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Abstract

Classical swine fever virus (CSFV) is the causative agent of classical swine fever (CSF),
which is a highly contagious disease of the domestic pig as well as wild boar. The proteins E™,
El, and E2 are components of the viral envelope membrane. They are also implicated in virus
attachment and entry, replication, and/or anti-immune response. Here, we studied the genetic
variations of these envelope proteins in the evolution of CSFV.  The results reveal that the
envelope proteins underwent different evolutionary fates. In E™ and E1, but not E2, a number
of amino acid sites experienced functional divergence. Furthermore, the diversification in E™
and E1 were generally episodic because the divergence-related changes of E1 have only occurred
with the split between two major groups of CSFV and that of E™ have taken place with the
division of one major group. The major divergence-related sites of E™ are located on one of
the substrate-binding regions of RNase domain and C-terminal extension. These functional
domains have been reported to block activation of the innate immune system and attachment and
entry into host cells, respectively. Our results might shed some light on the divergent roles of

the envelope proteins.
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Manuscript text

Introduction

Classical swine fever virus (CSFV) is the pathogen that causes a highly infectious disease of
pigs and outbreaks of classical swine fever (CSF) in domestic pigs resulted in devastating losses
to the pig industry (Edwards et al. 2000; Meuwissen et al. 1999; Vandeputte and Chappuis 1999).
Field CSFV strains show different degrees of virulence, resulting in clinical signs with different
levels of severity (Artois et al. 2002; Kaden et al. 2000; Leifer et al. 2013; Moennig et al. 2003).
Highly virulent field strains generally cause an acute hemorrhagic fever with nearly 100%
mortality. High body temperature is often the first clinical trials, which is followed by
respiratory, gastrointestinal and neurological symptoms. The terminal stage is characterized by
skin haemorrhages and skin cyanosis on the tips of extremities (ears, tail, and vulva).
Low-virulent and moderately virulent strains can give rise to sub-acute or chronic infections
prior to death.

CSFV belongs to the genus Pestivirus of the family Flaviviridae with the closely related
viruses Bovine viral diarrhoea virus genotypes 1 (BVDV-1) and 2 (BVDV-2), and Border disease
virus (BDV) (Van Regenmortel et al. 2001). Based on genetic diversity, CSFV strains could be
segregated into two major groups (1 and 2) and a rare group (3) (Lowings et al. 1996; Postel et al.
2012). Furthermore, clear segregation of subgroups can be observed within the major group 2
(Postel et al. 2012).

CSFV possesses a single-stranded, positive-sense RNA genome. The viral genome contains

two untranslated regions (UTRs) at the 5’ and 3’ ends, and an open reading frame (ORF). The
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OREF encodes a polyprotein, which is further co- and post-translationally processed into 12
mature polypeptides by viral and host cell proteases (reviewed in (Meyers and Thiel 1996)).
These proteins comprise four structural proteins (capsid protein C and three envelope proteins
E™, E1, and E2) and eight nonstructural proteins (Npro, P7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B).

The proteins E™, E1, and E2 are parts of the viral envelope membrane of CSFV (Rumenapf et
al. 1993). The protein E™ has a RNase domain which is characterized by two nucleotide
binding sites N1 and N2 (Krey et al. 2012), and a C-terminal extension (Aberle et al. 2014;
Langedijk 2002). E1 and E2 are type I transmembrane proteins with an N-terminal ectodomain
and a C-terminal hydrophobic anchor (Thiel et al. 1991).

The envelope proteins are involved in the formation of infectious virus particles, viral
attachment and entry, and replication (Hulst and Moormann 1997; Rumenapf et al. 1993; Wang
etal. 2004). E™ is cytotoxic for lymphocytes and not for epithelial cells (Bruschke et al. 1997;
Magkouras et al. 2008; van der Molen and van Oirschot 1981; von Freyburg et al. 2004). In
addition, E™ possesses ribonuclease activity (Hulst et al. 1994; Langedijk et al. 2002; Schneider
et al. 1993), and soluble E™ secreted from infected cells has been proposed to block induction of
type I interferon (IFN) by degradation of circulating dsRNA that otherwise would trigger the IFN
response via a Toll-like receptor (TLR)-dependent pathway (Magkouras et al. 2008; Matzener et
al. 2009).

It is noteworthy that, although the phylogenetic splits of CSFV into groups and subgroups are
well supported, the genetic diversification patterns of the envelope proteins during these
segregation processes are not yet known. In this study, we analyzed the genetic variation of all

envelope proteins in the evolution of CSFV.  Our results might give some insights into the
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functional diversification of the envelope proteins and molecular mechanisms relevant to CSFV

virulence.

Materials and methods

Sequence data collection

We retrieved the full-length coding sequences for three envelope proteins (E™, E1, and E2) of
field CSFYV strains from the NCBI database. Because recombinant CSFV may not be diffused
in natural populations (He et al. 2007; Lowings et al. 1996; Postel et al. 2012), the sequences of
rare recombinant were not adopted in the present study. Seventy sequences of these envelope
proteins were finally used for following evolutionary analyses (Table S1). A complete coding
sequence of these proteins from closely related species BDV was chosen as an outgroup (Table

S1).

Sequence alignment and phylogenetic analysis of genes coding for the envelope proteins
The coding sequences of the envelope proteins were aligned using ClustalW (Thompson et al.
1997) and checked manually. For each protein, maximum likelihood (ML) analysis in MEGAS5
(Tamura et al. 2011) was used to infer evolutionary relationships among the coding sequences.
The General Time Reversible model (Lanave et al. 1984) of evolution allowing gamma
distribution plus a proportion of invariant sites for E™ and E2 and Kimura 2-parameter model
(Kimura 1980) with gamma distribution plus a proportion of invariant sites for E1 were

implemented in ML analyses on these datasets. We used these models because they fit the
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corresponding datasets with the lowest Bayesian Information Criterion (BIC) scores (Nei and
Kumar 2000). One thousand bootstrap replications were conducted to evaluate the reliabilities

of the reconstructed trees.

The McDonald-Kreitman (MK) test of CSFV envelope proteins

Because the reconstructed tree for each envelope protein is divided into well-supported clades
(groups or subgroups) based on genetic diversity (see below), we adopted the MK test
(McDonald and Kreitman 1991) to identify adaptive divergence in these proteins. If
replacement (nonsynonymous) and synonymous differences were due to neutral mutations alone,
the ratio of synonymous to replacement divergence between clades would be expected to be the
same as the ratio of synonymous to replacement polymorphism within clades. A Fisher's exact
test of independence was calculated and significant deviation (Probability < 0.05) from this

expectation can be used to reject the neutral mutation hypothesis (McDonald 2009).

Tests for the functional divergence of CSFV envelope proteins between major groups and
subgroups

We adopted the statistical methods Gu-99 and Gu-2006 in DIVERGE 3.0 to detect type I and
type II functional divergence at individual amino acid site of envelope proteins (Gu 1999, 2001,
2006). Type I functional divergence represents an evolutionary pattern where one amino acid is
conserved in the one clade but highly variable in the other clade. Type II functional divergence
means that the evolution of amino acid is conserved in both clades but their physiochemical
properties are remarkably different. The coefficient of the type I functional divergence () and

that of type II functional divergence (6y) are calculated with methods Gu-99 and Gu-2006,
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respectively. A likelihood ratio test (LRT) for the maximum likelihood estimate and Z-score
test for the model-free method estimate (MFE) are adopted to statistically evaluate the type I
functional divergence. For type II functional divergence, the Z-score test is performed for
statistical evaluation (Gu 2001; Gu et al. 2013). The null hypothesis is § = 0, which means
absence of functional divergence between clades. For the observed coefficient 8, a rejection of
the null hypothesis implies the alteration of functional constrain which results from the
functional divergence. For 6y, a deviation from the null hypothesis indicates that a remarkable
shift of amino acid physiochemical properties is likely to have occurred between these clades.
Furthermore, the posterior probability is used to predict the amino acid residues that could be

responsible for these functional differences (Gu 2006).

Results

Phylogenetic analysis of CSFV envelope proteins

To identify the evolutionary profiles of the envelope proteins used in present study, we
reconstructed their nucleotide trees using the maximum likelihood method. The clustering
structures of three envelop proteins are generally similar. For each protein, the obtained
nucleotide tree comprises two major groups and one minor group (Fig. 1, 2, and 3). The
division among these groups is well supported (bootstrap values > 90 %) but the position of the
minor group is variable. Because the clustering structures are totally consistent with that found
in previous studies (Lowings et al. 1996; Postel et al. 2012), we adopted the same group

numbering system as that used by Postel (Postel et al. 2012). The major groups (groups 1 and 2)
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contain most of the available viruses (20 and 48 strains respectively), and minor group 3 is
represented by only two strains. Since few group 3 sequences could be retrieved (Postel et al.
2012), further analyses were performed for the two major groups only. For each envelope
protein, the group 2 comprises three well supported subgroups (subgroups 2.1, 2.2, and 2.3)
although the location of 2.2 is variable (Fig. 1, 2, and 3), which is generally consistent with
previously obtained results (Lowings et al. 1996). These subgroups comprise 18, 5, and 25
sequences, respectively (Fig. 1).

Inter-group adaptive diversity between major groups of E1 but not between those of E™
and E2

The clear genetic division of envelop proteins between the group 1 and group 2 raised
question about the underlying driving forces during this evolutionary process. Using the MK
test with the coding sequences of each envelope protein, we detected the occurrence of adaptive
divergence with the split of the groups from their common ancestor. For each protein, a Fisher's
exact test of independence showed that the ratio of replacement versus fixed synonymous
differences was not significantly greater than that of replacement versus synonymous
polymorphisms (Table 1). These results showed that no adaptive divergence took place on the
envelope proteins in the dividing process of the CSFV progenitor into groups.

It has been widely accepted that the adaptive diversity typically occurs at few sites, as most
amino acids in a protein are under functional constraints (LI 1997). It is also known that the
changes of amino acid physiochemical properties at critical sites could contribute to the
diversification associated with different environmental challenges (LI 1983; Nei 1987). Hence,

we have examined the divergence between the group 1 and group 2 envelope proteins at
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individual sites. We first implemented the method Gu-2006 in DIVERGE 3 (see Materials and
methods) (Gu 2006; Gu et al. 2013) to calculate the coefficient of type II functional divergence
(6n) on each protein dataset between two groups (Table 2). For each envelope protein, no 6y
value is larger than 0 with a significant probability. Furthermore, the site-specific scores based
on the posterior probability ratio showed that no site is related to the functional divergence with a
probability over 0.90 (Table 2).

For type I functional divergence (see Materials and methods) (Gu 1999; Gu et al. 2013),
however, the envelope proteins present different characteristics. The site-specific score
suggested that a site (80) of E1 is related to the functional divergence with significant probability
(P >0.95), and two sites (83 and 175) exhibit a deviation from the neutral mutation hypothesis in
favor of functional divergence with marginal significance (0.95 > P > 0.90) (Table 2). The
amino acids at these type-I divergence-related sites harbor high level of polymorphisms within
one of major group, but were conserved within another one (Table S2). These results implied
that the amino acids at these sites experienced functional divergence with the split of group 1 and
group 2 from their common ancestor. For E™ and E2, in contrast, no site has been subjected to
functional divergence although Z-score test and LRT indicated that type I functional divergence
6y is larger than 0 with > 0.90 probability.

Inter-subgroup adaptive diversity within the groups 2 of E™ but not within those of E1 and
E2

Different selective pressures probably played roles in shaping the variations of the envelope

proteins at different evolutionary stages. For all envelope proteins, since there are three well

supported subgroups (2.1, 2.2, and 2.3) within the group 2 (Fig. 1, 2, and 3), we then measured
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206  whether such division might be relevant to adaptive evolution (Gu 2006; Gu et al. 2013;

207  McDonald and Kreitman 1991). Since only five sequences of subgroup 2.2 are available to

208  date, which tends to falsely estimate the variations (LI 1997), the evolutionary analyses were

209  only performed with the subgroups 2.1 and 2.3 sequences of each candidate protein.

210 Interestingly, for the subgroups 2.1 and 2.3 E™ coding sequences, the result of MK test

211  indicated that the ratio of fixed amino acid replacement versus fixed synonymous differences

212 was significantly greater than the rate of replacement polymorphisms versus synonymous

213 differences (Probability = 0.028) (Table 3). In contrast, E1 and E2 didn’t show a similar pattern
214  of evolution (Table 3). The MK test is generally robust to most demographic assumptions

215 (Aguileta et al. 2009; Eyre-Walker 2006). The exception is that a rapid expansion in population
216  size can contribute to the fixation of slightly deleterious nonsynonymous mutations and thereby
217 lead to artifactual evidence of adaptive evolution (Eyre-Walker 2002). A demographic factor
218  should have similar effects on the different regions of the viral genome. Therefore, the opposite
219 results of the MK test on the E™, E1, and E2 suggested that the effect of a demographic factor,
220  such as population expansion, could be ruled out - that is, the significant deviation of MK test
221  from the neutral mutation hypothesis could be a consequence of adaptive selection on E™.

222 We then repeated the method Gu-2006 in DIVERGE 3 to identify the potential type II

223 functional divergence-related sites in each envelope protein. Consistent with that of MK test, a
224  different pattern was found for E™, E1, and E2 coding sequences (Table 4). E™, but not E1

225  and E2, exhibited a deviation from neutrality in favor of functional divergence with a probability
226  over 0.85 (Z-score = 1.13). More notably, the site-specific scores based on the posterior

227  probability ratio showed that eight sites of E™ are related to the functional divergence with a

228  significant probability (P > 0.90) (Table 4). The amino acids at these predicted sites exhibited
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considerable difference of physiochemical properties (e.g., charge, hydrophobic, etc.) between
the subgroups 2.1 and 2.3, while the majority of these sites were conserved within each of these
subgroups (Table S3). Furthermore, because the strains were collected globally over the past
several decades (Ji et al. 2014; Lowings et al. 1996), the substitutions at these sites had most
likely occurred at the early stage of the subgroup split and maintained within these subgroups
rather than resulted from fixation of mutant strains within the subsequent evolution of the
subgroups.

Finally, we implemented the method Gu-99 to assess whether the major subgroups 2.1 and 2.3
of the envelope proteins underwent the type I functional divergence. For each protein, none of
the coefficient of type I functional divergence () is larger than 0 with a significant probability
(Table 4). In addition, the site-specific posterior probability ratio suggested that no site has
experienced functional divergence (P > 0.90). On the whole, the accumulated results suggested
that E™ had most likely experienced the type II, but not type I functional divergence with the
split of subgroups 2.1 and 2.3 from an ancestor. For E1 and E2, different statistical tests

indicated that no functional divergence took place with the division into these subgroups.

Discussion

Based on genetic variation, the CSFV strains could be clearly divided into clades. In terms
of the envelope proteins, the division raised questions about their diversity feature during this
evolutionary process. In this study, we characterized the inter- and intragroup sequence

variations of the envelope proteins in detail. The combined results of our evolutionary analyses
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252 revealed that envelope proteins present different diversification patterns.

253 The highly virulent strains and low and moderately virulent strains cluster in major group 1
254 and group 2 (Li et al. 2006; Topfer et al. 2013), respectively. It has been reported that adaptive
255  selection has driven the diversification of the RNA-dependent RNA polymerase NS5B between
256  these groups (Li and Yang). In present work, our results suggested that the protein E1 had

257  experienced functional divergence with the split of the group 1 and group 2. These results

258  indicate that the diversification of multiple proteins which are involved in different critical

259  functions might be related to the virulence of these groups. Notably, differently from the

260  adaptive variations of NS5B which present the type II functional divergence (Li and Yang), the
261  predicted sites of E1 had experienced the type I functional divergence (Table 2 and S2). These
262  results suggest that the divergence-related proteins experienced different diversification in the
263  split process of the CSFV progenitor into these major groups. Because no three-dimensional
264  structural information of the protein E1 have to date been reported, and its function has been
265  studied only to a limited extent, future investigation will be necessary to fully understand the
266  significance of the variations.

267 For E™, our results indicated that eight sites may be related to the functional divergence

268  between the subgroups 2.1 and 2.3.  Structurally, the majority of adaptively selected sites are
269  located on the nucleotide binding region N2 of RNase domain (sites 14 and 16) and the

270  C-terminal extension (sites 175, 192, 211, and 218) based on the homologue of closely related
271 viruses BVDV-1 (Aberle et al. 2014; Krey et al. 2012). Functionally, these domains play

272 multiple roles in blocking the activation of the innate immune system, the retention/secretion of
273 the protein, and membrane anchor (Fetzer et al. 2005; Hulst and Moormann 1997; Hulst et al.

274 2001; Magkouras et al. 2008; Matzener et al. 2009; Tews and Meyers 2007). It is becoming
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increasingly clear that pathogens have evolved a range of anti-immune molecular mechanisms to
overcome both innate and adaptive immunity (Finlay and McFadden 2006; Randall and
Goodbourn 2008). Therefore, taking into consideration the structural and functional insights
mentioned above, we suggested that the diversification at these adaptively selected sites might
involve changes of (1) cytotoxicity against lymphocytes that relies on RNase activity of E™
(Bruschke et al. 1997; Magkouras et al. 2008; van der Molen and van Oirschot 1981; von
Freyburg et al. 2004) and (2) retention/secretion of E™, which is necessary to membrane
anchoring (Aberle et al. 2014) and inhibit IFN response (Magkouras et al. 2008; Matzener et al.
2009). These changes can help E™ to counter the host immune strategies that target these
important functions. Alternatively, for the predicted sites located in the C-terminal extension,
the changes might favor their interactions with a wide number of membrane-associated
molecules in host cells (Hulst et al. 2001; Kjellen and Lindahl 1991; Shukla et al. 1999; Stringer
and Gallagher 1997), which might have constituted a functional adaptation to attach and enter
into different types of cells. In this scenario, the subgroup splits of the major group 2 might be
relevant to functional diversification and furthermore give a hint about the mechanism
underlying the split process. It will be interesting to study the functional significance of these
genetic variations and subgroup segregation. Finally, if the hypotheses are supported, these
evolutionary insights might extend our understanding regarding the function and virulence nature

of the envelope proteins, especially E1 and E™, in CSFV.
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441  Tables
442
443 Table 1. McDonald-Kreitman test for detecting adaptive divergence of envelope proteins

444 between CSFV groups 1 and 2.

Fixed Polymorphic
EI'l’lS
Replacement 3 56
Synonymous 5 220
Probability* 0.369
El
Replacement 0 35
Synonymous 7 209
Probability 0.598
E2
Replacement 5 117
Synonymous 10 383
Probability 0.364

445  * Probability, the probability of deviation from the null hypothesis of MK test was calculated

446  with a two-tailed Fisher's exact test.
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447  Table 2. Estimation of functional divergence of envelope proteins between CSFV groups 1 and 2 calculated using DIVERGE.

The type of functional Divergence-related sites identified

Coding sequence Estimate (Z-score) Estimate (LRT)

divergence with posterior probability
EITIS
Type-11 O’ = 0.069+0.043 None (at P> 0.90)
(1.60)
Type-I 0> = 0.492+0.170 13.067** None (at P> 0.90)
(2.89%%)
El
Type-11 6= 0.034+0.039 None (at P> 0.90)
(0.87)
Type-I 6:=0.729+0.159 14.507%* 80 (at P1>0.95)
(4.58*%) 83,175 (0.95 > P >0.90)
E2
Type-11 6 = 0.003+0.038 None (at P> 0.90)
(0.08)
Type-I 6:=0.316+0.072 4.015 None (at P;>0.90)
(4.30%%)

448  * Oy, coefficient of type-II functional divergence.
449 @, coefficient of type-I functional divergence.

450  Double asterisks correspond to P < 0.01 from the Z-score test.
451

452
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453  Table 3. McDonald-Kreitman test for detecting adaptive divergence of envelope proteins

454  between CSFV subgroups 2.1 and 2.3.

Fixed Polymorphic
EI'l’lS
Replacement 8 39
Synonymous 10 172
Probability* 0.028%*
El
Replacement 1 22
Synonymous 12 150
Probability 1.000
E2
Replacement 6 83
Synonymous 20 303
Probability 1.000

455  “ Probability, the probability of deviation from the null hypothesis of MK test was calculated

456  with a two-tailed Fisher's exact test. * Single asterisk corresponds to Probability < 0.05.
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457  Table 4. Estimation of functional divergence of envelope proteins between CSFV subgroups 2.1 and 2.3 calculated using DIVERGE.
Coding sequence The type of functional Estimate (Z-score)  Estimate (LRT) D@Vergence'-related sit.:e's identified
divergence with posterior probability
EITIS
Type-11 O = 0.035+0.031 18,99, 192, 211, 218 (at P> 0.99)
(1.13) 14, 52, 175 (at 0.99 > P> 0.95)
Type-I 0;'=0.108 £0.326  0.005 None (at P;> 0.90)
(0.33)
El
Type-11 O = -0.008+0.028 None (at P> 0.90)
(0.28)
Type-I 6= -0.226+0.316 0.032 None (at P;> 0.90)
(0.72)
E2
Type-11 G =-0.017£0.029 None (at P> 0.90)
(0.59)
Type-I 6= -0.033+0.225 0.047 None (at P;> 0.90)
(0.15)
458 * 6y, coefficient of type-II functional divergence.
459 ° @y, coefficient of type-I functional divergence.
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Figure Legends

Fig. 1. Maximum likelihood gene tree for the complete coding sequences of envelope protein
E™ extracted from the 70 genomes or partial CDS represented in Table S1. The numbering of
groups and subgroups follows that of previous results (Postel et al. 2012) and see also Table S1.
The tips are labeled with GenBank accession numbers. The bootstrap values below 90% are

not reported.

Fig. 2. Maximum likelihood gene tree for the complete coding sequences of envelope protein E1
extracted from the 70 genomes or partial CDS represented in Table S1. The numbering of
groups and subgroups follows that of previous results (Postel et al. 2012) and see also Table S1.
The tips are labeled with GenBank accession numbers. The bootstrap values below 90% are

not reported.

Fig. 3. Maximum likelihood gene tree for the complete coding sequences of envelope protein E2
extracted from the 70 genomes or partial CDS represented in Table S1. The numbering of
groups and subgroups follows that of previous results (Postel et al. 2012) and see also Table S1.
The tips are labeled with GenBank accession numbers. The bootstrap values below 90% are

not reported.
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483  Appendix A. Supplementary data

484

485 Three supplementary tables are available:

486  Table S1. CSFV and BDV sequences used for this study.

487  Table S2. The amino acids at the Type-I divergence-related sites of group 1 and group 2 E1.

488  Table S3. The amino acids at the Type-II divergence-related sites of subgroups 2.1 and 2.3 E™.
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