific synonymous codon usage
patterns within the four species of Myxococcus included in this
study.

The grand average of hydropathicity or GRAVY (Kyte and
Doolittle 1982) of the linear polypeptide sequence was
calculated as the sum of hydropathy values of all amino acids,
divided by the number of residues in the sequence. Increasing

positive score indicates greater hydrophobicity. The calculation
is based on the Kyte-Doolittle scale (Kyte and Dooalittle 1982).
It is a simple method for displaying the hydropathic character
of a protein. The GRAVY scores of al the protein coding
genes in the four myxococci was calculated in course of this
study.

RESULTS AND DISCUSSION

CUB is one of the major forces responsible for genome
evolution and is a result of the culmination of a variety of
factors (Pal, Banerjee et al. 2015). The codon usage pattern of
30,229 protein coding genes belonging to the four species of
Myxococcus were thoroughly analyzed during this study.
Figure 1 depicts the number of protein coding genes present in
the four myxococci species along with their genome size. From
Figure 1, it is evident that M. stipitatus has the largest genome
among the four myxococci species, together with the largest
number of protein coding genes (8043 genes). M. fulvus was
found to display the lowest number of protein coding genes
(7284 genes) followed by M. xanthus (7369 genes) and M.
virescens (7533 genes). The coding efficiency, which is
caculated as the total percentage of genomic DNA bases
involved in coding the different genes, was found to be the
lowest in M. fulvus. While all the other three species uses more
than ninety percent of their genome size to code for different
proteins and RNA, M. fulvus demonstrated a coding efficiency
of about 88% only.

The Nc score, which is a satisfactory reflection of codon bias
(Wright 1990), of the 30,229 protein coding genes belonging to
the four species of Myxococcus was estimated and histograms
were constructed (Figure 2). From figure 2, it is clearly evident
that the myxococci have a codon biased genome, and the
genome of M. fulvus is quite unique from the rest of the
myxococci considered in this study. Out of the 7270 protein
coding genes in M. fulvus, about 55% have biased codon usage
pattern and 40% have strongly biased codon usage pattern. In
comparison, the other genomes have about 13% to 18% of the
protein coding genes demonstrated strongly biased codon usage
pattern.
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Figure 1 A comparative depiction of the genome size, number of coding
base pairs and the frequency of protein coding genes in the four
Myxococcus species considered in this study. The red area depicts in the
genome size (in base pairs), the green bars represent the number of coding
pairs and the blue line denotes the number of protein coding genes in the
four Myxococcus species (plotted on the secondary axis on theright side).
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Figure 2 Histograms showing the frequency of the genes in the different
Nc range for the four species of Myxococcus considered in this study.
The frequency or the number of genesis plotted on the y-axis whereas,
the x-axis denotes the Nc values.

The GC3 (Wright 1990) distribution of the four myxococci
species were also calculated and the data was used to construct
the histograms shown in Figure 3.
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Figur e 3 Histograms showing the frequency of the genesin the different
GC3 range for the four species of Myxococcus considered in this study.
The frequency or the number of genesis plotted on the y-axis whereas, the
x-axis denotes the GC3 values.

From this figure it is clearly evident that the four species
included in this analysis, have unique genomic GC3 signature.
A common attribute of the GC3 signature was that, more than
eighty percent of the protein coding genesin all the species had
GC3 scores greater than 80% and in the case of M. fulvus
ninety percent (i.e., 6924 protein coding genes) of the genes
were found to have GC3 scores above 80%. Table 1 depicts the
range in GC3 fluctuation along with the mean and standard

deviation found within the four myxococci analyzed in this
study.

Table 1 A comparative account of the GC3 valuesin the
four myxococci species analyzed in this study.

No. of protein  Minimu Maximu Mean  Std.

Organism codinggenes mGC3 mGC3 GC3 deviation
M. xanthus 7349 0.435 1000 0.877 0.064
M. virescens 7529 0488 1.000 0.887 0.060
M. dtipitatus 8042 0.422 1000 0.895 0.059

M. fulvus 7270 0.472 1.000 0.922 0.055

Modified Nc-plots were constructed to gain a better idea about
the inter-species codon usage pattern of Myxococcus (Figure
4), and it was observed that M. fulvus have the most number of
scattered or isolated genes on the Nc-plot compared to the other
three species.
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Figure 4 A modified Nc-plot showing the Nc values on the y-axis plotted
against the GC3 values on the x-axis. A black continuous line depicting
the linear trendline fitting the data along with the equation and R? valueis
also shown separately for the four Myxococcus species considered in this

study.
A thorough Spearman’s rank correlation analysis (with a
significance level alpha = 0.01) of the different codon usage
parameters such as Nc, GC3, GC, GRAVY and the occurrence
of the four bases A, T, G and C at the third position of a codon
(A3, T3, G3 and C3 respectively) was worked out to have an
idea about the influence of the different factors in shaping
codon usage pattern, and genome design of the four species of
Myxococcus. It was observed that, the occurrence of T and A at
the third position of a codon in a protein coding gene, was
significantly correlated with the Nc in all the four Myxococcus
species. This suggests that in the myxococci, codon bias is
significantly reduced by the occurrence of T and A residues at
the third position of a codon. The codon bias was also found to
be strongly anti-correlated with the GC3 value (rs > -0.8,
p<0.01) as is expected for a highly codon biased genome like
the ones depicted by the myxococci considered in this study.
An interesting feature that emerged from the correlation
analysis was the significantly feeble possible correlation
between the GC3 and GC values of the protein coding genesin
the four myxococci with correlation coefficient running as low
as r&=0.237 (p<0.01). This is an aberration since high GC
containing genomes are supposed to depict strong positive
correlation between GC and GC3 content. Weak positive
correlation was also observed between the GC content of the
protein coding gene and its GRAVY score. Thisisindicative of
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the fact that, in the four Myxococcus species included in this
study, the hydropathicity of the proteins are to some extent,
determined by the genic GC content.

CONCLUSIONS

The Myxococcus represents a unique genus bestowed with the
ability of gliding motion and fruit body formation. Among the
four species analyzed in this study, M. fulvus was found to
display the most codon bhiased genome with ninety percent of
its protein coding genes having Nc values below 40. M. fulvus
was also found to have the most number of scattered or isolated
genes on the Nc-plot compared to the other three species
considered in this study. Correlation between the different
codon usage parameters in the myxococci showed strong
negative correlation between Nc and GC3, and the GRAVY
score, which is a measure of hydropathicity of a protein was
found to be influenced by the genic GC content. Another
interesting observation of this comparative intra-specific codon
usage Uutilization study was the relatively weak positive
correlation of GC3 with GC values in the protein coding genes
of the four Myxococcus species analyzed in course of this
study.
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