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Abstract

The codon usage pattern and its impact on gene expression has been investigated in protein coding genes of
Aspergillus fumigatus. Multivariate statistical analysis has been used to analyze compositional properties and
codon usage pattern of genes. The results suggest that the selection of translational efficiency due to natural
selection is the major factor shaping the codon usage in Aspergillus fumigatus. Using different codon usage
indices as numerical estimators of gene expression level, a critical analysis has been performed to predict
highly expressed (PHE) genes in Aspergillus fumigatus. The codon usage indices correlate well with the gene
expression data set stem from the transcriptional responses of the micro-organisms, suggesting that codon usage
is an important determinant of gene expression. We found a systematic strong correlation between Nc
(effective number of codons) and different expression-measures. Our study highlights the relationship between

gene expression and compositional signature in relation to the codon usage bias in Aspergillus fumigatus.
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Introduction

Aspergillus fumigatus, the most prevalent airborne
pathogenic fungus, is reported to be a measure cause
of invasive fungal infections in immune-compromised
hosts. Several studies have demonstrated that the
pathogenesis of this fungal species is multifactorial
due to a combination of its biological characteristics
and the immune status of patients (Abad et al., 2010;
Beauvais and Latgé, 2001; Osherov, 2007; Tekaia
and Latgé, 2005). The availability of the whole-
genome sequence of this fungal species since 2005
had developed it as a model organism for contributing
to the fundamental understanding of modern genetics
and molecular biology. Undoubtedly, any useful
insight in understanding the expression of functional
proteins of Aspergillus fumigatus will contribute to
the development of modern biotechnology. The
present study is focused on the compositional
signature of gene sequence and its influence on gene
expressivity. Codon usage bias (CUB), the preferential
use of some types of codons over others encoding the
same amino acid during protein synthesis, is now an
well-established phenomenon. It is well discussed in
the previous studies that the arrangement of genetic
codes in a genomic DNA sequence, as well as the
choices of synonymous codons, may affect the
efficiency and accuracy of mRNA biosynthesis,
translational rate, and other biological functions of an
organism. The codon wusage pattern varies
significantly between different organisms(Grantham
et al, 1980) and also between genes that are
expressed at different levels in the same
organism(Ikemura, 1985). Several hypotheses prevail
regarding the factors (Salim and Cavalcanti, 2008)
which influence the codon usage pattern. Codon
biases are mainly influenced by mutational pressure
(Osawa et al.,, 1988; Sueoka, 1988) and natural
selection (Akashi, 1994; Sharp and Li, 1986; Sharp et
al., 1993) due to translation. The other factors known
to influence codon biases are protein secondary
structures, gene lengths, gene expression levels,
hydrophobicity, and aromaticity of encoded proteins,
etc (Duret and Mouchiroud, 1999; Lobry and Gautier,
1994; Tao and Dafu, 1998). The previous analyses

have shown that codon biases in microbes are
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generally driven by mutation pressure, whereas
selection constraints are the major influencing factors
among invertebrate animals (Ikemura, 1981;Ikemura,
1985). It is generally thought that a balance between
mutation and natural selection on translational
efficiency is expected to yield a correlation between

codon bias and the rate of gene expression.

Information on the codon usage pattern can provide
significant insights into the prediction and design of
highly expressed genes (Bennetzen and Hall, 1982;
Carbone et al., 2003; Das et al., 2009; Das et al., 2012;
Roymondal et al., 2009; Fox and Erill, 2010; Khandia
et al, 2019; Sharp and Li, 1987; Supek and
Vlahovicek, Wright, 1990). The highly

expressed genes are often characterized by strong

2005;

compositional bias in terms of codon usage. Several
quantitative measures have been developed in this
regard to provide numerical indices to predict the
expression level of genes. All these heuristic or model
based approaches are based on assumption as well as
contextual knowledge about the organisms under
study. Some of these measures include the effective
number of codons (N¢) (Wright, 1990), the frequency
of optimal codons (Fopt), codon bias index (CBI)
(Bennetzen and Hall, 1982) and relative synonymous
codon usage (RSCU) that depend on the deviation
from uniform codon usage. The expression measure
(Eg) (Carbone et al, 2003) or codon adaptation
index(CAI) (Sharp and Li, 1987) rely on the
knowledge of codon bias of a reference set of highly
expressed genes while the score of relative codon bias
(RCBS) or the score of modified relative codon bias
(MRCBS) (Roymondal et al., 2009; Das et al., 2009;
Das et al.,, 2012) has been devised to predict gene
expression level from their codon compositions in
such a way that the score of the expression indicator
may be calculated without any knowledge of
previously set selective highly expressed genes as a
reference set. Here, we have modified the
expression measure by codon adaptation
index and investigated the codon usage pattern and
gene expression profile of Aspergillus fumigatus from
a whole-genome perspective without any dependence

on the choice of the reference set. Our objective of
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this work is to perform an analysis of codon usage
pattern using various codon bias indices and identify

the highly expressed genes of Aspergillus fumigatus.

Materials and methods

The whole-genome sequence of Aspergillus
fumigatus Af 293 along with the gene annotations
was retrieved from the Gen Bank database at the
National Centre for Biotechnology Information
(NCBI) (http://www.ncbi.nlm.nih.gov). All gene
sequences under study along with those annotated as
hypothetical have been extracted from the Gene Bank
Accession Nos: NC_007194.1 (Chromosome 1),

NC_007195.1 (Chromosome 2), NC_007196.1
(Chromosome 3), NC_007197.1 (Chromosome 4),
NC_007198.1  (Chromosome 5), NC_007199.1
(Chromosome 6), NC_007200.1 (Chromosome 7) and
(Chromosome 8). The

sequences with internal stop codons, not-translatable

NC_o007201.1 coding
codons, and incomplete start and stop codons were
excluded from the analysis. Therefore, for the present
study, finally, 9623 coding sequences were considered

for analysis.

Analysis of nucleotide and dinucleotide organization
Using an in-house Fortran program, we have
estimated the overall frequencies of occurrence of the
four nucleotides (A, G, C, and T), the occurrence of
nucleotides (A, G, C, and T) at the first, second and
third position of all codons, the occurrence of GC at
the first (GC1), second (GC2) or third position (GC3),
the overall GC contents, and the frequency of
occurrence of each nucleotide at the third position of
synonymous codons (A3s, T3s, G3s, and C3s) for the
analysis of codon usage pattern of genes in
Aspergillus fumigatus genome. When there is no
external pressure, mutations should occur in a
random rather than in a specific direction. This will
result in uniform base composition at three positions
of codons. However, in the presence of selective
pressure, preference for a particular base would occur
in three different positions. GC content at the
synonymous third synonymous codon position (GC3s)
and the average GC content at the first and second
synonymous codon positions (GC12) are important

determinants to indicate the role of mutation or
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selective pressure in shaping the codon usage pattern

of an organism.

GC3s measures the frequency of G or C at the third
position of synonymous codons and can be used as an

index of mutation bias on codon usage. It is measured by

GC3. = Yvnsyec funs
s Z(NNN)ECfNNN

Where N= any base, S=G or C, and fXyz is the

observed frequency of codon xyz.

The dinucleotide composition also plays important
role in setting up the codon usage pattern of the
genes. Hence, the frequencies of 16 dinucleotides
(GpA, GpC, GpG, GpT, CpA, CpC, CpG, CpT, TpA,
TpC, TpG, TpT, ApA, ApC, ApG, and ApT) along with
their expected frequencies were also calculated for the
analysis of compositional bias in genes. The
identification of favored dinucleotides and the patterns
of dinucleotide usage may affect the selection of codons
in genes. The ratio of observed and expected
frequencies may be used for the identification of over-
or under-represented dinucleotides (Lytras and

Hughes, 2020) and is given by,

fXY
Ryy = m
Where, fx and fy are the frequency of individual
nucleotides (x and y, respectively), and fxy is the
frequency of dinucleotides (xy) in the same sequence.
If the ratio of the observed to expected dinucleotide
frequency is more than 1.2, the dinucleotide is
considered overrepresented, whereas values below

0.8 indicate an underrepresentation.

Analysis of Codons usage pattern

The Relative Synonymous Codons Usage (RSCU)
(Sharp and Li, 1986) has been calculated to
describe the synonymous codon usage
pattern. RSCU was calculated by determining the
ratio of observed usage frequency of a codon to the
expected frequency, given that all codons for a
specific amino acid are used equally. Codons showing

an RSCU value of 1 means no synonymous bias in the
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codon usage pattern of the gene, while codons with
RSCU values >1 or <1 are showing positive or
negative synonymous codon bias, are preferred or un-
preferred codons for efficient translation, respectively.

RSCU has been calculated by using the following

equation:

_ Xy
n; =11

Where Xij is the observed number of the it codon for
j® amino acid which has n; number of synonymous

codons for the amino acid.

The Relative codon adaptation (RCA) (Fox and Erill,
2010) has been proposed to describe the codon
usage pattern under the assumption of random
codon usage in genes under study. RCA was
calculated by determining the ratio of observed
frequency of a codon to the expected frequency,
given that base composition is biased at three sites of
all codons in the gene under study. Codons showing
an RCA value of 1 means no codon bias or the codon
usage frequency is similar to the expected value, while
codons with RCA values >1 or <1 are showing
overrepresented or underrepresented codons (with
respect to a randomized sequence) respectively in

respect of compositional bias of nucleotides.

RCA has been calculated by using the following
equation:

feyz

ROy = £ 00 f 0)af (@5

Where fiy. is the normalized codon frequency of a
codon xyz and fn(m) is the normalized frequency of
base m at codon position n in a gene. The ratio of
RSCU to RCA indicates the influence of mutational
bias over natural selection in the choice of codons in a
gene. The optimal codons are identified as codons
with RSCU>1 and RCA>1, whereas for rare codons
both RSCU <o0.5 and RCA <o0.5. The effective number
of codons (ENC) (Wright, 1990) is a simple and
absolute measure of codon usage bias in the use of
synonymous codons. The value of ENC ranges from

20 to 61, with lower ENC values (<35) indicating
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strong codon usage bias of a gene. The effective
number of codons has been calculated by

ENC=2+ 04 1q 2y
TR F R F

Where Fx values for k-fold degenerate amino acids

can be estimated by

Fe= (m 3t () - 0/m-1)

Where m; is the number of occurrences of ith codon
for the k-fold degenerate amino acid having total m

number of synonymous codons.

The neutrality plot is an analytical method to analyze
the influence of mutation bias and natural selection
on codon usage. In neutrality plot, a regression line
was plotted between average GC contents at the first
and second synonymous codon positions (GC12) and
GC3 contents at the third synonymous codon
position. A slope of the regression line is indicative of

the mutational force.

A regression plot with a slope of zero indicates no effect
of directional mutation pressure, while a slope of 1

indicates complete neutrality (Khandia et al., 2019).

The ENC-Plot (ENC vs GC3s) is commonly used to
determine whether the codon usage of a gene is

affected by mutation or selection.

The ENC-plot is the comparison of the observed and
expected distribution of genes based on GC3s on a
single plot. Expected ENC values for all GCs3s
compositions were calculated using the equation
(Chen, 2013)

29

ENCexp=2+S+m

Where S corresponds to the GC3s value and used to
plot standard curve. Data points located on or just
below the (ENCexp)

mutational pressure determines the codon usage bias,

standard curve indicate
while data points located far away from the standard
curve indicate that factors other than mutational

pressure are affecting the codon usage bias.
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The Codon Adaptation Index (CAI) a measure of
codon bias based on RSCU values of the codons in
reference to a set of highly expressed genes is given by
(Sharp and Li, 1987),

1

cwr= (1] »

Where N is the number of codons in the gene and
relative adaptiveness of an ith codon, wi; is defined as

(RSCU);

W =—""
' (RSCU)i,max

RSCU:i is the RSCU value of the it" codon for jt amino
acid and RSCU;, , max is the RSCU value of the most
frequent codon used for encoding jth amino acid in a
reference to a set of highly expressed genes.. The
score measured by CAI ranges from 0 to 1 indicating
that the higher is the CAI values, the genes are more
likely to be highly expressed. CAI was proposed as a
measure of codon bias of a gene relative to a highly
expressed reference set of genes. Although this
method has been applied successfully for the
prediction of highly expressed genes in a query
genome sequence, it relies on the prior definition of a

reference set of highly expressed genes.

The codon bias index (CBI) is another measure of
codon bias based on the degree of optimal codons
used in a gene. The value of CBI can be expressed by

the following formula Bennetzen and Hall, 1982):

CBI = Nopt - Nran
N tot — Nran
Where, N, represents the total number of

occurrences of the superior codons in the gene;
Nyqn represents the sum of the number of occurrences
of the superior codon when all the synonymous codons
are random in a certain protein; N, represents the
occurrence number of the amino acid corresponding to

the superior codons in the gene.

The Frequency of Optimal Codons (FOP) (Ikemura,
1981) is a species-specific measure of bias towards
optimal codons. It is measured by the number of

opimal codons divided by the sum of the optimal and
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non-optimal codons. The optimal codons have been
defined as codons which are recognized by the most

abundant isoaccepting tRNAs.

Results and discussion

In the present study, we have analyzed the codon
usage pattern of the Aspergillus fumigatus genome
with respect to nucleotide compositions at
synonymous and non-synonymous sites of the
codons, dinucleotide composition to understand the
compositional properties that greatly influence the
codon usage bias. In order to study the factors
influencing the codon usage pattern of the genes in an
organism, it is essential to study the overall
nucleotide composition and the compositional feature
at different nucleotide positions in genes. The
preference for one type of codon over another can be
greatly influenced by the nucleotide composition of
the genome. We found the nucleobases C (27.52%)
and G (26.68%) occurred more frequently than
nucleobases A (23.68%) and T (22.12%). Although the
occurrences of the nucleobases C and G were slightly
higher and followed by A and T, the base usages are
almost uniform. The Aspergillus fumigatus genome is
rich with C content having a mean value of 0.275. The
same trend was found for nucleotide composition at
the synonymous 3rd codon position and observed the
dominance of C3s. The nucleobase C occurred most
frequently at the third codon position (39.69%) and A
occurred the least (21.38%). The overall nucleotide
composition and the composition at the third codon
position in the coding sequences of genes suggested
that compositional constraint might influence the
codon usage pattern of these genes. The average GC
content of the protein coding genes was 54.30%, i.e.,
genes were GC-rich, which was different from GC
content at the first (57.29%), second (44.83%), and
third (60.50%) position of codons. The GC content at
the third position was higher than GC content at the
first and second codon positions and the greatest
difference of GC content was found between second
and third codon position. For the genome under
study, the average GC value of the genes lies between
0.685 to 0.374 [Fig. 1] and the GC3s score varies
between 0.888 to 0.195 [Fig.1]. Many researchers have

argued that GC content or GC3s may be viewed as
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the primary influence on the codon usage pattern

and thus on the expression profile.

5000 Hl GC
7 Gcs,

No. of genes

GC/GC3,
Fig.1

Fig. 1. Distribution of GC and GC3s in protein-coding

genes of Aspergillus fumigatus genome under study.

Dinucleotide composition may have consequences on
the intrinsic characteristics of the codon usage
pattern. In the case of the Aspergillus fumigatus
genome, the calculated frequency ratios did not
deviate much from 1 for most dinucleotides, but there
are some exceptions [Fig. 2]. The dinucleotides TpC
and GpA showed slight over-representation in
Aspergillus fumigatus. The presence of relatively
abundant TpC reflects a high abundance of C in the
genome, whereas, TpA was, the least abundant
dinucleotide pair with the lowest odds ratio. Among
other dinucleotides, mild suppression of GpC and
CpG has been observed. The ratio CpG/GpC may be
important in estimating the role of the evolutionary
process and mutational pressure acting upon

constituent nucleotides.

1.50

1.25

Obs. freq./Exp. freq.
o o =
g o 8

o
N
o

0.00
AA AC AG AT CACC CG CT GAGC GG GT TA TC TG TT
Dinucleotide
Fig.2

Fig. 2. The ratio of observed and expected
frequencies of dinucleotides in protein-coding genes

of Aspergillus fumigatus genome under study.
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Codon usage profile of the Aspergillus fumigatus
genome has been described in terms of the relative
synonymous codon usage, RSCU, and the relative
strength codon adaptation, RCA of protein-coding
sequences of the genome [Fig. 3]. Although most of
the amino acids can be specified by more than one
codon, it is hypothesized that only a subset of
potential codons is used in highly expressed genes.
RCA and RSCU of 61 codons have been displayed in
Table 1. The codons having RSCU greater than 1.0 are
preferred codons for increasing translational
efficiency of the protein-coding genes, whereas
codons having RCA greater than 1.0 are
overrepresented codons for the organism under
study. The preferred codons in Aspergillus fumigatus
are found to be used in coding Ala (GCC, GCT), Arg
(CGG, CGC), Asn (AAC), Asp (GAC), Cys (TGC), GIn
(CAG), Glu (GAG), Gly (GGC), His (CAT), Iln (ATC,
ATT), Leu (CTC, CTG, CTT, TTG), Lys (AAG), Phe
(TTC, TTT), Pro(CCC, CCT), Thr (ACC), Tyr (TAC),
Val (GTC, GTG). Importantly, these codons reflect a
simple compositional bias. Most of the preferred
codons have C or G at the 3 codon position. Out of
26 preferred codons, 13 are C ending codons.
Whereas, Ala (GCA, GCT), Arg(AGA, CGA, CGQC),
Asp(GAT), Lys(AAG), GIn(CAA, CAG), Glu(GAA,
GAG), Gly(GGC, GGT), IIn(ATC, ATT), Leu(CTC,
CTG, CTT, TTG), Lys(AAA, AAG), Met(ATG),
Phe(TTC, TTT), Pro(CCA, CCT), Ser(AGC.TCA, TCC,
TCG.TCT), Thr(ACA), Trp(TGG), Tyr(TAC). are the
Although

synonymous codons favoured by an organism for

overrepresented  codons. different
translational efficiency in different genes are
identified by RSCU, the set of optimal codons used in
a gene effectively measures its expressivity. The
optimal codons enhance the rate of elongation while

non-optimal codons slow it down (Zhao et al., 2017).

In the present study, we observed that GCT(Ala),
CGC(Arg), CAG(GIn), GAG(Glu), GGC(Gly), ATC,
ATT(Iln), CTC, CTG, CTT, TTG(Leu), AAG(Lys), TTC,
TTT(Phe), CCT(Pro), TAC(Tyr) are optimal (RSCU>1
and RCA>1) whereas, GTA(Val) is the rare codon
(RSCU<0.5 and RCA<o0.5). The low

abundance of TpA in rare codons, and the relatively

relative
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10sci.

Int.J. B

2016). To explore the amino acid usage trend in

high abundance of TpC, TpT, ApG, CpT, and TpG in
the choice of preferred codons indicate the influence

Aspergillus fumigatus_ genes, we calculated the

number of each amino acid for all ORFs across the

of selection pressure in codon usage bias in the

genome. The wide variation of amino acid usage was

The low relative

Aspergillus fumigatus genes.

observed among genes. The mean amino acid usages

abundance of TpA is reflected in the set of rare

of leucine, alanine, and serine were high for the

codons which are associated with a generally slower

novel virus, while amino acids such as tyrosine,

rate of protein synthesis. The codon optimality has
been shown to affect mRNA stability due to its role

histidine, methionine, tryptophan, and cysteine were

low [Fig. 4].

in affecting translation elongation (Zhou et al,

Table 1. The RCA and RSCU of 61 codons of Aspergillus fumigatus genes understudy.

RSCU
0.96038
1.07681

0.7497
0.47422

RCA
0.80452
1.08309

Codon
CCG

RSCU
1.40772
0.72646
0.96781

RCA
1.21574
0.71109
1.13744
0.53152

Codon

RSCU
0.81787
1.2571
0.90838
1.01666
0.77113
0.67213
0.99138

RCA
1.18569
0.97537
0.79883
1.07347
1.03366
0.54652

Codon
GCA
GCC
GCG
GCT
AGA
AGG
CGA
CGC
CGG
CGT

AAC

GGC
GGG
GGT
CAC
CAT
ATA
ATC

ATT

CCT
AGC
AGT

1.07223
0.92299

0.99613

0.52815

1.43737
1.21694
1.22151
1.33305
1.15552
0.92247
0.70991

TCA
TCC
TCG
TCT
ACA
ACC
ACG
ACT
TGG
TAC
TAT

1.00387
0.35235

0.72894
0.51743
1.27472
1.09706
0.69615
1.13923
1.38723

0.8355
0.73992

1.62192

1.37269
1.10236
0.95341

0.67252

1.02572
0.49363
1.50938

1.48758

0.88521
1.32041
0.89654

0.89785

CTA
CTC
CTG

1.13514
0.94266

0.95063
0.87179
0.89672

1.6216
1.04576

0.30518

1.13905
0.86095

0.85361

1.07414
0.6071

CTT
TTA

AAT

1
1.17014
0.82986

1.62414
1.01859
0.98306

1.02957
0.97043

0.92847
1.19095
0.77565
0.67151
1.25769
1.26412
1.52009
1.34003
0.95245

GAC
GAT
TGC
TGT

1.02446
0.68153

1.23623
1.25841
1.47676
1.15218
1.64832
1.29139
1.19173
0.81293

TTG

AAA
AAG

1.22237
0.77763
0.75273

0.40377
1.52897
1.1326
0.93465

0.42646
0.86429

GTA
GTC
GTG

GTT

1.31847

ATG

TTC

CAA

CAG

0.72564
0.71899

2.53854
1.46146
0.86294

1.24727
0.81524
1.18476
0.89801

TTT

GAA

CCA
CCC

GAG
GGA

1.09987

LEU ALA SER GLY ARG VAL GLU PRO THR ASP ILE LYS GLN PHE ASN TYR HS WET TRP CYS
Fig.4

Fig. 4. The frequencies of amino acids in protein-coding

genes of Aspergillus fumigatus genome under study.

In this study, we compared the performances of
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Fig. 3. The RCA and RSCU values of 61 codons of

Aspergillus fumigatus genes under study.

commonly used computation tools for

several

measuring prevalent codon bias in an organism.
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The codon usage bias of the Aspergillus fumigatus
genome were analyzed in terms of CAI, N, Fop, and
CBI. The CAI and CBI scores depend on the
reference set of highly expressed genes. using
CodonW

http://sourceforge.net/projects/codonw) the CAI

(available at

scores were calculated in reference to e. coli.

The CBI scores and Fop were calculated in reference to
Aspergillus nidulans. The value of codon-based
expression indicators can perhaps be appreciated by
comparing results with the experimental gene
expression data in general. In this study, we
compared our results with the experimental dataset
that stems from transcriptional response of
Aspergillus fumigatus strains upon exposure to
human airway epithelial cells which led to the
identification and quantification of about 7600
proteins using log-(TPM) (transcripts per kilobase
million) values. To assess the codon based indicators
for predicting protein expression levels, we derived
the pair wise correlation coefficient of codon based

indicators with the expression data set.

We observed that the agreement of predicted and
actual protein expression level varied greatly between
all examined combinations of prediction method and
data set (rcar=0.379 [Fig.5], rcer=0.493 [Fig.6], and
rNe=-0.416 [Fig. 7] and rFop=0.489 [Fig.8]).

r=0.379
4096
64
=
o
=
N
(o))
o
1
T T T T T 1
0.0 02 0.4 06
CAl
Fig.5

2021

r=0.493

4096 -

-3
&

log2(TPM)

-0.5 0.0 05 1.0

CBI
Fig.6

Fig. 6. Transcripts per kilobase million [log=(TPM)]
plotted against CBI in Log2 scale for a set of 7600

identified genes in in Aspergillus fumigatus genome.

4096

@
®

log2(TPM)

25 30 35 40 45 50 55 60 65

Fig.7

Fig. 7. Transcripts per kilobase million [log-(TPM)]
plotted against Nc in Log2 scale for a set of 7600

identified genes in in Aspergillus fumigatus genome.

4096

-3
=

log2(TPM)

0.0 0.2 0.4 0.6 0.8 1.0

op

Fig.8

Fig. 5. Transcripts per kilobase million [log>(TPM)]
plotted against CAI in Log2 scale for a set of 7600

identified genes in Aspergillus fumigatus genome

Fig. 8. Transcripts per kilobase million [log>(TPM)]
plotted against Fop in Log2 scale for a set of 7600

identified genes in in Aspergillus fumigatus genome.

186 | Sahoo



The correlation of CBI with CAI is 0.734 [Fig.9]l,
whereas the correlation between Fop and CAI is
0.756 [Fig.10]. The novel method of quantitatively
predicting gene expressivity by CBI is then
compared with Fo, and the correlation between
them is found to be surprisingly good (r=0.990)[Fig.
11].

The correlation of the codon usage index with Nc
is very much significant. The correlations of N¢ with
CAI is -0.615. The strong negative correlation
between CBI and Nc¢ (r=-0.797) [Fig.12] compared to
Fop and Nc (r=-0.785) [Fig.13] indicates that
synonymous codon preferences have been taken into

account in CBI.

These correlation coefficients can be used to express

the strength of the existing prediction methods.

It can be seen that CBI consistently yields a
better correlation than others. We also observe
that there are clear correlations between CBI with
GCg3, (r=0.740), C3s(r=0.905) and A3(r=-0.813) [Fig.
14-16], where correlation with GC is not much
significant (r=0.548)- So, GC3, C3 or A3, not GC
content may be the accurate representation of
the trend in codon wusage bias. Similarly, no
correlation between the length of the gene CAIg has

been observed in our study.
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Fig. 9. CBI plotted against CAI for each protein-
coding genes in Aspergillus fumigatus genome

under study.
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Fig. 10. Fyp, plotted against CAI for each protein-coding

genes in Aspergillus fumigatus genome under study.
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Fig. 11. Fop plotted against CBI for each protein-coding

genes in Aspergillus fumigatus genome under study.
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Fig. 12. CBI plotted against Nc for each protein-coding

genes in Aspergillus fumigatus genome under study.
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Fig. 13. Fop plotted against Nc for each protein coding-

genes in Aspergillus fumigatusgenome under study.
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Fig. 14. CBI plotted against GC3;s for each protein-coding

genes in Aspergillus fumigatusgenome under study.
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Fig. 15. CBI plotted against C3s for each protein-coding
genes in Aspergillus fumigatusgenome under study.
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Fig. 16. CBI plotted against A3s for each protein-coding
genes in Aspergillus fumigatusgenome under study.

Expression profiles of the genes are determined by
calculating CBI for each gene and their distributions
are shown in Fig. 17. The majority of genes (92%)

have CBI lying between -0.05 and 0.35.

The threshold score for identifying highly
expressed genes has been determined by the z

score of CBI values of the gene under study.

The corresponding genes having a z score greater
than 2.00 are assumed to be PHE genes and the
threshold score of CBI has been calculated to be
0.384. Only 4.5% of genes of the Aspergillus
fumigatus genome have CBI values greater than
0.384. The genes with z score less than -2.00 may be

assumed to have low expression levels.

The overall variation of GC or GC3 content of the
genes is depicted in Fig. 1. It indicates that the
majority of genes (90%) have a GC3 score lying
between 0.48 to 0.76 and 97% of genes have GC
content lying between 0.46 to 0.62. Table 3
displays the statistics of PHE genes and the top 20
PHE genes of the Aspergillus fumigatus genome
along with their functions and gene expression
level (CAIy).
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Fig. 17. Distribution of CBI of all protein-coding

genes in Aspergillus fumigatus genome under study.
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Fig. 18. Nc—-GC3s plot for all protein coding

sequences of Aspergillus fumigatus genome.

Nc is a measure of bias from equal codon usage in a
gene. Nc values are calculated to determine the inter-
genic codon bias. In our study, we observed that Nc of
Aspergillus fumigatus genes ranges from 25.75 to 61
with a mean value of 53.85+6.23. The more biased a
gene is, the smaller is the Nc value. In general, codon
usage bias in Aspergillus fumigatus is low. Only 1.4%
of genes have Nc<35. To clarify the effects of mutation
pressure and natural selection, Nc¢—GC3 plot is
constructed for all protein coding sequences of the
genome. The clustering of points below the expected
curve [Fig. 18] indicates that natural selection plays a
dominant role in defining the codon usage variation
among those genes. We also observe that some of the

data points lie around the expected curve indicating

2021

that not only the natural selection but also other
factors are likely to be involved in determining the
codon usage in Aspergillus fumigatus. The relative
magnitude of magnitude of mutation pressure and
natural selection on codon usage bias has been
investigated by constructing a neutrality plot (GC12 vs
GC3s) [Fig. 19]. The weak correlation (r=0.033)
between GC3s and GC12 suggests that codon usage is
influenced by natural selection. In the neutrality plot
[Fig. 19], most of the genes are far from the regression
line. The slope (0.013) of the regression line indicates
the relative neutrality (mutation pressure) was 1.3%,
and the relative constraint on GC3s (natural selection)
was 98.7%, indicating the dominant influence of
natural selection on the codon usage patterns of
Aspergillus fumigatus. To find out the putative
relationship of base composition at different
synonymous codon position, when the values were
compared at third synonymous codon positions, the
significant correlations were observed only between
A3s and C3s (r =-0.755), C3s and GC3s(r=0.825), and
A3s and AT3s(r=0.835).
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Fig. 19. The neutrality plot (GC12 vs GC3s) for all
protein coding sequences of Aspergillus fumigatus

genome.

The large data set analyzed here revealed that selective
constraints play a major influencing factor towards a
strong codon usage bias of different set of preferred
codons in genes with high cytoplasmic mRNA levels. In
contrast, genes with low mRNA levels showed very little

synonymous codon usage bias.
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The average Nc value of the PHE genes is found to be
37.82 whereas, that for the predicted genes having
low expression is 51.97. The codon usage bias in
Aspergillus fumigatus was proposed as a result of
translational selection, since using a codon that is
translated via an abundant tRNA species were
hypothesized to boost translational efficiency.
Codon frequencies are found to vary between

genes in the same genome.

The standard version of the genetic code includes
61 sense codons and three stop codons. Although
almost all organisms have made the same codon
assignments for each amino acid, the preferred
use of individual codons varies greatly among
genes. The overall nucleotide composition of the
genome which influences the codon usage pattern
introduces selective forces acting on highly expressed

genes to improve the efficiency of translation.

It is now widely accepted that synonymous codon
preferences in a unicellular organism are affected by
the cellular amount of isoacceptor tRNA species.
However, many tRNAs can translate more than one
codon, but with the variable ability and it is suggested
that impact codons have favored translational
efficiency and the highly expressed genes use a

preferred set of optimal codons.

We observed that only 4.5% of genes of Aspergillus
fumigatus belong to PHE genes. The preferred sets of
codons used in these genes are C3 rich and the codons
with A3 are rarely used in highly expressed genes. In
fact, the correlation between CBI and GC content is not
significant (r=0.548). However, a strong negative
correlation between CBI and Nc¢ (r=-0.797) suggests
that highly expressed genes display more biased codon
usage than the lowly expressed genes. We observed
that PHE genes of Aspergillus fumigatus mostly
include ribosomal protein (RP) genes, translation
initiation factors, translation elongation factors,
transcription factor, chaperon, heat shock protein,
histone, and many binding protein genes. Our analysis
predicted 435 highly expressed genes in Aspergillus
fumigatus. Tt has been observed that PHE genes
belonged to various functional classes and variably

represented in the genome.

2021

However, a fraction of poorly characterized
hypothetical genes were also found among the PHE
genes. Genes of unknown function with high
predicted expression levels may be attractive
candidates for experimental characterizations. The
characteristic codon distribution of these genes
indicates that they may have important functions in
these organisms. A variety of PHE genes encoding
proteins of unknown function may provide targets
for the identification of additional key features of

the organism.

Conclusion

The present study demonstrates that the codon
usage pattern is largely responsible for the
regulation of gene expression and CBI may be a
useful tool for predicting highly expressed genes.
Our results indicate the dominant influence of
natural selection on the codon usage patterns and less
bias in codon usage among genes in the Aspergillus
fumigatus genome. In this study, various approaches
to estimating gene expression levels based on codon
usage have been applied to the Aspergillus
fumigatus genome. The predicted gene expression
level using the quantitative measure by CBI was
found to correlate well with CAI, Fop and Ne. The
strong negative correlation between CBI and N.
supports the hypothesis that highly expressed genes
are strongly biased. Given that a complete genome
sequence is available, such computational tools may
be helpful in extracting meaningful information for
understanding the details of functional genomics and
sets the ground for future investigation in
biotechnological application regarding heterologous

protein expression.
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