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Abstract

Atypical porcine pestivirus (APPV) is an emerging novel pestivirus causing the con-
genital tremor (CT) in piglets. The worldwide distribution characteristic of APPV
make it a threat to global swine health. E2 is the major envelope glycoprotein of
APPV and the crucial target for vaccine development. Considering the genetic
variability of APPV complete genomes and its E2 gene as well as gaps for codon
analysis, a comprehensive analysis of codon usage patterns was performed. Rela-
tive synonymous codon usage (RSCU) and effective number of codon (ENC) analy-
ses showed that a relatively instable change existed and a slight low codon usage
bias (CUB) were displayed in APPV genomes. ENC-plot analysis and correlation
analyses of nucleotide compositions and ENC showed that mutation pressure and
natural selection both affected the codon usage bias of the APPV and natural selec-
tion had a more obvious influence for E2 gene compared with complete genomes.
Principal component analysis (PCA) and correlation analyses confirmed the above
results. Correlation analyses between Gravy and Aromaticity values and the codon
bias showed that natural selection played an important role in shaping the synony-
mous codon bias. Furthermore, neutrality plot analysis showed that natural selection
was the main force while mutation pressure was a minor force influencing the codon
usage pattern of the APPV E2 gene and complete genomes. The results could illus-
trate the codon usage patterns of APPV genomes and provided valuable basic data
for further fundamental research of evolution of APPV.
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Introduction

Atypical porcine pestivirus (APPV), first identified in 2015 in USA, is a novel
pestivirus causing the congenital tremor (CT) type A-II and showed a worldwide
distribution (Arruda et al. 2016; de Groof et al. 2016; Hause et al. 2015; Mosena
et al. 2018). In China, our group first reported infection of APPV in swine herds
in 2016 and subsequent investigations showed that the disease outbreak in China
(Zhang et al. 2017). APPV is an enveloped, single-stranded and positive-sense
RNA virus with the genome of 11 to 12 kb encoding a 3635 amino acid polypro-
tein and this polyprotein was cleaved into various mature viral proteins including
four structural (C, Erns, E1 and E2) and eight non-structural proteins (Npro, P7,
N2, NS3, NS4A, NS4B, NS5A and NS5B) (Hause et al. 2015; Zhang et al. 2017).
Recently, a new uniform naming system for pestivirus was proposed with the for-
mat pestivirus X, where X represents a different capital letter for each species,
and APPV belongs to pestivirus K (Smith et al. 2017).

E2 is the major envelope glycoprotein of APPV and it is highly immunogenic
similar to other pestiviruses (Cagatay et al. 2019). APPV is a highly variable
RNA virus with a high genetic variability (up to 21% genetic distance) between
different clinical strains and E2 also showed similar characteristic (Postel et al.
2017). Although a subunit vaccine based on E2 of APPV could induce a strong
humoral and cellular immune response in mice, there are still a lot of works to be
done (Zhang et al. 2018a). A comprehensive analysis to substantiate the genetic
characteristics of E2 of this emerging virus is necessary for further research of
virus evolution and developing new control strategies.

Synonymous codons do not occur randomly in viruses, prokaryotes and eukar-
yotes, which is also called codon usage bias (CUB) (Butt et al. 2014). Mutation
pressure, natural selection, gene length, tRNA abundance and RNA structure
could affect codon usage bias, and the first two of the above factors were thought
to be the two most important factors for RNA viruses (Butt et al. 2014). Consid-
ering the genetic variability of APPV complete genomes and its E2 gene as well
as gaps for codon analysis, the codon usage bias was firstly investigated to under-
stand the mechanism of codon distribution and evolution of the virus.

Material and Methods
Sequence Data and Recombination Analysis

After removing repetitive and cloning sequences, E2 gene coding sequences from
71 APPV isolates and 60 complete coding sequences were collected from Gen-
Bank database (http://www.ncbi.nlm.nih.gov) available up to November 2019. All
coding sequences showed worldwide distribution and the detailed information of
GenBank accession number, strain name, collection year and country were given
in Supplementary Table S1. As possible recombination events could influence the
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codon usage bias of genomes or genes, recombination analysis was performed by
Recombination Detection Program 4.0 (RDP4) using RDP, Bootscan, MaxChi,
GENECONYV, Chimaera, SiScan and 3Seq methods to validate recombinations in
these strains (Martin et al. 2015). The P value cut-off was set to 0.05 and the
bonferroni correction was applied in all analyses. Genomes were considered to
be recombinants if at least three of the above seven algorithms consistently con-
formed, and all recombinants would be excluded from further analysis.

Nucleotide Content and Codon Usage Composition

The overall nucleotide compositions (A%, C%, U% and G%) in each sequence were
analyzed by Bio Edit (version 7.0.9.0). The nucleotide compositions at the third
position (A3s, U3s, C3s and G3s) were computed using Codon W 1.4.4 and GC
content at third codon positions (GC3s) were also calculated by Codon W.

Relative Synonymous Codon Usage (RSCU)

RSCU value refers to the ratio of the usage frequency of one specific codon to the
usage frequency of all expected synonymous codons for the same amino acid, which
is widely applied to standardize the codon usage bias between different sequences
(Chen et al. 2014). If the RSCU value of a codon is 1, it represents that there is no
codon bias and the synonymous codons are used equally for one amino acid. If the
RSCU value > 1, it shows positive codon usage bias while when the RSCU value < 1,
it shows negative codon usage bias. Moreover, if RSCU is more than 1.6 or less than
0.6, it is considered to be over-represented or under-represented (Singh and Pandey
2017; Taylor et al. 2017). AUG, UGG and the three stop codons (UAG, UAA and
UGA), which have no synonymous codons, were excluded from the RSCU analysis
(Butt et al. 2016). The RSCU index was calculated using the following equation:

Xjj
RSCU = ——n;
Zj Xij

In this formula, Xij is the number of the ith codon for the jth amino acid, and #n;
represents the degenerate numbers of a synonymous codon which encode the jth
amino acid. The RSCU value of each codon was calculated using the online soft-
ware Emboss: cusp (http://emboss.toulouse.inra.fr/cgi-bin/emboss/cusp). Swine is
the host of the APPV, and the RSCU values of swine were downloaded from the
codon usage database (http://www.kazusa.or.jp/codon/).

Effective Number of Codon (ENC)

The ENC value is a simple and absolute measure of codon usage bias in genes and
genomes, which can quantify the degree of CUB and reflect the extent of prefer-
ence of synonymous codons. ENC values range from 20 to 61. The value of 61 indi-
cates that there is no CUB, and the value of 20 indicates that the codon bias is at a
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maximum while only one codon was used for each amino acid. It is generally con-
sidered that the gene has an obvious codon usage bias if the ENC value is equal to or
less than 35.
The ENC value was calculated using the following equation:
9 1 5 3

ENC=2+—+ —+ =+ =
where F; ;_, 3 4 ¢ IS the average of the F; values for i-fold degenerate codon fami-
lies. The F; value is calculated using the following equation:

. o\ 2
l J
" ,:1(;) -1
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F, =
where n is the total number of the observed value of codons for one amino acid and
n; stands the numbers of the particular codon for that amino acid.

To determine the influencing factors of codon usage bias, an ENC-plot, between
the GC3s and ENC values, was generated using Graph Pad Prism 6.0. The expected
ENC for each GC3s was calculated as follows:

29
ENC pecied =2+ 5+ <m>

where s represents the frequency of G+ C of synonymous codons in the third codon
position (GC3s). In ENC-plot, if the codon usage is only constrained by the GC3s,
the observed ENC values just lies on or around the expected curve, and it also indi-
cates that mutation pressure is almost the only factor for evolution. Whereas if sev-
eral factors constrain the codon usage, the observed ENC values lies far lower than
the expected curve (Zhang et al. 2018b).

General Average Hydropathicity (Gravy) and Aromaticity (Aroma)

Codon W 1.4.4 was used to calculate the Gravy and Aroma values. Gravy and
Aroma showed the frequencies of hydrophobic and aromatic amino acids which
had much effect on codon usage pattern (Xu et al. 2015). They are also two major
indexes on natural selection.

Principal Component Analysis (PCA)

PCA is a multivariate statistical method to identify major variation trends by ana-
lyzing the relationship between variables and samples (Bera et al. 2017; Chen et al.
2014). To further explore the trends of codon usage pattern among the different
APPV strains, the PCA was performed with Statistic Package for Social Science 22
(SPSS). In the analysis, the RSCU values of each APPV strain were distributed into
a 59-dimensional vector corresponding to the 59 synonymous codons (excluding
the codons of AUG, UGG and the three-terminal codons). In other words, RSCU
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values were transformed into uncorrelated variables. PCA plots were constructed
with the first two axes which were accounting for most of the component influencing
the codon usage variation among genes. Figures in PCA were drawn by Graph Pad
Prism 6.0.

Neutrality Plot Analysis

The neutrality plot analysis was carried out to explore the effects of natural selec-
tion and mutation pressure in shaping the CUB by regression of GC12s on GC3s
(Chakraborty et al. 2019). Figures were drawn using Graph Pad Prism 6.0. In the
plot, each point represented an independent APPV strain. If the slope of the regres-
sion line was close to 1, it indicated that the main force was mutation pressure for
the CUB, while a slope of 0 indicated that the dominant role was natural selection.
Moreover, if the slope of the regression curve is close to+0.5, it was considered no
or weak external selection pressure.

Correlation Analysis

Correlation analyses were conducted by Karl Pearson’s method to investigate the
relationships among the nucleotide compositions, codon compositions, Gravy,
Aroma and principal axes.

Result
Recombination Analysis

Two recombination events of complete sequences, containing MG792803 and
MH493896, were detected by the RDP software. Those two recombinant isolates
were taken out and surplus coding sequences were carried on to the next analysis.

Nucleotide Compositions of the APPV E2 Gene and Complete Genomes

Analyses of the composition of the E2 coding sequences showed the results as fol-
low: (1) The mean values of nucleotide from high to low were A% (30.75+0.48),
G% (27.42+0.51), U% (21.454+0.52) and C% (20.36+0.48). (2) The mean val-
ues of the codon composition at the third position from high to low were A3s
(39.91+1.85), C3s (30.87+2.04), G3s (28.95+1.61), U3s (26.18+2.10). (3) The
mean compositions of AU% (52.21 +0.64) were above the GC% (47.79 +0.64). The
same case was also identified with complete genomes. All the detailed information
was listed in Supplementary Tables S2 and S3.
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RSCU and ENC Analysis

RSCU values of 59 synonymous codons were calculated to investigate the codon
usage bias of APPV complete genomes and E2 gene, and the effect of pig on
codon usage pattern. As shown in Table 1, among the 18 frequently used syn-
onymous codons, six were commonly used between the host and both APPV
complete genomes and E2 gene. Moreover, twelve preferred codons for APPV
E2 gene were A/U-ended (A-ended: 8; U-ended: 4) and six were G/C-ended
(G-ended: 2; C-ended: 4), and the result for complete genomes was similar
(A-ended: 8; U-ended: 3; G-ended: 3; C-ended: 4). Additionally, seven codons of
APPV E2 gene were over-represented (mean RSCU value > 1.6) and up to thir-
teen codons were under-represented (mean RSCU value < 0.6). Meanwhile, only
two codons of complete genomes were over-represented and seven codons were
under-represented. The above findings showed that codon usage bias appeared in
APPV genomes and the bias of E2 gene was more obvious compared with com-
plete genomes.

The ENC values of E2 gene ranged from 49.15 to 61.00 with a mean value of
52.74 +£2.69 (mean+SD), and the values of complete genomes ranged from 53.85
to 55.14 with a mean value of 54.52 +0.25. The observed result revealed a slight
low CUB compared with a high ENC value (>40). Of note, the ENC mean value
of APPV complete genomes was higher than the value of E2 gene and the standard
deviation was much lower than the value of E2 gene, which suggested that CUB for
APPV complete genomes was more stable and the bias was lower than E2 gene. The
detailed information of ENC values was shown in Supplementary Tables S2 and S3.

ENC-Plot Analysis and Correlation Analyses of Nucleotide Compositions and ENC

ENC-plot was used to investigate the mutational pressure in shaping codon usage
bias. As shown in Fig. 1, most of the points were lower than the standard curve no
matter APPV complete genomes or E2 gene, which indicated that several factors,
including natural selection, gene length and RNA structure, influenced the codon
usage bias besides mutational pressure. In particular, one strain of E2 gene, which
isolated from China, was slightly higher than the expected curve, and other a few
values also lied around the curve, which revealed that several strains had an obvi-
ously low codon usage bias and a relatively instable change existed in all E2 gene.

To further determine the effect of mutational pressure on the codon usage bias,
the correlation analyses between nucleotide compositions and ENC were carried
out for APPV complete genomes and E2 gene (Table 2). The analyses showed that
strong correlations (r>(0.5) were more than half among each other and the corre-
lations were more frequently appeared in analyses for APPV complete genomes.
Furthermore, the ENC value had a weak correlation with each content. Taken
together, the above result suggested that mutation pressure and natural selection
both affect the codon usage bias of the APPV and natural selection had a more
obvious influence for E2 gene compared with complete genomes.
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Fig. 1 The relationship between the ENC values and GC3s. a ENC plots for E2 gene showing the rela-
tionship between the ENC values and GC3s. The result showed that most of the points were lower than
the standard curve, which indicates mutational pressure and other factors both influenced the codon
usage bias. b ENC plots for APPV complete genomes. The result showed that all the points were lower
than the standard curve. The larger version was indicated by the arrow

Table 2 correlation analyses of nucleotide compositions and ENC

A3s C3s G3s U3s GC3s ENC
APPV E2 gene
A 0.6461%* 0.0714 — 0.5759%* — 0.1172%* — 0.339%* — 0.2480%*
C — 0.0889%* 0.8625%* 0.0299%* — 0.7574%* 0.6941%* — 0.2337**
G — 0.5992%%* —0.0304%* 0.7123%* —0.0513%* 0.4425%%* 0.3048**
U 0.0810%%* — 0.8248%* — 0.1977%* 0.8473%%* — 0.7580%* 0.1465%*
GC — 0.5571%* 0.6176%* 0.5981%* — 0.6006%* 0.8749%* 0.0574%*
APPV complete genomes
A 0.9301%* — 0.5051%** — 0.8099%* 0.2740%* — 0.7504%* — 0.2900%*
C — 0.3246%* 0.7793** 0.2978** —0.5237%%* 0.5834%* —0.1982%%*
G — 0.7759%** 0.5740%* 0.9318%%* — 0.5500%* 0.8696** 0.1049%*
U 0.1622%* —0.7779%* — 0.4608** 0.7909%* — 0.6926** 0.3658%*
GC — 0.6980%* 0.7904%*%* 0.7920%* — 0.6419%* 0.8930%* — 0.0258%*

The numbers represent correlation coefficient “r” values (**P <0.01)
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Principal Component Analysis (PCA)

PCA with the RSCU values of the coding sequences were carried out to construct
the distributions of each vector (Fig. 2a, b). For E2 gene, the first axis accounted
for 23.23% of the data inertia and the second axis accounted for 17.86%. For
APPV complete genomes, the first axis accounted for 34.67% and the second axis
accounted for 19.69%. Based on the above results, the first two axes can explain
41.10% and 54.35% respectively, which suggested that they had reached the level
to show characteristics of the overall codon usage trend of E2 gene and complete
genomes. Therefore, the PCA plot of the first axis and the second axis was drawn
according to the different countries (Fig. 2c, d). Points of different countries were
dispersed, confirming that mutation pressure was one of the factors playing a role
in shaping the CUB. In particular, the majority of Chinese strains were gathered
into two groups with only several strains showing diversity, revealing that besides
mutation pressure, the contribution of geographic selection (natural selection) in
shaping the CUB in Chinese APPV strains is greater than that in other countries.

Correlation analyses were also performed to determine the correlations
between the first two axes and codon compositions of E2 gene and complete
genomes (Table 3). Whereas, the results indicated that the majority of correla-
tions between codon compositions and axes were weak, which confirmed that
mutational pressure was an unimportant factor contributing to the codon usage
bias for the virus.
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Fig.2 Principal component analysis. a, b The distributions of the first 20 vectors by PCA for APPV E2
gene and complete genomes, respectively. Columns represent the relative inertia and the curve represents
the cumulative inertia. ¢, d The PCA plot 1st axis against 2nd axis for E2 gene and complete genomes.
Regarding E2 gene, the first axis accounted for 23.23% of the data inertia and the second axis accounted
for 17.86%. Regarding APPV complete genomes, the first axis accounted for 34.67% and the second axis
accounted for 19.69%. Different countries are represented by different colors
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;a:)le 3 ?}?ménirty of correla:iion APPV E2 gene APPV complete genomes

etween the first two axes an

nucleotide constraints Axis 1 Axis 2 Axis 1 Axis 2
A —0.0030%* —0.0153* —0.3169* —0.6365*
C —0.3051 0.3043 0.1824 0.2489
G 0.0528%* — 0.0689* 0.5853 0.4625
8] 0.2357 —0.1947 —0.4854 —0.0467
A3s 0.4078** 0.3526%*  —0.1074**  — 0.6649%*
C3s —0.0234* 0.3513%* 0.4701%* 0.1608*
G3s —0.3324%* —0.1545% 0.6694* 0.3435%
U3s —0.0750%* —0.4570%* —0.7958* 0.1549%
GC — 0.1966** 0.1720%* 0.4907%* 0.4449%*
GC3s  —0.2168** 0.1853%%:* 0.6686%* 0.2729%:*
ENC 0.7757%* — 0.1915%* 0.0179%* 0.3719%*

The numbers represent correlation coefficient “7”* values (*P <0.05,
#P<0.01)

The Role of Natural Selection in the Codon Usage Bias

To determine the role of natural selection, correlation analyses were applied for eval-
uating the relationship between Gravy and Aromaticity values and the codon bias
(Axisl, Axis2, ENC, GC3s and GC). As shown in Table 4, most correlations were
significant with the P values much below 0.01. Particularly, for E2 gene, strongly
significant correlations were found between Gravy and Axisl as well as Gravy and
ENC. Above analyses suggested that the hydrophobicity and aromaticity of amino
acid were associated with the codon usage variation in APPV genomes, and reveal-
ing that natural selection shaped the codon usage pattern with an important role.

Neutrality Plot Analysis

To determine the main factor shaping the codon usage pattern of the APPV E2
gene and complete genomes, neutrality plot analysis was performed by comparing

Table 4 Correlation analyses among AROMO, GRAVY, the first two axes, ENC, GC3s and GC

Axisl Axis2 ENC GC3s GC
APPV E2 gene
Gravy 0.6174%* 0.1327%%* 0.6185%* 0.1908%*%* 0.2003%*%*
Aromo 0.0551 0.4896 —0.1358%* —0.1245%* —0.2502%*
APPV complete genomes
Gravy 0.2361 —0.0101 0.1027%*%* 0.1650%* —0.0174%*
Aromo 0.3235 0.0396 0.0616** 0.2976** 0.1402%%*

The numbers represent correlation coefficient “7” values (**P <0.01)
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the value of GC12s and GC3s (Fig. 3a, b). Regarding APPV E2 gene, the GC3s
was significantly correlated with GC12s (r=— 0.243, P<0.0001) and the slope of
the regression line indicated that relative neutrality (mutation pressure) was 5.34%
and relative constraint (natural selection) was 94.66%. Regarding APPV complete
genomes, a significant correlation was also found between GC3s and GC12s (r=—
0.495, P <0.0001) and the slope of the regression line indicated that relative neutral-
ity (mutation pressure) was 10.30% and relative constraint (natural selection) was
89.70%. Therefore, natural selection was the main force while mutation pressure
was a minor force influencing the codon usage pattern of the APPV E2 gene and
complete genomes.

Discussion

APPV is an emerging virus showing worldwide distribution which regarded as a
threat to global swine health. Due to eminent genetic differences and biological
properties, APPV was thought to be different from established pestiviruses (Postel
et al. 2017; Zhang et al. 2017). Though the variability and evolution of APPV had
been investigated previously, a deep and systematic investigation should be given to
fill the gaps (Pan et al. 2019). E2 is the major envelope glycoprotein of APPV and
the crucial target for vaccine development while its codon usage bias during evolu-
tion is still obscure. Systematic analysis of the codon usage bias of E2 gene and
complete genomes will help to clarify related questions.

Viruses were constantly evolving to adapt to the environment and host. Codon
usage bias is an important manifestation of gene evolution and ENC is a simple
measure of the degree of codon usage bias. Generally, the higher the ENC value,
the lower the codon usage bias. For the E2 gene of APPV, ENC values ranged from
49.15 to 61.00, and the mean value of ENC was 52.74 +2.69, which was higher than
that in other members of pestivirus, including CSFV (52.33) and BVDV (51.43)
(Chen et al. 2017; Ma et al. 2018). It is worth note that the ENC value of one Chi-
nese APPV strain even reached to maximum, which suggested that no codon usage

0.5001 — Y =-0.05338X + 0.5069 0.460- — Y =-0.1030X + 0.5036
0.4951 . : 0.458
0.4904
& & 04561
S 0.4857 by
I} @  0.4544
0.4804
0.475{ ’ Tt 0.4521
0.470 . . . . . . 0.450 v v v "
040 042 044 046 048 050 0.52 0.45 0.46 0.47 0.48 0.49
GC3s GC3s

Fig. 3 Neutrality analysis with GC3s plotted against GC12s. a, b The Neutrality analysis for E2 gene and
complete genomes, respectively. The regression line was represented by the straight line and the regres-
sion equation was showed on the plot
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bias in this strain. Low codon usage bias allowed the virus to make use of several
codons for each amino acid, which was a benefit for viral replication in the host cells
and persistent infection (Chen et al. 2014; Zhang et al. 2018b). This theory may
account for the phenomenon that adult sows and part of piglets did not display any
symptoms of CT with APPV viremia (Munoz-Gonzalez et al. 2017).

Generally, mutational pressure was a more crucial factor compared with natural
selection for RNA viruses (Peixoto et al. 2003; Tao and Yao 2019). In this study,
although correlation analyses of nucleotide compositions and ENC showed the part
of the strong correlations (r>0.5), weak correlations were also detected especially
between ENC values and each content. Secondly, almost points were below the
standard curve no matter APPV complete genomes or E2 gene, but a few values also
lied around the curve. Additionally, significant correlations were found with Gravy
and Aromaticity values, which were two major indexes on natural selection. Finally,
neutrality plot analysis was performed and the result showed that relative constraint
(natural selection) was 89.70%. Overall, we can indicate that natural selection was
the main force and mutational pressure played an important role in determining the
CUB for APPV genomes and its E2 gene.

In summary, a slight low codon usage bias was displayed in E2 gene of APPV
and natural selection was the main force while mutation pressure was a minor force
influencing the codon usage pattern of APPV complete genomes and E2 gene. The
results of codon usage pattern of APPV genomes will provide valuable basic data
for explaining the evolution of this emerging virus.
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