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Abstract Torque teno sus virus 1 (TTSuV1) is a novel
virus that has been found widely distributed in the swine
population in recent years. Analysis of codon usage can
reveal much about the molecular evolution of TTSuV1. In
this study, synonymous codon usage patterns and the key
determinants in the coding region of 29 available complete
TTSuV1 genome sequences were examined. By calculating
the nucleotide content and relative synonymous codon
usage (RSCU) of TTSuV1 coding sequences, we found that
the preferentially used codons were mostly those ending
with A or C nucleotides; less-used codons were mostly
codons ending with U or G nucleotides, and these were
mainly affected by composition constraints. Although there
was a variation in codon usage bias among different
TTSuV1 genomes, the codon usage bias and GC content in
the TTSuV1 coding region was lower, which was mainly
determined by the base composition in the third codon
position and the effective number of codons (ENC) value.
Moreover, the results of correspondence analysis (COA)
indicated that the codon usage patterns of TTSuV1 isolated
from different countries varied greatly and had significant

Z.Zhang - Y. Wang - C. Lu - H. Fan (I)
Nanjing Agricultural University, Nanjing, China
e-mail: fhj@njau.edu.cn

Z. Zhang
Department of Animal Science and Technology, Jinling
Institution of Technology, Nanjing 210038, China

W. Dai
Key Laboratory of Zoonoses of Anhui Province, Anhui
Agricultural University, Hefei 230036, China

Y. Wang
College of Animal Science and Technology, Henan University
of Science and Technology, Luoyang 471003, China

differences. In addition, Spearman’s rank correlation
analysis and an ENC plot revealed that apart from mutation
pressure, which was critical in determining the codon usage
pattern, other factors were involved in shaping the evolu-
tion of codon usage bias in TTSuVI1, such as natural
selection. Those results suggested that synonymous codon
usage patterns of TTSuV1 genomes were the result of
interaction between mutation pressure and natural selec-
tion. The information from this study not only provides
important insights into the synonymous codon usage pat-
tern of TTSuV1, but also helps to identify the main factors
affecting codon usage by this virus.

Introduction

It is well known that the genetic code is composed of 61
codons to represent the 20 standard amino acids, and three
codons to represent termination signals (UAA, UAG,
UGA). Alternative codons encoding the same amino acid
are termed “synonymous codons”. In general, each amino
acid can be encoded by one (Met, Tyr) or more (up to six)
synonymous codons. Previous studies have indicated that
synonymous codons are not favored equally within a
genome, and members of some species and some genes
preferentially use one or several particular synonymous
codons. The higher frequency of these preferred codons is
called “codon bias”. Genes from different species or the
same species have their own bias of synonymous codon
usage [1, 2]. However, mutations resulting in synonymous
codons tend to occur in the third base position, and the
codons can be interchanged without altering the primary
sequence of the protein product. Generally, compositional
constraints under mutational pressure and translation
selection in nature have been found to be the two main
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factors accounting for codon usage variation among genes
[3-5]. In some genes with extremely high A + Tor G 4+ C
content [3, 6-8], mutation pressure plays an important role
in affecting the synonymous codon usage pattern. In
addition, synonymous codon usage bias is also related with
to the processes of DNA replication and transcription [9],
gene structure, protein secondary structures [10-12] and
environmental conditions [13].

Torque teno virus (TTV) is a small, circular, non-
enveloped, negative-sense single-stranded DNA (ssDNA)
virus [14, 15] that belongs to the newly created family
Anelloviridae [16], together with torque teno minivirus
(TTMV) and torque teno midivirus (TTMDV). TTV was
first detected in a human patient with post-transfusion
hepatitis of unknown aetiology in 1997 [17] and was then
later detected in many other vertebrate animals and
domesticated farm animals, such as chickens, pigs, cows
and sheep [18-21]. In swine, two genetically distinct
viruses, torque teno sus virus 1 (TTSuV1) and 2 (TTSuV2),
have been found [22, 23]. Sequence analysis has shown
that the TTSuV1 and TTSuV2 genomes are only 44 %
homologous [23]. Torque teno sus viruses (TTSuVs) are
widely distributed and have been detected in serum,
plasma, semen, colostrum, feces and tissues of swine [24—
27]. Because a definitive pathogenic role of this virus has
not been demonstrated, it is considered a non-virulent
commensal inhabitant of vertebrates. Although TTSuV
infection in swine has not directly lead to any diseases and
is considered non-pathogenic, the virus still plays an
important role in co-infection. It is considered to be a
symbiotic virus in vertebrates, and it is associated with
economically important diseases.

The TTV genome has an extremely wide range of
sequence divergence. The TTSuVs genome approximately
2.8 kb in length, including a coding region translated from
the negative-sense ssDNA and a short stretch of
untranslated region (UTR) with a high GC content [16,
28]. In the coding region, three open reading frames
(ORFs), ORF1, ORF2 and ORF3 (also known as ORF1/1
and ORF2/2), have been found, and the three ORFs have
many overlapping genes. Previous studies have confirmed
that the Rep protein is encoded by the largest open
reading frame (ORF1), which encodes mostly highly
hydrophilic viral capsid proteins. The functions of ORF2
and ORF3 and their encoded proteins are unknown.
Although many genomic analyses have been performed
on TTSuVs in recent years, in-depth studies on codon
usage patterns and the factors influencing them are lack-
ing. The codon usage pattern may be important for
revealing the molecular mechanism and evolutionary
process of TTSuVs. In this study, the key genetic deter-
minants of codon usage in TTSuV1 are examined based
on the TTSuV1 coding region sequences. To our
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knowledge, this is the first systemic study to analyze the
synonymous codon usage pattern as well as the main
factors affecting codon usage in TTSuVl1.

Materials and methods
Sequence data

The 29 available complete genome sequences of TTSuV1
were downloaded from the National Center for Biotech-
nology Information (NCBI) (http://www.ncbi.nlm.nih.
gov/Genbank/). Detailed information about these sequen-
ces is given in Table 1. The coding-region sequence of
each TTSuV1 isolate was analyzed using biosoftware
DNAStar 7.0 for Windows.

The primary indicators of codon usage analysis
Nucleotide content

“Nucleotide content” refers to the frequency of the
nucleotides A, C, U (T), G in the genomic sequence (A %,
C %, U %, and T %). The frequency of each nucleotide in
the third position of synonymous codons (Aj; %, C; %,
Uz % and Gz %) of the TTSuV1 coding region were cal-
culated. The frequency of the occurrence of G and C
nucleotides in the genomic sequence, also known as GC
content, and the frequency of G and C in the variable third
position of codons (GC %) were also calculated. Codons
AUG and UGG are the only codons for Met and Trp,
respectively, and the termination codons UAA, UAG and
UGA do not encode any amino acids. Therefore, these five
codons would not exhibit any usage bias and were there-
fore excluded from this study.

Effective number of codons

The effective number of codons (ENC) is often used to
measure the magnitude of codon bias for an individual
gene in a way that is independent of the gene length and
number of amino acids. The ENC value ranges from 20, for
a gene in which only one of the possible synonymous
codons is used for each amino acid, to 61, for a gene in
which all synonymous codons are used equally [29]. If the
ENC value is closer to 20, the codon usage bias is stronger,
and the degree to which codons are used non-randomly is
higher. It is generally accepted that genes have a significant
codon bias when the ENC value is less than or equal to 35.
Thus, the ENC value provides an intuitively meaningful
estimate of the codon preference in a gene. This method
was used in this study to evaluate the degree of codon
usage bias in the TTSuV1 coding region.
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Table 1 Complete TTSuV1 genome sequences used in this study

No. Accession no. Name Country Year Length (bp)
1 AB076001 SD-TTV3l Japan 2009 2878
2 AY823990 1p Brazil 2010 2872
3 GQ120664 swSTHY-TT27 Canada 2005 2875
4 GU188045 471819 Germany 2008 2863
5 GU450331 PTTV1SH0822 China 2008 2823
6 GU456383 PTTVl1a-VA USA 2008 2878
7 GU456384 PTTV1b-VA USA 2008 2875
8 GU570198 TTVI_I9N Spain 2011 2913
9 GU570199 TTVI_20 N Spain 2011 2913
10 GU570200 TTV1_1914 Spain 2011 2913
11 GU570201 TTV1_G21 Spain 2011 2910
12 GU570202 TTV1_G26 Spain 2011 2910
13 HM633242 TTVI1Bjl-1 China 2009 2897
14 HM633243 TTV1B;j2-1 China 2009 2910
15 HM633244 TTV1Bj2-2 China 2009 2876
16 HM633245 TTVI1B;j3 China 2009 2910
17 HM633246 TTVI1Bj4-1 China 2009 2869
18 HM633247 TTV1Bj4-2 China 2009 2875
19 HM633248 TTV1Bj5 China 2009 2868
20 HM633249 TTV1Bj6-1 China 2009 2882
21 HM633250 TTV1Bj7-1 China 2009 2873
22 HM633251 TTVIB;j10 China 2009 2914
23 HM633252 TTV1Fj3 China 2009 2897
24 HM633253 TTV1Gx3-1 China 2009 2868
25 HM633254 TTVI1HI}5 China 2009 2878
26 HM633255 TTV1HIj16 China 2009 2874
27 HM633256 TTV1HI20 China 2009 2911
28 HM633257 TTV1H]21 China 2009 2875
29 HM633258 TTV1Ln23-1 China 2009 2875

Relative synonymous codon usage

To investigate the characteristics of synonymous codon
usage, the relative synonymous codon usage (RSCU) of
TTSuV1 coding region sequences was calculated. The
RSCU value represents the ratio between the usage fre-
quency of one codon in gene sample and the expected
frequency in the synonymous codon family. It is calculated
by dividing the observed codon usage by the expected
usage when all codons for the particular amino acid are
used equally. RSCU values are calculated according to the
previously published equation [30, 31]
X

ni

i 2o Xij
=1

RSCU;; =

where Xij is the observed number of the “ith” codon for
the “jth” amino acid. “n;” is the total number of synony-
mous codons that the “jth” amino acid has. If a codon

RSCU value is equal to 1, the codon usage frequency is
close to the expected frequency, and there is no codon
usage bias for that amino acid; if a codon RSCU value is
greater than 1, it has positive codon usage bias and the
usage frequency is higher than expected for that codon;
otherwise, it is lower than the expected value. A synony-
mous codon with an RSCU value greater than 1.6 is
thought to be over-represented; otherwise, it is regarded as
under-represented [32].

Correspondence analysis

Correspondence analysis (COA), also known as principal
component analysis (PCA), which is a commonly used
multivariate statistical method [33], is used to analyze
major trends in codon usage pattern among different
TTSuV1 coding sequences. In COA, all genes were plotted
in a 59-dimensional vector, and each dimension was rep-
resented as a synonymous codon, corresponding to the
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RSCU values of the 59 codons. The results could be
applied for finding out the major factors affecting codon
usage bias. We set up a two-dimensional coordinate system
made up of the first principal component (f;’) and second
principal component (f>’). Major trends within this dataset
could be determined using measurements of relative iner-
tia, and genes were ordered according to their positions
along the axis of major inertia. This method has been used
successfully to investigate the variation of RSCU values
among all strains [34-36].

Correlation analysis

Correlation analysis of TTSuV1 was used to identify the
relationship between the nucleotide composition and the
codon usage pattern, which was implemented based on
Spearman’s rank correlation analysis.

Analysis tools

The nucleotide content was calculated using the program
MEGAS for Windows. Az %, Cs %, Uz %, G3 % values,
GC content, GC3 %, RSCU, ENC values and COA were
calculated wusing the program CodonW version 1.4
(http://codonw.sourceforge.net). Correlation analysis was
carried out by using the multianalysis software SPSS ver-
sion 11.6.

Results

The characteristics of synonymous codon usage
in TTSuV1

The nucleotide content and Az %, Cz %, Uz %, G %
values in TTSuV1 coding-region sequences are listed in
Table 2. In order to investigate the codon usage pattern of
TTSuV1, we calculated various RSCU values of various
codons from 29 TTSuV1 coding sequences. The overall
RSCU values of 59 codons in the TTSuV1 coding region
are listed in Table 3.

As shown in Table 2, we found that A % and A; % were
the highest, with average values of 32.72 % and 37.45 %.
U % and Uz % were the lowest, with average values of
19.20 % and 25.90 %. G % (25.70 %) was higher than C %
(22.39 %), while G3z % (30.82 %) was lower than Cz %
(32.63 %), indicating that the TTSuV1 coding region might
preferentially use A-ended synonymous codons over
U-ended synonymous codons. In addition, compared with
other vertebrate DNA viruses, the TTSuV1 genome had a
lower and stable GC %, ranging from 47.2 % to 51.2 %,
with an average value of 49.6 %. The GC; % was also lower
and stable, ranging from 47.5 % to 52.4 %, with an average
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value of 49.6 %. The average value of GC; % was similar to
that of GC %, indicating that GC; % was mainly affected by
GC %. Hence, the fact that the GC content was lower in
TTSuV1 coding sequences and that the codons ending in C
were used in a biased way suggested that the content of G or
C at the third position of the codon had an effect on the
synonymous codons usage pattern. Apart from this, we can
also see in Table 2 that the ENC values of the TTSuV1
coding sequences had less fluctuation, ranging from 54.45 to
58.74, with an average value of 56.46, which indicates that
the codon bias of the TTSuV1 genome is stable. In general,
the lower ENC value indicates a higher codon usage pref-
erence and a higher gene expression level as well. The results
show that the codon usage bias of TTSuV1 is lower, and the
codon usage pattern is mainly affected by base composition.

As shown in Table 3, among the 18 preferred synony-
mous codons, 11 ended in A or C and seven ended in G or
U, and therefore, those A-ended or C-ended codons were
prone to be used in the TTSuV1 coding region. In addition,
the lowest preferentially used synonymous codons in the
TTSuV1 coding region were G-ended and U-ended, with
four G-ended and four U-ended codons among the nine
under-represented synonymous codons, such as CUU for
Leu and UCG for Ser, for which the RSCU values ranged
from 0.40 to 0.57. These results suggest that compositional
limitation often play an integral role in the codon usage
pattern of TTSuV1.

Genetic relationship based on synonymous codon usage
in TTSuV1

To study the codon usage variation of different TTSuV1
coding genes, CodonW analysis of the ENC values, and
GC and GC; content of TTSuV1 coding sequences was
done (Table 2). The ENC values were calculated for each
TTSuV1 strain, and an ENC plot was made by plotting
ENC values against the G 4 C content at the third position
of the synonymous codon (GCj3 %; Fig. 1).

Figure 1 shows that all points aggregate below the
expected curve, which suggests that, apart from mutation
pressure, which influences the codon usage pattern in
TTSuV1, the codon usage pattern is also influenced by
other factors, such as natural selection.

Correspondence analysis of codon usage

To investigate the variation of the RSCU value in the
TTSuV1 coding region, COA was implemented for these
TTSuV1 coding sequences, examined as a single dataset
based on the RSCU value of each gene (Fig. 2). The COA
of TTSuV1 coding sequences detected the first principal
component (f;”), which could account for 12.18 % of the
total synonymous codon usage variation, and the second
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Table 2 Nucleotide content of 29 TTSuV1 coding regions (%)

No. U Us C Cs A Az G G; GC GC; ENC
1 19.14 25.49 22.25 30.24 32.31 39.92 26.29 30.74 50.2 479 57.12
2 19.15 26.25 21.35 34.38 33.82 36.08 25.68 32.10 48.7 51.0 57.711
3 19.20 26.44 21.81 33.20 33.71 38.03 25.27 31.29 48.5 49.5 55.70
4 19.71 25.59 22.05 34.84 32.14 34.62 26.10 32.05 49.7 522 57.59
5 18.27 25.15 22.25 33.40 34.11 37.37 25.36 32.11 49.5 50.6 56.42
6 19.48 24.80 22.16 30.56 3251 40.73 25.85 29.65 494 47.5 56.29
7 18.76 25.30 21.91 33.13 34.06 39.63 25.27 30.02 48.9 49.0 54.45
8 19.44 28.06 22.64 32.21 32.66 38.06 25.26 28.51 49.5 47.5 57.12
9 19.44 28.12 22.54 32.08 3271 38.06 25.31 28.51 49.5 47.5 57.20
10 19.44 28.12 22.54 32.08 3271 38.06 25.31 28.51 49.5 47.5 57.20
11 18.70 26.01 23.15 30.64 31.42 36.94 26.73 32.06 51.1 49.6 58.57
12 18.70 2591 23.15 30.71 31.42 37.13 26.73 31.85 51.1 49.5 58.74
13 19.98 25.19 22.19 32.12 34.29 40.81 23.54 29.72 472 48.0 54.28
14 18.89 26.54 2291 30.19 31.28 36.61 26.92 31.98 51.2 49.3 58.10
15 18.80 25.92 21.72 33.47 33.53 36.21 25.95 31.97 494 50.8 54.96
16 18.88 26.22 22.94 32.58 31.79 36.61 26.39 31.12 50.7 49.9 57.51
17 19.61 25.52 22.65 34.71 31.72 34.69 26.01 31.59 50.0 52.1 57.32
18 18.61 24.25 22.06 33.40 33.77 38.29 25.56 31.21 49.2 50.4 54.45
19 19.61 25.52 22.70 34.71 31.77 34.76 25.92 31.65 50.0 52.1 57.17
20 19.38 25.00 22.77 30.27 31.78 39.92 26.07 28.96 50.2 47.4 55.55
21 19.77 26.10 22.10 31.48 31.77 35.63 26.36 31.69 50.1 50.1 55.87
22 19.39 27.92 22.68 32.28 32.76 37.70 25.17 28.87 494 479 56.54
23 20.03 2471 22.43 32.18 34.25 40.88 23.29 29.62 47.1 48.1 54.58
24 19.57 25.09 22.65 35.02 31.58 34.70 26.20 31.72 50.1 52.4 57.11
25 18.97 26.53 22.46 34.49 33.04 35.11 25.52 31.56 50.0 51.3 56.24
26 18.61 24.25 22.06 33.40 33.77 38.21 25.56 31.14 49.2 50.4 54.58
27 18.65 26.86 22.72 32.55 32.95 37.50 25.68 31.17 50.0 49.4 57.21
28 19.81 25.94 22.22 32.52 31.57 35.32 26.39 31.59 50.2 50.6 57.08
29 18.56 24.25 22.06 33.40 33.87 38.41 25.51 30.93 49.1 50.2 54.79
Mean 19.20 25.90 22.39 32.63 32.72 37.45 25.70 30.82 49.6 49.6 56.46

principal component (f5’) accounted for 20.88 % of the
total variation. When considering the geographical factors
that potentially influenced TTSuV1 evolution, there was an
obvious geographical distribution. For example, it was
observed that most of the genes from different geographi-
cal areas were spread equally over both sides of the two
axes, and deviation from the cluster, except one strain
isolated from Brazil, concentrated on the first axis. The
four strains isolated from Spain were equally spread over
both sides of the first axis and partially overlapped with
each other. It was obvious that strains from China were
distributed over two independent areas and had a signifi-
cant difference, demonstrating that different strains from
the same geographical area showed great differences in
their codon usage. In addition, the overall codon usage
pattern of TTSuV1 isolated from Spain, the USA and
Germany was different from those from Brazil and Canada,
and the TTSuV1 isolates from Spain, the USA and

Germany had an amount of genetic diversity that was
similar to that of strains isolated from China.

These results indicate that the geographical diversity of
the TTSuV1 coding sequences might be a limiting factor
affecting the codon usage of the whole TTSuV1 genome,
even reflecting the characteristics of TTSuV1 evolution to
some degree. In this case, the codon usage variation might
be one of factors that drives TTSuV1 evolution.

Effect of mutational bias on the codon usage variation
in TTSuV1

Mutation pressure and natural selection have been con-
sidered the two key factors affecting codon usage patterns.
In order to investigate whether the primary factor influ-
encing the codon usage pattern in the TTSuV1 coding
region was mutation pressure or natural selection, we
compared the correlation between A %, U %, G %, C %,
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Table 3 RSCU values of codons in the TTSuV1 coding region

Amino acid Codon RSCU Amino acid Codon RSCU
Phe 181018 0.76 Tyr UAU 1.10
uucC 1.24 UAC 0.90
Leu UUA 1.38 Ala GCU 1.20
uuG 1.21 GCC 1.15
CUU 0.49 GCA 1.15
CuC 0.71 GCG 0.50
CUA 0.99 His CAU 0.60
CUG 1.22 CAC 1.40
Ile AUU 0.57 Gln CAA 0.90
AUC 1.02 CAG 1.10
AUA 141 Asn AAU 1.01
Val GUU 0.62 AAC 0.99
GUC 0.40 Lys AAA 1.22
GUA 1.28 AAG 0.78
GUG 1.71 Asp GAU 0.74
Ser UCU 0.75 GAC 1.26
ucCcC 0.72 Glu GAA 1.08
UCA 1.49 GAG 0.92
UCG 0.56 Cys UGU 0.55
AGU 1.39 UGC 1.45
AGC 1.10 Arg CGU 0.51
Pro CCU 1.21 CGC 0.93
CcccC 0.72 CGA 0.63
CCA 1.11 CGG 0.55
CCG 0.96 AGA 1.34
Thr ACU 1.01 AGG 2.05
ACC 1.23 Gly GGU 0.74
ACA 1.21 GGC 0.99
ACG 0.55 GGA 131
GGG 0.95

The preferentially used codon for each amino acid is displayed in bold

GC % and U3 %, G3 %, C3 %, GC3 % by correlation
analysis (Table 4). There are three different degrees of
correlation, including positive correlation, negative corre-
lation, and non-correlation, among nucleotides [37]. The
analysis results showed that A; % had marked negative
correlation with G % and GC % (p < 0.01). Uz %, G3 %
C; % and GC; % had non-significant corrrelation with
A %, U %, G %, C % and GC % (p > 0.05), except that
G3 % and C; % had significant correlation with G %
(»p<0.01) and C % (0.0 <p < 0.05), respectively.
GC3 % had non-significant correlation with A %, U %,
G %, C % and GC % (p > 0.05). The results indicate that
nucleotide constraints could influence the codon usage
pattern, but they are not the only factor. The codon usage
pattern of the TTSuV1 coding region was affected by
natural selection, apart from mutation pressure.
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In addition, the correlation between the G + C content
at the first and second codon positions (GC; % and
GC, %) was compared with that at the synonymous third
codon position (GC3; %) in the TTSuV1 coding sequen-
ces. A non-significant correlation between GC; % and
GCy, %, GC3 % (r=0.056, p>005 r=0.248,
p > 0.05), GC; % and GC; % (r = —0.147, P > 0.05)
was found by using the Spearman’s rank correlation
analysis method, implying that the nucleotide content at
the first and second codon positions were different from
those at the third codon position, and the GC content was
highly conserved. During the shaping of the synonymous
codon usage pattern of the TTSuV1 coding region,
mutation pressure from base composition was not the only
factor in shaping genetic diversity of this virus. It might
be affected by other factors, such as translational selection
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Fig. 2 The genetic characteristic of TTSuV1 isolated from different
countries

in nature, since the effects were present at all codon
positions.

Discussion

During protein biosynthesis, synonymous codons are not
used randomly, and different genes from different species
or from the same one always have an obvious codon usage
bias, using one or several particular synonymous codons.
Previous studies have mostly focused on higher organisms
and many microorganisms with large genomes, and there

are few studies on viruses with small genomes. Relatively,
there have been more reports on codon usage in genomes
from viruses that are important for human health, such as
SARS, human immunodeficiency virus, influenza virus A
and hepatitis viruses. TTSuVs is an emerging zoonotic
DNA virus that has seriously threatened the development
of the pig-raising industry and has brought about great
economic losses worldwide. The virus is commonly pres-
ent in the host’s serum, plasma, semen, milk, feces and
other tissues [23-26, 38—41]. Although TTSuVs infection
occurs in all ages, genders, and varieties of pigs [39, 41—
44], a definitive pathogenic role of the virus has not been
demonstrated. A recent study has shown that TTSuVs is
associated with many economically important diseases,
such as postweaning multisystemic wasting syndrome
(PMWS) [45]. Krakowka et al. found that TTSuV1 pro-
moted both porcine circovirus type 2 (PCV2) and porcine
reproductive and respiratory syndrome virus (PRRSV)
infection in gnotobiotic piglets. In addition, TTSuV1 co-
infection with PRRSV has been correlated with the
development of porcine dermatitis and nephropathy syn-
drome (PNDS) in gnotobiotic piglets [46].

The codon usage pattern is a genetic characteristic of
various organisms. Because C %, U %, C; % and Uz %
play an important role in the formation of the different
optimal codons ending with any nucleotide, the codon
usage pattern of the TTSuV1 coding region is likely to be
influenced by composition constraints. Using nucleotide
content and RSCU value analysis, we found that the
TTSuV1 coding region was GC; poor (average value,
49.6 %), and most of the preferentially used codons were
A-ended or C-ended codons, and G-ended or U-ended
codons were of lower preference. Previous studies have
shown that many viruses, including foot-and-mouth disease
virus, influenza A virus subtype H5N1, severe acute respi-
ratory syndrome coronavirus, and human bocavirus, pref-
erentially use C-ended or G-ended codons [8, 47, 48]. The
overall nucleotide content has an effect on the nucleotide
content at the third codon position in TTSuV1, and the over-
represented synonymous codons depending on the RSCU
value matched with the results deduced from nucleotide
content. This evidence indicates that the overall composi-
tion constraints affect the nucleotide content at the third
codon position and the codon usage pattern of TTSuV1; that
is to say, mutation pressure plays an important role in
influencing the TTSuV1 codon usage pattern.

The ENC values calculated for the TTSuV1 coding
region indicated that a significantly lower codon usage bias
existed in TTSuV1. As a case in point, the ENC values
varied from 54.45 to 58.74, with a stable diversification.
The average ENC value of 56.46 among TTSuV1 coding
genes can be compared to those calculated for other viru-
ses, such as HSN1 virus, severe acute respiratory syndrome

@ Springer



152 Z. Zhang et al.
Table 4 Correlation analysis between A, U, C, and G content and A3, Uz, C3, and G; content in TTSuV1 coding sequences

As % Us % G; % Cs % GC; %
A % 0.529" —0.263N8 —0.280N8 0.260NS —0.097™8
U % —0.145™8 0.110N —0217™8 —0.40N —0.051N8
G % —0.523"" —0.005™S 0.581"" —0.156™8 0.326™
C % —0.141™8 0.286™ —0.078~S —0.369" —0.230NS
GC % —0.472"" 0.259™ 0.318"8 —0.304N8 0.082

The value in this table is the R-value of correlation analysis
NS, non-significant (p > 0.05)

*0.0l <p<0.05

** p < 0.01

coronavirus, porcine adenovirus and nucleopolyhedrovi-
ruses, for which mean values of 50.91, 48.99, 38.97 and
38.80, respectively, have been reported [13, 48-50].
Therefore, taken together with published data on codon
usage bias in other viruses, we conclude that the codon
usage bias in TTSuV1 gene is lower and might be affected
by natural selection. The low codon bias of TTSuV1 might
result from an increase its own replication efficiency in
order to adapt to the replication system of its hosts.

It is well established that synonymous codon usage in
various organisms often reflects a balance between muta-
tion pressure and natural selection. As for some RNA
viruses, previous studies have reported that the major factor
in shaping the codon usage pattern appears to be mutation
pressure rather than natural selection [51]. Shacklton et al.
revealed that codon usage bias was strongly correlated with
the overall genomic GC content in DNA virus, suggesting
that genome-wide mutational pressure rather than natural
selection is the main determinant of codon usage bias [35].
However, Naya et al. found that there was no evidence
indicating that the genome composition shaped the codon
usage bias in high-GC-content genes [52]. In this study,
except for mutation pressure, natural selection also played
an important role in determining the codon usage bias of
TTSuV1, which was supported by the non-correlation
(p > 0.05) between GC; %, GC, % with GCz %, and the
results deduced from the ENC plot, in which almost all
genes were below the expected curve. In addition,
according to the analysis of the codon usage patterns of
TTSuV1 isolates from different countries, we found that
geographic factors were related to codon usage patterns in
TTSuV1. It is interesting to note that TTSuV1 isolates from
different countries, and even from the same country, had
significant differences in their genetic characteristics. This
might suggest that natural selection is a factor that shapes
the overall codon usage pattern of this virus and acts as a
major force to drive TTSuV1 evolution.

In previous studies, it has been reported that mutation
pressure and natural selection are major factors in shaping

@ Springer

codon usage patterns in many genomes. As for TTSuVl,
the results suggest that there has been an interaction of
mutation pressure with natural selection in the process of
TTSuV1 evolution, although ENC values for the whole
TTSuV1 coding region indicate that mutation pressure is
one of the factors influencing the codon usage pattern. If
synonymous codon usage bias is affected only by mutation
pressure, then the frequency of nucleotides A and T should
be equal to that of C and G at the synonymous codon third
position. However, our study showed that the frequency of
A and T was not balanced with C and G at these positions,
indicating that other factors such as natural selection could
also be the main determinants for synonymous codon usage
bias. This characteristic of TTSuV1 conferred adaptive
advantages, which resulted in a highly efficient dissemi-
nation of the virus by different modes of transmission.
Although the analysis of synonymous codon usage
patterns and the main factors affecting it that we have
proposed here do not entirely reflect the genetic variation
of TTSuV1, our results have contributed to a better
understanding of the evolutionary relationship among
TTSuV1 strains, especially the roles played by mutation
pressure and natural selection. Additionally, such infor-
mation might provide a genetic background for future
studies on the genetic and molecular aspects of TTSuV1.
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