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Mutations shape synonymous codon usage bias in certain organism genomes, while selection shapes it in others.
Lepidopteran-specific Alphabaculovirus and Betabaculovirus are two large genera in the family of Baculoviridae. In
this study, we analyzed the codon usage patterns in 17 baculoviruses, including 10 alphabaculoviruses and 7
betabaculoviruses, whichwere isolated fromseven insect species, andwe characterized the codonusagepatterns
between Alphabaculovirus and Betabaculovirus. Our results show that all the baculoviruses possessed a general
weak trend of codon bias. The differences of ENc (effective number of codons) values, nucleotide contents and
the impacts of nucleotide content on ENc valuewithin alpha-/betabaculovirus pairswere independent of wheth-
er the host species are the same or different. Furthermore, the majority of amino acid sequences adopted codons
unequally in all viruses, but the numbers of common preferred codons between alpha- and betabaculoviruses
hosted by the same insect species were not significantly different from the differences observed between
alpha- and betabaculoviruses hosted by different insect species. In addition, the amino acids that adopt the
same synonymous codon composition between alpha- and betabaculoviruses hosted by the same insect species
were statistically as few as those between alpha- and betabaculoviruses hosted by different insect species. Cor-
respondence analysis revealed that no major factors resulted in the codon bias in these baculoviruses, implying
multiple minor influential factors exist. Neutrality plot analysis indicated that selection pressure dominatedmu-
tations in shaping the codon usage. However, the levels of selection pressure were not significantly different
among viruses hosted by the same insect species. We expect that evolution would cause the alpha- and
betabaculoviruses hosted by the same insect species to share more patterns, but this effect was not observed.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Baculovirus
Synonymous codon usage
Selection pressure
Neutrality plot
ENc plot
1. Introduction

Synonymous codon usage bias (codon usage bias or codon bias) re-
fers to the preference for a particular codon in a given organism. Codon
bias in a genome or between different genomes is usually caused by
adaptive changes (Goodarzi et al., 2008; Ingvarsson, 2008) and iswidely
present in biological systems from viruses to mammals (Eyre-Walker,
1991; Mirsafian et al., 2014; Shi et al., 2013). Synonymous codon
usage affects protein biogenesis, such as translation efficiency and
gene function, beyond specifying the amino acid sequence of a protein
(Chaney and Clark, 2015; Supek, 2016). Hence, understanding codon
bias is central to fields from molecular evolution to biotechnology
(Isaacs et al., 2011; Plotkin and Kudla, 2011). Selection and/or mutation
and Biotechnology, Shenyang
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bias are two general explanations for the existence of codon bias (Chen
et al., 2014a; Chithambaram et al., 2014). Selectional explanation as-
sumes that codon bias contributes to the efficiency and/or the accuracy
of protein expression and is thus generated and maintained by selec-
tion, while the mutational or neutral explanation posits that codon
bias exists because of nonrandomness in the mutational patterns
(Hershberg and Petrov, 2008). At present, there is no common rule
about the influential factors on codon bias. It is hard to predict whether
selection or mutation dominates the codon usage in a given organism.
As commonly known, mutational bias is the main force in shaping
codon usage in certain viruses (Cristina et al., 2015; Zhou et al., 2015),
whereas natural selection pressure plays important roles in others
(Chen et al., 2014b; Shi et al., 2013).

Baculoviridae is a family of enveloped viruses with double-stranded
DNA genomes ranging from 80 to 180 kb. According to the ninth
virus taxonomy report (King et al., 2012), this family includes four
genera: Alphabaculovirus, Betabaculovirus, Gammabaculovirus and
Deltabaculovirus. Alphabaculovirus includes lepidopteran-specific
nucleopolyhedroviruses, and Betabaculovirus comprises lepidopteran-
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specific granuloviruses. Several studies focused on baculovirus phyloge-
ny and evolution and are useful for improving the application of
baculoviruses as pesticides, foreign gene expression and display sys-
tems, and mammalian cells transducing vectors (Herniou and Jehle,
2007; Herniou et al., 2003; Volkman, 2015). Presently, we know little
about the synonymous codon usage pattern in baculoviruses. A previous
study demonstrated that notable codon usage differences exist in
Autographa californica multiple nucleopolyhedrovirus (Ranjan and
Hasnain, 1995). Later, it was determined that codon bias in
nucleopolyhedroviruses correlates with GC content but not with the
gene length and gene expression level (Levin and Whittome, 2000). A
recent study revealed that 40 of the 42 baculovirus genomes lack strong
codon bias (Jiang et al., 2008). However, much remains unknown about
codon usage in baculoviruses.

Coevolution of baculoviruses with their insect hosts is well
established (Herniou et al., 2004; Cory and Myers, 2003). We assumed
that same insect species shape the codon usage of baculoviruses that
they host similarly and that different host species shape the codon
usage of their hosted baculoviruses differently. Under this assumption,
the codon usage between alpha- and betabaculovirus hosted by the
same insect species should be more similar than that between
those hosted by different insect species. If we select alpha- and
betabaculoviruses hosted by the same insect species to compare their
codon usage, then the host's influence is controlled, and the differences
obtained can represent the differences between the two virus genera,
not only between the two virus species. In the present study, we
used 17 baculoviruses that share common insect host species to differ-
entiate the codon usage patterns between Alphabaculovirus and
Betabaculovirus. Our results show that selection pressure dominated
mutations in shaping the weak codon usage in these baculoviruses.
The alpha- and betabaculovirus hosted by the same insect species
shared no more similar codon usage patterns than expected.

2. Materials and methods

2.1. Genome sequences

In NCBI (National Center for Biotechnology Information) genome
database, 69 baculovirus genome sequences had been documented by
May 26, 2015. We selected 17 of those genomes that represent alpha-
and betabaculoviruses isolated from seven insect species [Table S1]. In
each genome, we deleted the codons containing ambiguous bases, and
omitted the open reading frames (ORFs) of b300 bp.

2.2. Effective number of codons and nucleotide composition

The effective number of codons (ENc value, ranging from 20 to 61) is
defined as the number of codons that would yield the observed level of
codon usage if all codons were equally frequent and is widely used to
measure the degree of synonymous codon usage bias (Fuglsang, 2006;
Wright, 1990). If only one codon is used for each amino acid, the ENc
value would be 20 (extreme codon bias), and if all codons are used
equally, the value would be 61 (no codon bias). In a genome, themajor-
ity of genes possess ENc values lower than 61, and only small number of
genes possess ENc values equal to 61. As a result, themean ENc value of
a genome is always lower than 61. In general, ENc values less than or
equal to 35 are described as strong, N45 are described as weak, and
values in between these values are described as moderate (Chen et al.,
2014b; Roychoudhury et al., 2011). ENc values correlated with total
GC content (GC%) and GC content at the third synonymous codon posi-
tion (GC3s%). ENc values were plotted against GC3s contents (ENc-plot
analysis) to examine the influence of nucleotide composition on codon
usage. The expected ENc value assumes equal use of G and C (Aand T) in
degenerate codon groups and can be calculated from GC3s content ac-
cording to the equation provided by Wright (Wright, 1990). In the
plot, a gene or genome spot whose codon choice is subject to mutation
pressure will lie on or just below the curve of the predicted values. In
our plot, the spots represent individual genes. We used software
CodonW (http://codonw.sourceforge.net/) to calculate ENc values and
nucleotide composition. We employed one-way analysis of variance to
compare ENc values, GC contents and GC3s contents, and employed
Games-Howell's method to perform post hoc comparisons. We
employed non-parametric Spearman rho to indicate correlation, and
used Benjamini-Hotchberg correction (Benjamini and Hochberg,
1995) with false discovery rate q* = 0.05 to set the significance level.
The one-way analysis of variance and the correlation analysis were
performed using software SPSS 16.0 (SPSS Inc., Chicago, IL, USA).

2.3. Relative synonymous codon usage

Relative synonymous codon usage (RSCU) is defined as the observed
frequency of a codon usage divided by the frequency of that expected if
all synonymous codons for that amino acid were used equally (Sharp
and Li, 1986). A codon with RSCU value greater than one (N1) repre-
sents a positive codon usage bias, while a value less than one (b1) rep-
resents a negative codon usage bias. We identified preferred codons by
comparing their RSCU values. For each amino acid, we selected the first
two highest frequently used codons to perform a chi-square goodness-
of-fit test to examine whether their frequencies are significantly differ-
ent. When the p value was b0.05, we referred to the highest frequently
used codon as the preferred codon. When the p value was N0.05, we
reselected the first three highest frequently used codons to do a second
round of chi-square goodness-of-fit test. Again, if the p value was b0.05,
we referred the two highest frequently used codons both as the pre-
ferred codons. If the p value was N0.05, we tried another round of test-
ing for the four highest frequently used codons. In any round of the chi-
square goodness-of-fit test, the RSCU value of the codon selected should
be greater than one (N1); in other words, the preferred codon selected
must be positively biased. We used CodonW to calculate RSCU value,
and used SPSS 16.0 to perform the chi-square goodness-of-fit test.

2.4. Correspondence analysis

Correspondence analysis is widely used to evaluate the major varia-
tion trend in codon usage among genes (Fellenberg et al., 2001; Perriere
and Thioulouse, 2002). In correspondence analysis, each gene is repre-
sented as a 59-dimensional vector (because there are 59 synonymous
codons), and each dimension corresponds to the RSCU value of one
sense codon (excluding AUG, UGG and three stop codons). Correspon-
dence analysis partitions the variation along 59 orthogonal axes and
the first two axes often explain the largest fraction of variation in data
(Andrea et al., 2011; Suzuki et al., 2008). We used CodonW to perform
the correspondence analysis and focused on the first two axes to inter-
pret the variation.

2.5. Neutrality plot analysis

Neutrality plot estimates the extent of neutrality of directional mu-
tation pressure against selection and regarded the regression coefficient
(slope) as the mutation-selection equilibrium coefficient (Sueoka,
1988). In general, the third codon position of synonymous codons in-
cludes an equal number A/T and G/C nucleotide pairs for most amino
acids except for tryptophan (TGG), methionine (ATG) and one (ATA)
of the three isoleucine codons. In the analysis, P1, P2, and P3 are the ob-
served GC contents of the first, second, and third codon positions of an
individual gene; P12 is the average of P1 and P2. In the calculation, six co-
dons (ATG, TGG, ATA, TAA, TAG, or TGA)were excluded (Sueoka, 1999a,
1999b). The removal of these six codons from the analysis eliminates
odd-numbered synonymous codon sets and therefore avoids an extra
cause of potential bias from Parity Rule 2, an intrastrand rule where
A= T and G= C are expected if there is no bias in mutation and selec-
tion between the two complementary strands of DNA (Sueoka, 1999a,

http://codonw.sourceforge.net


Table 2
Correlations between ENc (effective number of codons) values and nucleotide contents
within alpha-/betabaculovirus pairs are independent ofwhether thehost species are same
or different.

Virus
ENc & GC ENc & GC3s GC& GC3s

ρ P value ρ p ρ p

AdorGV 0.459 b0.001 0.495 b0.001 0.683 b0.001
AdorNPV 0.228 0.023 0.349 b0.001 0.691 b0.001
AgseGV 0.315 0.001 0.519 b0.001 0.638 b0.001
AgseNPV −0.412 b0.001 −0.650 b0.001 0.758 b0.001
AgseNPVB −0.482 b0.001 −0.652 b0.001 0.762 b0.001
ChocGV 0.100 0.338 0.259 0.012 0.519 b0.001
ChocNPV −0.529 b0.001 −0.739 b0.001 0.731 b0.001
HearGV 0.109 0.193 0.062 0.459 0.739 b0.001
HearMNPV 0.259 0.002 0.130 0.123 0.736 b0.001
HearNPVNNg1 0.100 0.295 0.086 0.370 0.669 b0.001
PlxyGV −0.139 0.175 −0.118 0.249 0.849 b0.001
PlxyNPV −0.042 0.645 −0.095 0.300 0.817 b0.001
SfGV −0.375 b0.001 −0.497 b0.001 0.718 b0.001
SfMNPV 0.246 0.006 0.161 0.075 0.650 b0.001
SpliGV 0.134 0.166 0.227 0.017 0.722 b0.001
SpltNPV −0.111 0.233 −0.123 0.185 0.734 b0.001
SpltNPVII −0.441 b0.001 −0.625 b0.001 0.753 b0.001

Note: Benjamini-Hotchberg correction with false discovery rate q* = 0.05was used to set
the significance level. The cutoff for ENc & GC was α = 0.029, for ENc & GC3s was α =
0.029, and for GC& GC3s was α = 0.05.
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1999b). Difference existed between P1 and P2 in their regressions
against P3 due to directional mutation pressure. Consequently, re-
searchers usually use P12 instead of using P1 and P2 separately in the re-
gression analysis. We used Bioperl (Stajich et al., 2002) script to
calculate P1, P2, P12, and P3 values. The perl script is freely available on
request from the author.We used SPSS 16.0 to plot P12 against P3, to per-
form the simple linear regression analysis, and to compare the regres-
sion slopes by covariate analysis. Benjamini-Hotchberg correction
(Benjamini and Hochberg, 1995) with false discovery rate q* = 0.05
was used to set the significance level for multiple comparisons.

3. Results

3.1. ENc value and nucleotide composition

The mean ENc values of the 17 baculoviruses ranged from 47.30
(ChocNPV) to 53.65 (AgseGV) [Table 1]. The mean GC contents ranged
from 33.34% (ChocGV) to 51.69% (ChocNPV), and the mean GC3s con-
tents ranged from 30.06% (ChocGV) to 63.22% (ChocNPV) [Table 1].

In the correlation analysis (Table 2), GC contents positively correlat-
ed with GC3s contents in all viruses (p b 0.05, adjusted cutoff). ENc
values positively correlated with GC contents and GC3s contents in
AdorGV, AdorNPV and AgseGV, and negatively correlated with GC con-
tents and GC3s contents in AgseNPV, AgseNPVB, ChocNPV, SfGV and
SpltNPVII (p b 0.029, adjusted cutoff). ENc values positively correlated
only with GC contents in HearMNPV and SfMNPV, and positively corre-
lated only with GC3s contents in ChocGV and SpliGV (p b 0.029, adjust-
ed cutoff). ENc values had no correlation with both GC contents and
GC3s contents in HearGV, HearNPVNNg1, PlxyGV, PlxyNPV and SpltNPV
(p N 0.029, adjusted cutoff). Altogether, 3 of the 10 alpha-/
betabaculovirus pairs hosted by the same insect species and 9 of the
60 alpha-/betabaculovirus pairs hosted by different insect species
showed similar correlation between ENc value and nucleotide composi-
tion. However, these two sets of data are not significantly different
(Fisher's Exact Test, x2 = 1.358, p = 0.359).

Comparisons of ENc values, GC contents and GC3s contents showed
that the differences within alpha-/betabaculovirus pairs hosted by the
same insect species were not significantly different from the differences
observed within those hosted by different insect species. Among the 10
alpha-/betabaculovirus pairs hosted by the same insect species, ENc
values within 2 pairs, GC contents and GC3s contents within 7 pairs
were significantly different (p b 0.05) [Table S2]. In contrast, ENc values,
GC contents and GC3s contents within 23, 47 and 50 of the 60 alpha-/
betabaculovirus pairs hosted by different insect species, respectively,
were significantly different (p b 0.05) [Table S2]. Between alpha-/
Table 1
ENc (effective number of codons) values, GC contents and GC3s contents in the 17 baculovirus

Virus
ENc GC%

Mean SD 95% CI Mean

AdorGV 50.11 4.62 49.18–51.04 35.05
AdorNPV 51.93 4.06 51.12–52.74 35.54
AgseGV 53.65 4.07 52.90–54.41 38.00
AgseNPV 50.16 4.46 49.38–50.94 47.69
AgseNPVB 52.27 5.47 51.33–53.21 47.47
ChocGV 48.57 5.31 47.48–49.66 33.34
ChocNPV 47.30 4.98 46.40–48.20 51.69
HearGV 53.45 4.38 52.73–54.17 42.32
HearMNPV 53.05 4.26 52.35–53.76 41.52
HearNPVNNg1 52.00 4.38 51.18–52.83 40.34
PlxyGV 51.98 5.47 50.88–53.08 42.35
PlxyNPV 51.59 4.45 50.79–52.39 41.55
SfGV 50.87 5.14 49.96–51.78 47.50
SfMNPV 52.38 4.60 51.56–53.20 40.71
SpliGV 53.32 4.48 52.47–54.17 40.00
SpltNPV 52.88 3.56 52.23–53.53 44.17
SpltNPVII 50.55 4.70 49.70–51.40 47.21
betabaculovirus pairs hosted by the same insect species and those
hosted by different insect species, the ratios of virus/virus pairs that
were significantly different to that of those not significantly different
were not significantly different (Fisher's Exact Test, ENc value [x2 =
1.255, p = 0.314], GC content [x2 = 0.338, p = 0.685], GC3s content
[x2 = 1.008, p = 0.380]).
3.2. Synonymous codon usage

We used chi-square goodness-of-fit test to check whether the syn-
onymous codons encoded each of the 18 amino acids (exclude methio-
nine and tryptophan) randomly in each virus (Table S3). AgseGV,
AgseNPV, HearNPVNNg1, PlxyMNPV, SfGV, SfMNPV, and SpltNPVII
each contained one amino acid that was encoded randomly (p N 0.05).
In contrast, AdorGV, PlxyGV, and SpltNPV each contained two amino
acids that were encoded randomly (p N 0.05). HearMNPV and SpliGV
each contained three amino acids that were encoded randomly
(p N 0.05). The other five viruses had no amino acids that were encoded
randomly (p b 0.05). These results suggest that although all viruses
genomes.

GC3s%

SD 95% CI Mean SD 95% CI

3.50 34.34–35.75 35.57 5.34 34.50–36.65
3.89 34.77–36.31 35.78 5.85 34.62–36.94
3.33 37.38–38.62 36.40 4.85 35.50–37.31
4.04 46.99–48.40 59.22 7.19 57.96–60.47
4.05 46.78–48.17 57.45 7.71 56.13–58.78
4.29 32.46–34.21 30.06 5.70 28.89–31.23
5.02 50.78–52.59 63.22 8.59 61.67–64.77
3.81 41.69–42.94 46.01 7.15 44.84–47.19
3.85 40.88–42.16 43.92 6.84 42.79–45.06
4.34 39.52–41.16 41.64 6.09 40.50–42.79
6.01 41.14–43.57 51.06 10.43 48.96–53.16
4.90 40.67–42.44 47.21 8.73 45.63–48.78
4.29 46.74–48.26 58.14 8.81 56.58–59.70
4.00 40.00–41.43 47.16 6.77 45.95–48.37
4.14 39.21–40.78 43.47 7.04 42.13–44.81
4.39 43.36–44.97 50.68 7.39 49.33–52.04
4.25 46.44–47.98 59.73 8.50 58.19–61.26
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lacked strong codon bias, almost all amino acids adopted codons
unequally.

In addition,we identifiedpreferred codons for amino acids thatwere
encoded by biased codons in each virus according to the synonymous
codon frequencies (Table S4) and counted the common preferred co-
dons between viruses (Table S5). The numbers of common preferred
codons between alpha- and betabaculoviruses hosted by the same in-
sect species were not significantly different from those between
alpha- and betabaculoviruses hosted by different insect species (p =
0.717). Furthermore, we compared synonymous codon composition
for each amino acid between viruses and found that the amino acids
adopted the same synonymous codon composition between alpha-
and betabaculoviruses hosted by the same insect species were statisti-
cally as few as those between alpha- and betabaculoviruses hosted by
different insect species (p = 0.748).

3.3. ENc-plot analysis

ENc-plot analysis is generally used to investigate synonymous codon
usage patterns. For each virus, themajority of the spots representing in-
dividual genes lay below the expected curve (Fig. 1), suggesting that
apart from compositional constraints, other factors might have domi-
nated influences on the codon usage variation. The plots of all viruses
scattered in the same way, far below the curve of expected ENc values,
implying no difference existed as to the influential factors between vi-
ruses hosted by the same insect species and viruses hosted by different
insect species.

3.4. Correspondence analysis

The first two axes of correspondence analysis usually account for the
major variation of codon usage bias. We also employed the correspon-
dence analysis but found the values of the first two axes were not suffi-
ciently large to account for the major variation in all viruses (Table S6).
Thefirst axis of PlxyGVpossessed the largest value of 0.1529, accounting
for 15.29% of the total variation,while the first axis of AgseGV possessed
the smallest value of 0.0808, accounting for 8.08% of the total variation.
The relatively smaller values of the first two axes suggest that no single
major factor could account for the codon usage patterns in these viruses.
Fig. 1. ENc (effective number of codons) values of the majority of the genes in each virus are lo
codons) values in the case that GC compositional constraints alone account for codon usage bi
3.5. Neutrality plot analysis

Neutrality plot analysis (Fig. 2, Table 3) showed that the regressions
of P12 to P3 in AgseGV and SfGV were not statistically significant
(p N 0.044, adjusted cutoff), while those of the other 15 viruses were
statistically significant (p b 0.044, adjusted cutoff). The regression
coefficients of P12 to P3 in the 15 viruses ranged from 0.094 to 0.316
(Table 3), indicating a relatively lower and diverse neutrality. These re-
sults suggested that selection pressure dominatedmutations in shaping
codon usage in these baculoviruses. Slope comparison showed that no
significant difference existed among regression coefficients of viruses
hosted by the same insect species (p N 0, adjusted cutoff) [Table 3], indi-
cating the extents of selection pressure on codon bias are not signifi-
cantly different.
4. Discussion

Synonymous codon usage bias varies widely within genomic se-
quences of different organisms. Understanding the extent and causes
of synonymous codon usage bias is essential to research focused on
viral evolution and transmission and is particularly important for
interpreting the interplay between viruses and their hosts (Shackelton
et al., 2006). In the present study, we compared the synonymous
codon usage between alpha- and betabaculovirus hosted by the same
insect species to infer viral evolution at codon usage level.

A virus would be regarded as weakly biased when the mean ENc
value is higher than 45; thus, all 17 baculoviruses we examined lack
strong codon bias, which is consistent with a previous report (Jiang et
al., 2008). A possible explanation for weak codon bias in baculoviruses
is that it is essential for efficient replication, re-adaption and survival
in host cells with potentially distinct codon preferences (Cristina et al.,
2015; Shi et al., 2013; Zhou et al., 2015). Natural selection andmutation
pressure are two main factors that account for codon usage variation in
different organisms. We found that selection pressure dominates over
mutation in determining the codon usage bias in the 17 baculoviruses,
which is similar to the results we obtained in family Parvoviridae (Shi
et al., 2013), but the selection pressure exert on viruses hosted by the
same insect species are similar or not significantly different.
wer than the expected values. The curve indicates the expected ENc (effective number of
as.



Fig. 2. Plot of P12 (average of P1 and P2) against P3 for each virus.
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As to the impact of a host on the codon usage of viruses, the early
study demonstrated that the codon usage in severe acute respiratory
syndrome coronavirus is not host specific (Gu et al., 2004). However,
more studies have indicated: a) codon usage bias of viruses is related
with their hosts during the adaptation process (Bahir et al., 2009;
Chantawannakul and Cutler, 2008; Ma et al., 2015; Nasrullah et al.,
2015), and b) viruses coincide their codon usage with hosts (Cheng et
al., 2012; Kattoor et al., 2015). In the present research, we aimed to dif-
ferentiate the codon usage patterns between Alphabaculovirus and
Betabaculovirus by comparing their ENc values, nucleotide contents,
preferred codons, synonymous codon compositions for each amino
acid and the influential factors of codon usage.We found that the differ-
ences of these indices within alpha-/betabaculovirus pairs are indepen-
dent of whether the host species are the same or different. This result
disagrees with our assumption that the viruses hosted by the same in-
sect species should share more common codon usage patterns because
the hosts' impacts are similar.
Table 3
Slopes of P12 (average of P1 and P2) against P3 are small and have no significant difference amo

Virus Slope (95% CI) R Square

AdorGV 0.166 (0.018–0.315) 0.049
AdorNPV 0.260 (0.129–0.390) 0.138
AgseGV 0.148 (−0.007–0.303) 0.031
AgseNPV 0.163 (0.067–0.259) 0.083
AgseNPVB 0.098 (0.005–0.191) 0.032
ChocGV 0.316 (0.147–0.485) 0.131
ChocNPV 0.207 (0.105–0.310) 0.120
HearGV 0.130 (0.045–0.215) 0.061
HearMNPV 0.123 (0.026–0.219) 0.043
HearNPVNNg1 0.223 (0.073–0.373) 0.074
PlxyGV 0.207 (0.099–0.314) 0.133
PlxyNPV 0.185 (0.091–0.279) 0.113
SfGV 0.062 (−0.027–0.152) 0.015
SfMNPV 0.143 (0.028–0.258) 0.048
SpliGV 0.204 (0.097–0.312) 0.117
SpltNPV 0.213 (0.106–0.319) 0.120
SpltNPVII 0.094 (0.008–0.181) 0.038

Note: Benjamini-Hotchberg correction with false discovery rate q* = 0.05 was used to set the sig
5. Conclusions

Comparativeanalysis of codonusagepatternsbetweenAlphabaculovirus
and Betabaculovirus genera members that were isolated from the
same insect species has provided a basic understanding of the evolu-
tionary characteristics of codon usage in these viruses. Our results
demonstrate that codon biases in these 17 baculoviruses are weak.
The differences of ENc values, GC contents and the impacts of GC
content on ENc value within alpha-/betabaculovirus pairs hosted
by the same insect species are not significantly different from that
of those hosted by different insect species. The numbers of common
preferred codons and amino acids that have the same synonymous
codon composition between viruses hosted by the same insect spe-
cies are not significantly different from that of those between viruses
hosted by different insect species. Though no major factors could
solely account for the codon usage pattern, we find selection pres-
sure dominates the codon usage over mutation. Additionally, the
ng viruses hosted by the same insect species.

Significance of the regression Significance of slope comparison

0.029
0.348

b0.001
0.060

0.6070.001
0.039
b0.001

0.279
b0.001
0.003

0.4200.013
0.004
b0.001

0.758
b0.001
0.171

0.273
0.015
b0.001

0.147b0.001
0.033

nificance level. The cutoff for the regression was α= 0.44, for slope comparison was α= 0.

Image of Fig. 2
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levels of selection pressure are not significantly different between
viruses hosted by the same insect species.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.07.042.
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