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Abstract The effectiveness of the gene expression is influenced by the nature of codons used throughout the coding sequence (cds)
of the gene. This is due to the fact that most genes and organisms do not use synonymous codons uniformly. Certain synonymous
codons are used preferentially and this phenomenon is called codon usage bias (CUB). We analyzed normalized AT and GC
frequency at each codon site. We observed that the correlations between gene expression (measured by CAIl) and GC content at any
codon site were very weak except GC2s showed moderate positive correlation with gene expression. We also measured the
correlations between CAl and AT content at three codon sites. AT2s showed moderate negative correlation with gene expression. We
further observed a strong correlation between RCBS (a measure of gene expression) and cds length indicating that natural selection is
probably operating in favor of shorter genes to be expressed at higher level. For this analysis, we initially downloaded 350 coding
sequences of Camellia sinensis, out of which only ten cds were found to begin with the initiator codon ATG, and length as exact
multiple of three bases and devoid of N (any unknown base). Our analysis on these ten cds revealed that the second position of
synonymous codons in Camellia sinensis possibly plays a more prominent role than the third position in determining the gene
expressivity as evident from the CUB and the correlation analyses.
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Introduction

The effectiveness of the gene expression is influenced
by the nature of codons used throughout the gene.
Since the course of evolution, there are few genes in a
coding sequence which remains unchanged, i.e.
conserved throughout. This is due to the fact that most
genes and organisms do not use synonymous codons
uniformly; certain synonymous codons are used
preferentially, a phenomenon called codon usage
bias (CUB).

Codon bias, the unequal usage of synonymous codons,
varies widely between species and in some cases, it
has also been reported that there is significant
variation of codon usage bias among different genes
within the same organism (Bernardi, 1993). Previous
codon usage analyses showed that codon usage bias is
very complicated and associated with various
biological factors, such as gene expression level

(Gouy and Gautier, 1982; Sharp and Li, 1986; Sharp
et al., 1986; Sharp and Li, 1987), gene length (Bains,
1987; Eyre-Walker, 1996), gene translation initiation
signal (Ma, 2002), protein amino acid composition
(Lobry and Gautier, 1994), protein structure
(D'Onofrio et al., 2002), tRNA abundance (Ikemura,
1981, 1982), mutation frequency and patterns (Sueoka,
1999), and GC composition (Sueoka and Kawanishi,
2000). The influence of GC bias has a major impact
on codon bias, resulting in a close association between
GC% at the third codon position, also called GC3 and
GC bias (Sueoka, 1988). As all amino acids (with the
exception methionine and tryptophan) allow
GC-changing synonymous substitutions in the third
position, this has led to a common belief that the
use of synonymous G/C-ending codons should
increase in frequency with increasing GC bias,
while usage of A/T-ending codons should decrease
(Wan et al., 2004).
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Tea (Camellia sinensis) is one of the most popular
beverages in the world owing to the availability of
diverse cultivars and qualities, its taste, the stimulative
effect, but also for its health benefits. It has received
much attention for its attractive aroma, pleasant taste,
and numerous medicinal benefits, and has been
socially and habitually consumed by people since
3000 B.C. (Kliman and Bernal, 2005). Many
secondary metabolites, such as polyphenols, alkaloids
(e.g. caffeine), vitamins (A, Bl, B2, E, Q)
polysaccharides, volatile oils, and minerals are found
in tea leaves (Lin et al., 2003).

Despite its fundamental importance in several areas of
genetics, there has been a long period of struggle to
measure CUB. Advances in sequencing technology
have provided an abundance of genomic data from
different organisms. The study of CUB s
gaining rehabilitated attention with the advent
of whole genome sequencing of numerous
organisms. In this paper, we propose to study the
CUB for Camellia sinensis by analyzing the

codon adaptation index (CAl), relative codon usage
bias (RCBS), frequency of optimal codon (Fop),
relative synonymous codon usage value (RSCU),
effective number of codons (ENc), GC content,
GC skew and AT skew.

1 Results

1.1 Overall codon usage analysis

Since the whole genome sequence is not available for
Camellia sinensis only ten (10) genes were used in
this study. Table 1 shows the selected genes with their
accession number along with the overall RCBS, CAl,
GC%, GC1s, GC2s and GC3s values. It was found
that the coding sequences of Camellia sinensis are
rich in A and/or T. But in the case of P. aeruginosa it
is evident that codons ending in G and/or C are
predominant in the entire coding region (Gupta and
Ghosh, 2001). However, the overall codon usage
values may obscure some heterogeneity of codon
usage bias among the genes that might be
superimposed on the extreme genomic composition of
this organism.

Table 1 RCBS, CAl, CDS length, GC content analysis and accession number for Camellia sinensis genes

1 0,
Sl. Gene name Accession CDS CA RCBS GC content (%)
no number length (bp) GC GC1 GC2 GC3
1 Acetyl CoA carboxylase DQ366599 1800 0.6351 0.0413 476 550 423 453
2 Polyphenol oxidase (PPO) FJ656220 1800 0.6118 0.0408 491 523 405 543
3 PRB mRNA for retinoblastoma o, 1200, 3078 0.5455 00252 429 479 439 371
related protein
4 cycD3-2 mRNA for cyclin D3-2  AB247283 1119 0.3605 0.0637 433 504 343 450
5 cycD3mRNAforcyclin D3-1  AB247282 1116 05152 00629 467 530 382 489
6 cych mRNA for cyclin B AB247280 1323 0.4688 00541 454 537 395 431
7 Stearoyl acyl carrier protein 15133 1791 0.3339 00599 453 542 37.8 441
desaturase
8 Cultivar  Longjing43  glye-  ~go0896 1353 0.4935 00520 464 525 421 446
erol-3-phosphate acyltransferase
9 ?Fr':i)gg)'s fatty acid desaturase | /7167 1359 0.5694 00536 467 530 422 448
10 AMP deaminese KC700025 2571 05943 00298 442 525 375 426
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1.2 Codon usage variation

The effective number of codons used by a gene (Nc)
and (G+C) percentage at the third synonymous
codon positions (GC3s) are used to study the
codon usage variation among the genes of
Camellia sinensis. Wright (1990) suggested that a
plot of Nc against GC3s could be effectively used
to explore the codon usage variation among the
genes. It was demonstrated by Wright (1990) that

the comparison of the actual distribution of genes with
the expected distribution under no selection could be
indicative, if the codon usage bias of the genes had
some influence other than the genomic GC
composition.

Figure 1 shows the Nc distribution of different genes
in Camellia sinensis. The mean and standard deviation
value of Nc are 15.2 and 0.42637 respectively,
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indicating that there is a wide variation of codon
usage bias among the genes. The variation of codon
usage biases among the genes is further confirmed
from the distributions of (G+C) at the third
synonymous codon positions, shown in Figure 2.
These results indicate that apart from compositional
constraints, other trends might influence the overall
codon usage variation among the genes in Camellia
sinensis.
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Figure 1 Nc distribution of Camellia sinensis genes
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Figure 2 GC3s distribution of Camellia sinensis genes

1.3 Relationship between RCBS and CAl values
Each gene has evolved a codon usage pattern
accommodating gene expression level, and RCBS
value >0.5 and CAI value >0.5 exhibits favorable
codon usage. So, we chose these two indices as
effective expression measures based on literary
evidence. The expression level of genes has shown
both CAIl and RCBS. From our analysis we have
found that six genes out of ten have RCBS and CAI
values each greater than 0.5, suggesting that these six
genes of Camellia sinensis could qualify as highly
expressed genes.

The RCBS and CAI showed similar pattern when we
plotted them on the graph (Figure 3). We analyzed
further the relationship between the length of the
coding region and the expression level of genes. In
agreement with previous other studies (Ikemura, 1981;
Ikemura, 1982; Moriyama and Powell, 1998), our data

support the smaller size of highly expressed genes. We
observed that RCBS decreases with the length of the
encoded proteins. A significant negative correlation was
observed between RCBS and protein length. In Figure
4 we plotted RCBS as a function of the gene length.
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Figure 3 The relationship between RCBS and CAI values
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Figure 4 Relationship between RCBS and protein length
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Figure 5 The distribution of codon usage frequency along the
length of the CDS for the gene AMP deaminese

The ideal percentage range of GC content is between
30% to 70% (Figure 5 and Figure 6). Any peak
outside this range adversely affects transcriptional and
translational efficiency. Out of ten genes it was found
that the gene Polyphenol oxidase (PPO) has GC
content outside of the ideal range of 32% to 75%.
These results suggest that the GC content present in the
CDS sequence of the gene affects the expressiveness of
that particular gene. The differences in GC content
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among the genes were again confirmed by plotting CAl
value against the GC content and it was found that two
genes showed negative correlation with gene
expressiveness due to their GC content (Figure 7).

1.4 Relationship between GC and AT content and
the expression patterns of genes

We analyzed normalized AT and GC frequency at each
codon site. We observed that correlations between
gene expression as measured by CAIl and GC content
at any codon site are very weak (rGC1=0.069,
rGC2=0.604 and rGC3=0.186) (Figure 8). Thus, in
contradiction with others GC content at the third
codon position comes out to be a very poor predictor
of gene expression in Camellia sinensis (Sharp and
Lloyad, 1993; Gerton et al., 2000; Marin et al., 2003).
But at the second codon position the GC content
shows moderate positive correlation with gene
expression. Since the coding sequences of Camellia
sinensis are rich in AT, we also analyzed the AT
frequency at each codon site and it was found that the
second codon position showed a moderate negative
correlation with gene expression.
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Figure 6 The percentage range of GC content for the Stearoyl
acyl carrier protein desaturase gene
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Figure 7 CAI plotted against the GC content for Camellia

sinensis genes
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Figure 8 Correlation between CAIl and GC/AT content at
different codon positions

2 Discussion

In brief, we have presented an expression measure of a
gene, devised to predict the level of gene expression
from relative codon bias and codon adaptation index.
Based on the hypothesis that gene expressivity and
codon composition are strongly correlated, the codon
adaptation index has been defined to provide an
intuitively meaningful measure of the extent of the
codon preference in a gene. We have outlined a simple
approach to assess the strength of codon bias index
in genes as a guide to their likely expression level
and illustrate this with an analysis of Camellia
sinensis genes.

The present study was carried out with the objectives:
(a) To analyze the CAI, RCBS, GC skew, GC content,
Relative position of codon for the genes of Camellia
sinensis. (b) To correlate above mentioned parameters
with the gene expression pattern. As per our
mentioned objectives in this present study, we selected
ten genes from Camellia sinensis for CUB analysis.
The accurate coding sequences having correct initial
and termination codons were retrieved using a
program in perl, developed by us. To minimize
sampling errors we have taken only those coding
sequences which are greater than or equal to 1000 bp.
All the above-mentioned parameters for CUB analysis
were calculated by using a PERL-based program
developed by us.

After analyzing the coding sequences for Camellia
sinensis it was found that genes are rich in AT. But in
the case of P. aeruginosa it is evident that codons
ending in G and/or C are predominant in the entire
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coding region. We also predicted the heterogeneity of
codon usage by analyzing the effective number of
codons (Nc). The mean and standard deviation value
of Nc are 15.2 and 0.42637 respectively, indicating
that there is a wide variation of codon usage bias
among the genes of Camellia sinensis. The variation
of codon usage bias among the genes is further
confirmed from the distributions of (G+C) at the third
synonymous codon positions. These results indicate
that apart from compositional constraints, other trends
might influence the overall codon usage variation
among the genes in Camellia sinensis.

Each gene has evolved a codon usage pattern
accommodating gene expression level, and RCBS
value >0.5 and CAI value >0.5 exhibits favorable
codon usage. We calculated the CAl and RCBS values
for the genes and it was found that six out of ten genes

of Camellia sinensis qualify as highly expressed genes.

We also analyzed the GC content distribution on
relative position of codons; our results revealed that
except for the gene PPO all other genes have ideal GC
percentage.

We analyzed normalized AT and GC frequency at each
codon site. We observed that correlations between
gene expression as measured by CAIl and GC content
at any codon site are very weak. GC2s showed
moderate positive correlation (0.604) with gene
expression. We also measured the correlations
between CAIl and AT content at any codon site. AT2s
showed moderate negative correlation (-0.604) with
gene expression.

Moreover, our analysis further revealed that the
second position of synonymous codons in Camellia
sinensis played a more prominent role than the third
position, as indicated by the positive correlation
coefficient (0.064) between CAIl and GC2s as
compared to correlation coefficients (0.069 and 0.187)
of CAIl with GC1s and GC3s, in determining the level
of gene expression. This contradicts the fact that the
third position of codon in E. coli plays a major role in
determining gene expression although both Camellia
sinensis and E. coli are AT rich. This was further
confirmed by the highest negative correlation between
CAl and AT2s (-0.064) in comparison to the

correlation coefficients (-0.069 and -0.172) of CAI
with AT1s and AT3s. This might be due to small
number of coding sequences and only the genes with
high CAl and RCBS taken for the present
investigation.

The compositional bias of cds plays a crucial role in
shaping the codon usage. GC content has a major
influence on codon usage bias, resulting in a close
association between GC% at the third codon position,
also called GC3 biology. As all amino acids (except
methionine and tryptophan) allow GC-changing
synonymous substitutions in the codon third position,
this has led to a common belief that the use of
synonymous G/C-ending codons could increase the
expressivity of genes, while the usage of A/T-ending
codons could decrease the level of gene expression.
For this analysis, we initially downloaded 350 coding
sequences of Camellia sinensis, out of which only ten
cds were found to begin with the initiator codon ATG,
and length as exact multiple of three bases and devoid
of N (any unknown base). As evident from the CUB
analysis of the cds and correlation analysis between
GC/AT content at three codon sites with the CAI value,
our results suggest that the 2" position of synonymous
codons in Camellia sinensis possibly plays a more
prominent role than the 3 position of codons in
determining the gene expressivity.

3 Materials and Methods

3.1 Datasets

The coding sequences (cds) of Camellia sinensis were
downloaded from NCBI (www.ncbi.nlm.nih.gov). To
minimize sampling errors we have taken only those
cds which are greater than or equal to 1000 bp and
have the correct initial and termination codons, devoid
of N (any unknown base). The accurate coding
sequences were retrieved using a program in perl
developed by us. Finally, ten (10) sequences were
selected for CUB analysis.

3.2 Models

Relative codon usage bias and codon adaptation index
were used to study the overall codon usage variation
among the genes. RCBS is the difference of observed
frequency of a codon from the expected frequency
under the hypothesis of random codon usage where
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the base compositions are biased at three sites in the
sequence, divided by the expected frequency. RCBS is
the overall score of a gene indicating the influence of
RCB of each codon in a gene. RCB reflects the level
of gene expression. The expression measure of a gene
is denoted by RCBS (Hertog et al., 1993). RCBS
value close to O indicates a lack of bias for the
codons and is thus useful for comparing different
sets of genes.

Gene expression level is related to codon usage
difference of a gene with respect to biased nucleotide
composition at the three codon sites. Let f(x,y,z) be
the normalized codon frequency for the codon triplet
(x,y,z) of a gene. Then the relative codon bias (RCB)
of a codon triplet (x,y,z) in a gene is defined as:

f(xy.2) = f1(x) f2(y) f3(2)
1) f2(y) £3(2)

Where, f1(x) is the normalized frequency of x at the
first codon position, f2(y) is the normalized frequency
of y at the second codon position, and f3(z) is the
normalized frequency of z at the third codon position
of the gene. The frequencies f1, f2, f3 have been
derived from the set of codon samples of a gene and
the normalization of frequency is done over the gene
length in codons, in an attempt to compensate for the
expected increase of RCB with the total number of
codons quantified the degree of codon bias of a gene
in such a way that comparisons can be made both
within and between genomes. As defined earlier, dyy;
contains somewhat more quantitative information than
others, since it considers codon usage as well as the
base compositional bias. Then the expression measure
of a gene is:

dxyz=

1/L

L
ReBS = ([ @+d),) -1
i=1

Where, d'yy is the codon usage difference of ith codon
of a gene. L is the number of codons in the gene.

Gene expressivity was again measured by calculating
the parameter codon adaptation index (Sharp and Li,
1986). It essentially measures the distance from a
given gene to a reference gene with respect to their
amino-acid codon usages. CAl defines translational

optimal codons as those that appear frequently in
highly expressed genes i.e.

D logw, L
CAI<L(g»=exp(Z“L"U:(ch(.))“
1=1
Where, L is the length of gene g and w¢ (I) is the

relative adaptiveness of the codon c in the reference
genes (not g). Relative adaptiveness is defined:

fe 8e{c,},

W, =
max(f,)

Where, fc is the frequency of codon ¢ which is the I
codon in gene g. a is the amino acid encoded by ¢ and
{C.} is the set of synonymous codons encoding amino
acid a. Certain codons will appear multiple times in
the gene. Hence we can rewrite the equation to sum
over codons rather than length, and use counts rather
than frequencies. This makes the dependence on the
actual gene clearer. The more usual form is:

1

CAI(o(g)) = expoé D0 logw,) = (] .0 logw,)*
tot ceC

The effective number of codons (Nc) is the total
number of different codons used in a sequence
(Wright, 1990). The values of Nc range from 20,
where only one codon is used per amino acid, to 61
(for standard genetic code), where all possible
synonyms codons are used with equal frequency. Nc
measures bias toward the use of a smaller subset of
codons, away from equal use of synonymous codons.
For example, as mentioned above, highly expressed
genes use fewer codons due to selection. The
underlying idea of Nc is similar to the concept of
zygosity from population genetics, which refers to the
similarity for a gene from two organisms.

In the context of codon usage, multiple synonymous
codons are treated analogously to multiple alleles.
Homozygosity for an amino acid Za measures the
degree of similarity and is computed based on the
relative codon frequencies fac:

_ OHZCeCajic -1

Za
0, -1

The number of effective codons for an amino acid is
the inverse of homozygosity:
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Na =Za-1

The value of Na ranges from 1 to the number of
synonymous codons ka (the codon degeneracy). With
equal codon usage, homozygosity is minimal and the
value of Na is the number of synonymous codons. The
overall number of effective codons for a gene (Nc) is a
sum of average homozygosities Za for different
redundancy classes k (in set K of all redundancy
classes):

Ne=>, N,

Where for each redundancy class:

N, = 3N,
n k aeKy

When the codon usage pattern is more uniform than
expected, it is possible to obtain Nc > 61, in which
case it is readjusted to 61. If an amino acid is not
observed, or is very rare, then the value is replaced by
the average homozygosity of the amino acids in the
same redundancy class. If lle amino acid is missing
(the only member in the redundancy class with three
synonymous codons), then the corresponding Z is
estimated from the average homozygosity of the other
redundancy classes.

For example, in the case of isoleucine:

Zeo=2 (1| 2| e |)
3N Z, %Z. 3 (824 5

When there is a large discrepancy among the amino
acids for a gene, the sum of Nc for all individual
amino acids can be used instead of taking the sum of
the averages of each redundancy class:

Nc =) N,

acA

GC3s is the frequency of (G+C) and A3s, T3s, G3s,
and C3s are the distributions of A, T, G and C at the
synonymous third positions of codons (Gupta and
Ghosh, 2001). GC skew and AT Skew are defined as
the ratio of (G-C) to (G+C)and (A-T)to (A+T)
respectively along the DNA sequences (Wright, 1990).

3.3 Analysis

All the above-mentioned parameters were calculated
by using a PERL program developed by us. After
which we have measured the correlations between all
the above mentioned parameters with the gene
expressivity for Camellia sinensis.
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