bioRxiv preprint doi: https://doi.org/10.1101/2020.08.12.249045; this version posted March 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

The genetic variation landscape of African swine fever virus

reveals frequent positive selection and adaptive flexibility

Yun-Juan Bao®", Junhui Qiu', Yuzi Luo?, Fernando Rodr §uez®, Hua-Ji Qiu*”"

! State Key Laboratory of Biocatalysis and Enzyme Engineering, Hubei Collaborative
Innovation Center for Green Transformation of Bio-Resources, Hubei Key Laboratory
of Industrial Biotechnology, School of Life Sciences, Hubei University, Wuhan
430062, China

2 State Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research
Institute, Chinese Academy of Agricultural Sciences, Harbin 150001, China.

*IRTA, Centre de Recerca en Sanitat Animal (CReSA, IRTA), Campus de la

Universitat Autonama de Barcelona, Bellaterra 08193, Spain.

* Corresponding authors:
Email: yjbao@hubu.edu.cn (YJ Bao), giuhuaji@caas.cn (HJ Qiu)

Running head: Genetic variation landscape of African swine fever virus

Keywords:  African swine fever virus, Positive selection, Genetic variation,

Selective sweep


mailto:yjbao@hubu.edu.cn
mailto:qiuhuaji@caas.cn
https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.12.249045; this version posted March 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Abstract

African swine fever virus (ASFV) is a lethal disease agent that causes high mortality
in swine population and devastating loss in swine industries. The development of
efficacious vaccines has been hindered by the gap in knowledge concerning genetic
variation of ASFV and the genetic factors involved in host adaptation and virus-host
interactions. In this study, we performed a meta-genetic study of ASFV aiming to
profile the variation landscape and identify genetic factors with signatures of positive
selection and relevance to host adaptation. Our data reveals a high level of genetic
variability of ASFV shaped by both diversifying selection and selective sweep. The
selection signatures are widely distributed across the genome with the diversifying
selection falling within 29 genes and selection sweep within 25 genes, highlighting
strong signals of adaptive evolution of ASFV. Further examination of the sequence
properties reveals the link of the selection signatures with virus-host interactions and
adaptive flexibility. Specifically, we discovered a site at 157th of the key antigen
protein EP402R under diversifying selection, which is located in the cytotoxic T-cell
epitope related with the low level of cross-reaction in T-cell response. Importantly,
two multigene families MGF360 and MGF505, the host range factors of ASFV,
exhibit divergent selection among the paralogous members, conferring sequence pools
for genetic diversification and adaptive capability. By integrating the genes with
selection signatures into a unified framework of interactions between ASFV and hosts,
we showed that the genes are involved in multiple processes of host immune
interaction and virus life cycles, and may play crucial roles in circumventing host
defense systems and enhancing adaptive fitness. Our findings will allow enhanced
understanding of genetic basis of rapid spreading and adaptation of ASFV among the

hosts.
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Introduction

African swine fever virus (ASFV) is the causative agent of haemorrhagic fever in swine.
ASFV mainly replicates in swine macrophages, causing up to 100% mortality rates in
domestic pigs. However, the transmission pathway of ASFV is highly intertwined through the
sylvatic cycle and domestic cycle involving multiple intermediate points, such as warthogs,
soft ticks, wild boars, domestic pigs and human activities (Saochez-Corddn et al., 2018).
ASFYV is thought to originate from and circulate in wild swine and soft ticks in Eastern Africa,
and the first infection in domestic pigs was reported in Kenya in 1921 (Montgomery, 1921).
From Africa, ASFV has spread to Europe in 1957 and 1960 (Portugal) and to Georgia in 2007
(Rebecca et al., 2008). This last introduction led to the expansion of the disease through the
Caucasus and Russia (Oganesyan et al., 2013) to European Union countries, such as Estonia,
Latvia, and Poland (Gallardo et al., 2014; Stokstad, 2017). More recently, ASFV was detected
in wild boars in Belgium and an outbreak in a pig farm was reported in China in mid-2018
(Garigliany et al., 2019; Ge et al., 2018). Since then, the virus has continuously spread to
neighboring countries in Asia, affecting hundreds of millions of swine population (FAO,
2019).

Since there is no commercially available vaccine against ASFV infection, current disease
control is based on physical quarantine and animal slaughtering. A large amount of them have
been killed since the spread of infection globally, causing substantial damages on the swine
population. Development of efficacious therapeutic and prophylactic tools has been largely
hindered by the limited knowledge of genetics properties and the evolutionary adaptation of
this highly pathogenic virus.

ASFV is a large double-stranded DNA (dsDNA) virus with a genome length of 170~194
kb. Tens of genomes of ASFV strains have been completed by using high-throughput
sequencing technologies. Previous studies mainly focused on a limited number of virulence
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determinants or host-range factors, such as EP402R (Borca et al., 1998), EP153R (Hurtado et
al., 2011), A238L (Powell et al., 1996), and the highly variable multigene families (MGFs) at
both ends of the genome (Chapman et al., 2008; de Villiers et al., 2010; Dixon et al., 2013).
Specifically, studies using engineered deletion mutants investigated the variation patterns of
MGF genes (Chapman et al., 2008; Rodr guez et al., 2015), showing that MGF genes are
relevant to host interactions and might be responsible for host range functions (Dixon et al.,
2013; Zsak et al., 2001).

However, there are a limited number of studies on systematic characterization of genetic
properties for the whole gene set in the genome-wide scale (Chapman et al., 2008; de Villiers
et al., 2010). As a dsDNA virus, ASFV has an estimated substitution rate p ~ 6.7x10™
(substitutions per site per year) (Michaud et al., 2013), roughly between that of RNA viruses
such as the influenza virus with pu ~ 10 (Hanada et al., 2004) and that of other large dsSDNA
viruses such as herpes simplex type | virus with u ~ 10® (Duffy et al., 2008). This
substitution level is much higher than that of many bacterial species such as Streptococcus
pneumoniae with p ~ 10® (Croucher et al., 2013). The high substitution rate indicates a high
level of variability in the seemingly conserved central regions previously thought. This high
level of genetic variability may have important implication for understanding the puzzling
adaptive capability and host range of ASFV. For instance, investigation of the breath of the
variability on the genome-wide scale will help to understand the molecular basis underlying
the evolutionary adaptation; identifying the selection pressures acting on the genes will reveal
the genetic factors exposed to host-virus interfaces; dissecting the genetic diversity of MGF
genes will help to clarify the driving force of sequence divergence and functional
diversification of MGF. During the decades of study on ASFV, those critical issues are still
largely unknown.

In this study, we performed a meta-genetic study by using sophisticated computational
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methods to profile the variation landscape of ASFV and identify the genetic factors under
positive selection aiming to characterize the genetic factors relevant to the versatile

adaptation and host interactions for ASFV.

Materials and Methods

Comparative genomic study and phylogenetic inference. The genomic sequences and

annotations of ASFV used in this study were downloaded from NCBI GenBank

(ftp://ftp.ncbi.nim.nih.gov). The non-redundant genomes were identified and used for
downstream analysis by excluding those with close evolutionary distance (< 0.001
substitutions per site), the same isolation countries and isolation time with other strains (see
Table S1). The core genome represents the genes or genomic locations present in all studied
strains of a species and we created the core genome of ASFV by aligning the shredded
genomes against the reference strain Georgia-2007 and extracting the genomic regions
mapped by all other genomes. Finally, the core genome contains 139,677 base pairs and was
used for single nucleotide polymorphism (SNP) detection. The bases at the variant loci for
each ASFV genome were concatenated for distance estimation and phylogeny construction
using MEGAG6 (Tamura et al., 2013) and SplitsTree (Huson and Bryant, 2006). The pair-wise
distance was measured by substitutions per site with the model of maximum composite
likelihood and the tree topology was inferred using the Neighboring-Joining method with a
bootstrap value of 1,000. The tree was also constructed using the Maximum Likelihood
method. The tree topologies are consistent between different methods. Tajima’s D is a
statistic for testing the neutrality of the mutations on the overall scale by computing the
difference between the average number of pairwise nucleotide differences and the number of
segregating sites and was calculated as defined by Tajima (Tajima, 1989).

Detection of functional domains. The functional domains of the genes were detected by

comparison with the PFAM database (Punta et al., 2012). The hits with score > 20 or E-value
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< 0.003 were considered to be significant and tabulated.

Generation of pan-genome and orthologous groups of ASFV. The pan-genome of a
species is the whole set of genes encoded by all studied strains. The genes present in different
strains facilitating similar functions form orthologous groups and are key components of the
pan-genome. On the other hand, paralogous genes are those duplicated in the same strain
from a common ancestor with related but divergent functions (Jensen, 2001). Derivation of a
new paralogous member in a gene family will lead to emergence of new functions and
expansion of the pan-genome size. The pan-genome of the 27 non-redundant ASFV genomes
was generated using Roary yielding 192 pan-genes encoded by at least one strain of ASFV
(Page et al., 2015). The amino acid translation of the pan-genes were aligned against each
ASFV genome using BLAST tblastn in order to determine the 5’- and 3’-end of the
pan-genes in each genome and rescue the genes interrupted by point mutations. Only the
genes present in more than 70% of the 27 non-redundant genomes were cataloged into
orthologous groups and considered for downstream positive selection detection. The
orthologous groups of MGF genes were refined by stratifying the tandem locations of the
paralogous members in each genome to avoid mis-classification given the fact some MGF
genes have higher similarities with paralogs than orthologs. The fusion genes were not
considered for further analysis.

Analysis of selection pressures on the ASFV genes. Multiple sequence alignment was
performed at first in amino acids for each orthologous gene group and then were back
converted to alignment in nucleotides. All the alignments were manually curated to make the
coding sequences in frame. The calculation of non-synonymous substitutions dN and
synonymous substitutions dS was based on the Nei & Gorojobri model (Nei and Gojobori,
1986). Likelihood ratio tests (LRT) of selection pressures acting on individual sites of ASFV

genes were carried out using PAML with the site-specific model (Yang, 2007). For each gene,
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two LRT tests were conducted, i.e., M2 versus M1 and M8 versus M7. The genes with
p-value < 0.05 for the test between M8 versus M7 were considered to contain signals with
significant positive selection. Only the sites showing positive selection with a posterior
probability > 0.9 in M8 were tabulated. The posterior probability was calculated using PAML
with the Bayes empirical tests (Yang et al., 2005). Likelihood ratio tests of divergent selection
of MGF genes were performed using the branch-site Model A in PAML (Zhang et al., 2005).
A total of 13 pairs of paralogous members from MGF360 (1L:2L, 1L:3L, 2L:3L, 4L:6L,
8L:10L, 8L:13L, 10L:13L, 9L:11L, 9L:12L, 11L:12L, 14L:16R, the ancestral branch of
1L/2L:3L, and the ancestral branch of 4L/6L:16R) and 13 pairs from MGF505 (1R:4R,
1R:5R, 4R:5R, 2R:4R, 2R:5R, 1R:2R, 2R:10R, 9R:10R, 6R:7R, 6R:9R, 7R:9R, 6R:10R, and
7R:10R) were chosen for LRT of Model A. Either member in the pairs was treated as
foreground for the Model A test. The sites under positive selection with a posterior
probability > 0.8 for MGF360 and > 0.9 for MGF505 using Bayes empirical tests were
tabulated and mapped to the respective secondary structures.

Multiple sequence alignments of orthologs and paralogs of the MGF genes. Since
sequence similarities between orthologs of MGF genes are much higher than that of paralogs
(except MGF360-1L and 2L, MGF505-6R and 7R), we performed multiple sequence
alignment in amino acids at first for orthologous members of each paralog of MGF and then
for paralogous groups of all MGF360 (except 15R, 18R, 19R, 21R and 22R), or MGF505
(except 3R and 11L due to the high divergence with other paralogs and low reliability of
alignment). The alignments in amino acids were back converted to multiple alignments in
nucleotides.

Secondary structure prediction. The secondary structures of B475L and MGF300-4L were
predicted using PSlpred (Buchan and Jones, 2019), and those of MGF360 and MGF505 using

PROMALS3D (Pei et al., 2008).
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Tertiary structure prediction and structure-guided sequence alignment.

The tertiary structure of EP402R was modeled using PHYRE server with the structure of
human CD2 as template (Kelley et al., 2015). Multiple sequence alignment of EP402R and its
homologs in animals, including human CD2 (Bodian et al., 1994) (PDB ID: 1hnf), human
CD58 (lkemizu et al., 1999) (PDB ID: 1ccz), rat CD2 (Jones et al., 1992) (PDB ID: 1hng), rat
CDA48 (Evans et al., 2006) (PDB ID: 2dru), and boar CD2 (modeled with PHYRE server) was
guided by the tertiary structures. The graphical presentation of the alignment was prepared
using Espript (Robert and Gouet, 2014). The structures of the proteins were presented and
analyzed using PyMOL (Benoit et al., 2008).

Statistical analysis. The statistical tests used in this study including Hypergeometric test,
Mann-Whitney U-test, T-test, and Chi-squared test were performed in the R environment.
Identification of regions with selective sweep. The population size is highly unbalanced
between the two subpopulations o (21 strains) and B (5 strains), therefore we at first identified
the SNPs associated with between-population subdivision and within-population
homogeneity for the clade a and B by selecting loci with the major allele frequency > 85% in
clade a and alternative allele frequency > 80% in clade B. The selected SNPs were subject to
detection of selective sweep using the clustering algorithm described in (Bao et al., 2016).
Briefly, a non-synonymous SNP is randomly chosen in a specific gene as the initial cluster
and each initial cluster is then iteratively extended until its spanning range approaches the
specified sweep length or the boundary of the gene or gene operon. The cluster is further
extended to merge the neighboring SNPs or clusters by minimizing the root-mean-square of
inter-SNP distances. The significance of the clustering for each cluster with m distinct SNPs
spanning a length of L was evaluated using the gamma distribution with the mean SNP rate p
as the rate parameter under the null hypothesis that the SNPs are randomly and independently

distributed on the genome:
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Results

Single nucleotide polymorphism (SNP) detection and selection pressure in the core
genome of ASFV. We performed comparative genomic study of the ASFV strains by aligning
the genomic sequences of the strains to the core genome. The list of ASFV genomes we used
is shown in Table S1. Using 27 non-redundant genomes, we identified 18,070 SNPs, of which
6088 are non-synonymous, corresponding to an average of 129 SNPs/kb. In order to examine
the influence on variation detection from the five distantly evolved strains from Africa, i.e.,
Ken05-Tk1, Kenya-1950, Ken06-Bus, UgandaN10-2015, and UgandaR7-2015 (Fig. 1), we
excluded the five strains, repeated the comparative analysis and obtained 12,652 SNPs with
an average 91 SNPs/kb, again reflecting the high genetic diversity of ASFV. The high
mutation rate is in contrast with the previous notion of high conservation of the core genomes
of ASFV. Therefore, we further estimate the overall selection pressure exerted on the ASFV
population using Tajima’s D test (Tajima, 1989). The calculation of Watterson’s estimator &
(Watterson, 1975) gives a genome-wide average mutation rate of 0.025, significantly greater
than the average pair-wise nucleotide difference of 0.019. It results in a negative Tajima’s D
value of -2.30, indicating evolutionary positive selection of the ASFV population.

Phylogenetic structure of the ASFV population. The genome-wide phylogeny was inferred
using the core genome SNPs of the 27 non-redundant strains (Fig. 1a and Supplementary file
1a). The phylogenetic tree identifies three major distantly related clades (o, B, and y). The
three-clade topology is consistent with that derived from the full-length structural gene p72
(B646L) of the same set of genomes and the partial-length p72 sequences from a broader set
of 85 isolates (Fig. 1b,c, Fig. S1, and Supplementary file 1b). The first clade o contains three

closely related subgroups, comprising isolates from Europe of genotype I, isolates from
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Caucasus of genotype 11, and isolates from Southern Africa of diverse genotypes, respectively.
The second clade B consists of isolates from Eastern Africa of genotype X and X, which are
the predominant genotypes causing outbreaks in this area (Atuhaire et al., 2013). The third
clade y mainly contains Eastern African isolates of genotype VIII, XI, XII, and XIlII, although
only one complete genome is available in this clade (Malawi-Lil83 of genotype VIII). The
phylogeny topology is consistent with that constructed previously based on different number
of ASFV strains (de Villiers et al., 2010; Rebecca et al., 2008).

We observed two prominent features of the phylogenetic structure and geographical
distribution depicted in Fig. 1. First, the tree has a total branch length of 2.1 substitutions per
site. The long phylogenetic distance and relatively short separation time between the three
clades, especially a and B indicates that they have accumulated a significant number of
genetic differences in a short period of time. Secondly, the virus has recurrently emerged at
the same countries at different time points but exhibits significant genomic modifications,
such as those isolates from Malawi (Malawi-Tengani62 and Malawi-Lil83 with a genetic
distance of 0.09 substitutions per site). It re-elaborates the rapid adaptation of ASFV to host
environments and the complexity of the transmission pathways of ASFV. Third, no
temporal-spatial dynamics pattern can be inferred from the phylogenetic structure except the
recent spreading of genotype Il strains. Next, we will investigate in details the genetic
variation profile of the whole population of ASFV, but without focusing on specific
genotypes.

Identification of genes with high frequencies of non-synonymous mutations. The pattern
of gene duplication and loss affecting the MGFs at both ends of the ASFV genomes has been
intensively studied (Donnell et al., 2015; Krug et al., 2015; Rodr guez et al., 2015), largely
due to the postulated roles of MGF360 and MGF505 in host immune evasion and infection

tropism (Dixon et al., 2013; Donnell et al., 2015). Here, we focus on the whole genome to
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characterize the genetic variation properties. We at first identify the variations associated with
virulent phenotypes of ASFV strains. The low number of non-virulent strains in the currently
known data set prevents us from performing a robust statistical association study, we
quantified the non-synonymous allelic changes uniquely present in the two natural isolates
with low virulence, i.e., Portugal-NHV68 and Portugal-OURT88. A total of 13
non-synonymous mutations from 10 genes were uniquely present in the two Portugal isolates
(Table S2). However, none of the genes is enriched with the unique mutations with statistical
significance in comparison with the genome-wide average using Hypergeometric tests.
Therefore we further examined the distribution of all 6088 non-synonymous mutations
along the genome and identified the gene loci mutated more frequently than the genome-wide
average (Fig. S2a). The analysis using Hypergeometric test ranked 23 genes to be
significantly enriched with non-synonymous mutations (multiple testing corrected p-value <
0.001) but not with synonymous mutations (multiple testing corrected p-value > 0.05) (Table
S3 and Fig. S2b). Half of the genes are the members of MGF360, MGF505, and MGF300.
The list also includes the genes involved in DNA replication/repair, nucleotide metabolism,
redox pathway, host interactions, and others with unknown functions. The non-synonymous
mutations in the 23 genes were further laid on each protein domain architecture identified by
comparison with the PFAM database (Punta et al., 2012) (Table S4). We found no significant
difference of the mutation distribution between the key functional domains and the
neighboring regions. The zoomed-in view of the density distribution of the non-synonymous
mutations along the domain architectures for the top genes is shown in Fig. 2c.
Identification of genes under positive selection based on the dN/dS method. The high rate
of non-synonymous mutations observed prompted us to test the potential occurrence of
positive diversifying selection acting on the ASFV-encoded genes. Positive diversifying

selection is represented as elevated amino acid diversity within or across the populations
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resulting in selection of multiple phenotypes. It can be detected by measuring the rates of
non-synonymous substitution (dN) and synonymous substitutions (dS) and calculating their
ratio dN/dS. We at first calculated the dN/dS for each gene based on the Nei & Gojobori
model (Nei and Gojobori, 1986). The analysis shows that most of the genes have a value of
dN/dS < 0.5 and the average value of dN/dS is 0.1, revealing the evolutionary stability of the
genes (Table S5). Notably, at the top of the list are six genes with the value of dN/dS > 1
(D1133L, DP63R, 86R, EP153R, EP402R, and MGF505-4R). By removing three genes with
deflated values of dS due to increased selection against synonymous substitutions (dS <
0.028, p-value < 0.02, one-tailed t-test), we finally obtained three genes (EP153R, EP402R,
and MGF505-4R) with dN/dS > 1, subject to potential positive selection. Among them, the
gene MGF505-4R with the value of dN/dS = 1.2 was also found to be significantly enriched
with non-synonymous mutations in the previous section, implying strong positive selection
acting on this gene. The other two genes, the CD2 homolog protein EP402R and C-type
lectin-like protein EP153R, were previously shown to be involved in host immune evasion
and the hemagglutination ability of ASFV depends on these two genes (Galindo et al., 2000;
Ruiz-Gonzalvo et al., 1996).

Test of selection pressures on individual sites of genes. In most organisms, the genes with
dN/dS>1 are rare because non-synonymous mutations are generally detrimental to protein
functions and are not preferred. Therefore, the individual sites positively selected are usually
masked by the low average value of gene-wide dN/dS. In order to unravel the potential
selection acting on specific sites of the genes, we performed likelihood ratio tests (LRTS)
using the site-specific model of dN/dS (@) in PAML (Yang, 2007). We identified 29 genes
having been subject to potential positive diversifying selection (p-value < 0.05, Chi-squared
test) on an average of 3.1% (22.4%) of sites (posterior probability > 0.9) (Fig. 2a and Table

S6). The list of genes under positive selection covers 11 of the 18 genes with p-value < 0.05
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and 8 of 10 genes with p-value < 0.01 identified by a comparative study of 11 complete
genomes (de Villiers et al., 2010).

The genes here we identified include 17 candidates known to be involved in host cell
interactions, such as EP402R, EP153R and MGF genes. Notably, we also discovered twelve
novel candidates, which have not been shown to be related with host interactions or
investigated thoroughly experimentally, such as the highly divergent proteins B117L and
B602L, and the conserved structural protein pp220/CP2475L (Table 1 and Table S6).
Functional implication of the positively selected sites. In order to ascertain the functional
implication of the positively selected sites in the genes, we tabulated the sites under positive
selection in each gene with a posterior probability > 0.9 and mapped the sites to the domain
architectures of the genes (Fig. 2b,c and Supplementary file 2). The positively selected sites
are largely located in the variable regions or around the short repeats of the genes, such as
EP402R, EP153R, B117L, and B475L. Specifically, eighteen positively selected sites are
identified in EP402R and significantly enriched in the extracellular domain (p-value = 0.046,
Hypergeometric test), which is highly variable among the ASFV lineages. The extracellular
domain has an Ig-like structure resembling to host CD2 protein and is essential for binding of
red blood cells to infected cells or extracellular virions (Alejo et al., 2018; Borca et al., 1998;
Rodr guez et al., 1993). Here we use EP402R as an example to demonstrate the feasibility of
using positively selected sites to delineate their links with virus-host interactions. We
collected the CD2 homologs of EP402R in animals with known functions and structures, and
performed structure-guided comparison with the EP402R extracellular 1g-like domain (Fig.
2d and Fig. 3). As a CD2 homolog, the extracellular domain of EP402R consists of a constant
C-set and a variable V-set Ig-superfamily domain (Fig. 3a-d). We then mapped the positively
selected sites to the aligned sequences and the tertiary structures. It is remarkable that the

sites under positive selection predominantly reside in the loop regions on the top of the V-set
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domain of EP402R, in clear contrast with the location of the ligand-binding sites of host CD2
at the side face of the V-set domain (Fig. 3a-c) (Davis et al., 1998). The orthologous loop
regions in Ig antibodies are responsible for facilitating specificity of antibodies to recognize
antigens (Morea et al., 2000). It indicates the potential roles of the positively selected sites in
the loop regions of EP402R in determining specificity of ASFV for host cell recognition and
enhancing adaptability.

The sites under positive diversifying selection have critical implications for vaccine
cross-protection from heterologous viral strains when the subunits containing those sites are
used as vaccines. Indeed, one of the positively selected sites E157 is located within the
cytotoxic T-cell epitope A6 previously identified (Argilaguet et al., 2012). The positive
diversifying selection on the site E157 and the high variability of the epitope motifs among
ASFV strains provide at least partial molecular etiology of the serotype-specific T-cell
response against DNA vaccines containing the epitopes in EP402R (Fig. 3e). Given the
frequent occurrence of positive diversifying selection in a broad set of genes, full evaluation
of the sequence variability of the target genes in designing vaccines is warranted.

A recent study of EP402R and EP153R also investigated the high sequence variability
and positively selected sites in the two proteins in detail, but detected less sites under positive
selection (Nefedeva et al., 2020). However, the recombination, as demonstrated in that study,
might provide an alternative manifestation of positive selection exerted on ASFV, although
the explicit quantification of their link might pose a new challenge.

In addition to the divergent proteins, four highly conserved structural proteins
(J5R/H108R, P11.5/A137R, P10/K78R, and pp220/CP2475L, in Fig. 2c) were also found to
possess positively selected sites, which have not been shown to be involved in host
interactions experimentally. JSR/H108R is a transmembrane protein at the inner envelope and

P10 is a DNA-binding protein in the viral nucleoid. The positive selection of the sites in these
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structural proteins may represent the evolutionary adaptation of ASFV for successful
colonization and survival in the host niches. Another two proteins with unknown functions
(MGF300-4L and B475L, in Fig. 2c), have the positively selected sites distributed across a
large proportion of the gene regions. The two proteins are unique in that they exhibit high
propensity for forming helices through the whole gene region. In spite of being unable to
obtain confidently a tertiary structure model for the two proteins, we predicted the secondary
structure of MGF300-4L and B475L using PSIPRED (Buchan and Jones, 2019). It shows that
the two proteins predominantly comprise tandem a-helices. The tandem a-helix structural
units have been shown to be able to stack side-by-side arranged in a specific
three-dimensional conformation to create protein-binding interfaces and are commonly found
in binding proteins (Groves and Barford, 1999). The presence of the tandem a-helices in the
two proteins MGF300-4L and BA475L indicates their possible roles in protein-protein
interactions (Fig. S3).

Identification of selective sweeps in the ASFV genomes. A selective sweep is a process
where a beneficial allelic change sweeps through the population and becomes fixed in a
specific population, and the nearby linked sites will hitchhike together and also become fixed.
The process leads to reduced within-population genetic diversity and increased
between-population differentiation in the sweeping region. Such selective sweeps allow for
rapid adaptation and accelerated evolution, and are good indicators for host-pathogen
interaction and adaptive evolution (Stephan, 2019). The unique mechanism of selective
sweeps in causing genetic changes makes it inappropriate to detect them using the
dN/dS-based method. Therefore, we detect the regions of clustered SNPs with gamma
distribution, which is characteristic of SNPs under selective sweep (See Materials and
Methods). We at first identified 6,054 SNPs associated with between-population subdivision

and within-population homogeneity for the clade o and B (Fig. 4a). Those SNPs were
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subsequently subject to detection of selective sweep. A total of 578 clusters of SNPs were
identified encompassing 4,741 SNPs or 2,139 non-synonymous SNPs (Supplementary file 3).
That is corresponding to 26% of the total SNPs or 35% of the total non-synonymous SNPs,
indicating that a high proportion of the genetic variations among the ASFV population have
been likely to be introduced via selective sweep. Among them, 32 regions from 25 genes
show high significance in the signatures of selective sweep (Fig. 4b,c and Table 2).

The gene regions with significant selective sweep exhibit higher population
differentiation and reduced sequence diversity as shown in the key signature genes (Fig. 4d).
Among them are a series of known gene factors involved in host cell interactions, including
MGF505, MGF360 and 1215L, which also harbor sites under positive diversifying selection.
Those gene factors exhibit genetic signatures of both diversifying selection and selective
sweep (Fig. 4d and Fig. 2b). Noteworthy are the 15 novel candidate genes showing strong
signatures of selective sweep (Table 2). A large proportion of them (60%) are involved in key
cellular functions, such as replication, repair, transcription, and metabolism (Table 2).

We notice that four of the novel candidates (A151R, F1055L, CP312R, and E146L) have
been previously demonstrated to induce immune responses in swine following ASFV
challenge (Jancovich et al., 2018; Netherton et al., 2019). Therefore, we proceed to
characterize the shared genetic properties of the candidate genes and compare with that of
known genes inducing immune responses or involved in host cell interaction.

Sequence variability of the candidate genes with diversifying selection or selective sweep.
We ascertain the genetic properties of the genes with positive diversifying selection or
selective sweep by calculating population prevalence frequencies and pair-wise amino acid
divergence of the genes and doing comparison with three gene categories cataloged from
other studies: (i) the non-antigenic conserved structural proteins without positive selection

(Alejo et al.,, 2018), (ii) the antigen proteins eliciting immunological responses in
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immunoassay experiments (Jancovich et al., 2018; Lopera-Madrid et al., 2017; Netherton et
al., 2019), (iii) the proteins previously shown to be involved in host cell interactions (Dixon
et al., 2013; Dixon et al., 2019) (Fig. 5 and Table S7). A non-uniform population prevalence
and higher level of sequence variability are observed in the candidate genes under putative
positive diversifying selection in comparison with the category of (i) conserved structural
proteins and (ii) antigenic proteins, but not with the gene category (iii) involved in host cell
interactions (two-sided Mann-Whitney U-test, Fig. 5a,d,i). The overall high divergence in
amino acid sequences coupled with the significant positive diversifying selection of those
genes suggests that they have mutated frequently during evolution. In contrast, the candidate
genes with signatures of selective sweep are relatively more conserved and present a
comparable level of sequence variability with that of conserved structural proteins and the
known antigenic proteins, supporting their potentiality as generalized immunogenic targets
(Fig. 5b,e,i).

Genetic diversity and divergent selections among paralogous gene members of
MGF360/505. Given that a large number of MGF genes have been identified to be
genetically diverse with significant signatures of positive selection, a natural question is: how
about the breath of genetic diversity and selection pressures among the paralogous members
of MGF and which regions are responsible for the genetic and functional diversity? We
examine the genetic diversity of MGF genes by evaluating the differential selection between
paralogous genes/branches of the two families MGF360 or MGF505. We first constructed the
phylogenetic structures of all orthologous and paralogous members of MGF360 and MGF505,
respectively (Fig. 6a,c and Fig. S4), and then chose the phylogenetically close pairs of
genes/branches to perform the likelihood ratio test of divergent selection. The test identified
10 and 9 pairs showing divergent selection on an average of 8.3% and 9.6% of the sites

among MGF360 and MGF505, respectively (p-value < 0.05, Chi-squared test) (Fig. 6a,c and
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Table S8). The divergent selection clearly indicates the distinct evolutionary forces exerted on
the array of paralogs of MGF, thus forming a genetic pool for functional diversification. The
functional diversification is further supported by the divergent regulation patterns across the
paralogous members of MGF (Fig. 6b,d). The regulatory divergence is manifested
qualitatively in the distinct promoter motifs and their distances to the translation start site
(TSS) among paralogous members of MGF. Further profiling the promoter regions 55
nucleotides upstream TSS of MGF genes shows that the promoter divergence is correlated
with the evolutionary distances between paralogs of MGF (Fig. S5). The regulatory
divergence in the promoter regions, coupled with the differentiated selection pressures
between paralogous pairs of MGF360 and MGF505 constitutes important genetic basis for
functional diversification of MGF genes, providing a wide spectrum of specificity in host
tropism and adaptation. Interestingly, we found that the consensus motif patterns we obtained
specifically for MGF360/MGF505 are very similar to that profiled experimentally in a recent
study for a set of early transcribed genes including MGF genes in the ASFV strain
Spain-BA71V (Cackett et al., 2020). The consistency between the two studies provides
further support for our results.

To unveil the genetic properties of the gene regions under divergent selection, we
identified the sites under putative divergent selection between the paired genes/branches of
MGF360/MGF505, and quantified the site distribution along the predicted secondary
structure of MGF360/MGF505, respectively (Fig. 6e,f and Supplementary file 4).
Interestingly, the sites exhibit quasi-periodic distribution and are enriched periodically in a
few patches of length ~ 30 residues (p-value < 0.05, Hypergeometric test). This average
length of enrichment is close to the length of the ankyrin repeat (Mosavi et al., 2004), which
is believed to be the building blocks of the MGF protein structures. Actually, the predicted

secondary structures of MGF360 and MGF505 display signatures of tandem ankyrin repeats,
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each consisting of a helix-loop-helix motif followed by another loop region. Protein domains
containing tandem ankyrin repeats usually fold into a conserved tertiary concave/convex
structure mediating protein-protein interactions. The surface recognition residues are highly
variable, affording specific interactions with a broad range of host targets (Mosavi et al.,
2004). Ankyrin repeats have been described to be the major functional units in host range
factors in several poxvirus species (Bradley and Terajima, 2005; Herbert et al., 2015; Li et al.,
2010). Here in the absence of the protein structure of MGF proteins, we demonstrated that the
periodic patches of residues in ankyrin repeats exhibit differentiated evolutionary selection
among paralogous members, thereby representing the motifs facilitating genetic and
functional diversity of MGF in the multifaceted interactions with host cells. Further studies

are required to ascertain the role of the motifs in host interactions.
Discussion

In our pursuit of characterizing the variation landscape of ASFV genomes and unraveling a
comprehensive set of candidate genes with positive selection signatures and relevance to host
adaptation and interaction, we identified 29 candidate genes with positive diversifying
selection and 25 with selective sweep. Among them, eight show signatures of both kinds of
selection and 24 are novel candidates that so far, have not been reported to be associated with
host interactions. The genes showing selection signatures are widely distributed across the
genome, highlighting adaptive evolution at multiple genomic regions of ASFV during the
interactions with hosts. We summarize and present the candidate genes in a unified scheme of
interactions between ASFV and hosts in a framework of the virus life cycles and host defense
processes (Fig. 7) (Rodriguez and Salas, 2013).

The proteins in the scheme include those known to be relevant to host immune evasion,
such as EP402R for surface adherence of infected cell (Borca et al., 1998), EP153R for
inhibition of MHC expression and host cell apoptosis (Alejo et al., 2018; Hurtado et al.,
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2011), A238L for production impairment of immune regulator NF-xB and cytokines TNF-a
(Powell et al., 1996), and multiple MGF genes for modulation of interferon (IFN) response
(Afonso et al., 2004; Correia et al., 2013).

The scheme also contains the proteins critical for the virus life cycles facilitating
successful entry and proliferation in host cells, such as the structural proteins pp220, J5R,
P11.5, P10, and B602L localizing at distinct layers of the viral particles for virus entry and
assembly (Alejo et al., 2018), the basic enzymes P1192R, F1055L, F778R, A240L and
EP1242L involved in replication, repair and transcription in host cytoplasm (Dixon et al.,
2013). The key roles played by the proteins and the relatively high conservation make them
promising candidates for vaccines with cross-activity.

The cellular processes the candidate genes are involved in, provide a variety of sources
of selective pressures acting at multiple stages of the infection cycles for ASFV to evolve and
adapt. In this regard, these genes may constitute an important part of the genetic factors of
ASFV in circumventing host defense systems and enhancing fitness in a specific manner.

Our data reveals that the adaptive evolution of ASFV has been shaped by both positive
diversifying selection and selective sweep. The results show that the genes with diversifying
selection exhibit a higher level of sequence variability than those with selective sweep and
provide important implications for vaccine design. The most prominent are EP402R, EP153R
and MGF360/MGF505 with the highest genetic variability, the only known proteins so far
shown to be both virulence determinants and immunogenic targets (Boinas et al., 2004;
Burmakina et al., 2016). However, the high sequence diversity of EP402R/EP153R and
mosaic presence pattern of MGF360/MGF505 among the ASFV population make it difficult
for them to achieve desirable cross-protection (Malogolovkin et al., 2015). The dual role of
EP402R, EP153R and MGF360/MGF505, as both potential virulence determinants and

immunogenic proteins, may also introduce confounding factors in designing live-attenuated
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virus vaccines (LAVSs). Recently, as an encouraging example, elimination of EP402R from
the virulent BA71 to obtain the LAV strain BA71ACD?2, protected pigs against homologous
and heterologous virus challenges (Monteagudo et al., 2017). Similarly,
ASFV-Georgia-AMGF, a LAV strain lacking a series of MGF genes, protected animals
against homologous challenges (Donnell et al., 2015). Unfortunately, sequential deletion of
multiple genes provoked in occasion the loss of protection due to excessive attenuation
(O'Donnell et al., 2016). It is worth mentioning that the role of EP402R as a virulence factor
of ASFV has not yet been explicitly determined due to differential virulence outcomes from
disruption of EP402R in distinct isolates. A few studies have shown that abrogation of
EP402R function does not significantly alter the virulence of the mutants (Borca et al., 1998;
Borca et al., 2020). The isolate-dependent functional effect of EP402R will pose additional
challenges for designing LAVS.

The divergent selection between paralogous genes of MGF360/MGF505 further
complicates the vaccine design. We identified differentiated selection pressures and
regulation patterns between paralogs of MGF360/MGF505 conferring genetic diversity and
functional diversification. The possible scenario is that the antigenic activities and expression
levels of paralogs of MGF360/MGF505 are strain-specific and/or host-dependent. This
scenario provides a rationale for the observations that variable deletion patterns and
expression profiles of paralogous members of MGF have been resulted from different
adaptation processes or have induced distinct viral growth outcomes in host niches (Krug et
al., 2015; Rodrguez et al., 2015). Up to now, the precise connections between the MGF
genes and physiological conditions are still largely unknown. Optimal choices of paralogous
MGF genes and gene regions remain to be tested when they are used as immunogenic targets.
The specific sites under divergent selection we dissected in MGF360/MGF505 provide

important information in aiding for the tests.
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Compared to the high divergence of the candidate genes with diversifying selection, the
genes with selective sweep display a relatively low level of within-population diversity at
sweeping regions and a high degree of average conservation. Many of them (60% of the
novel candidates) are involved in the critical events in the life cycles of ASFV infections,
such as replication, repair and transcription. Interestingly, an evolutionary study of the
influenza A virus H3N2 showed that the emergent severe seasonal flu in 2004/2005 was
correlated with mutations in the key ribonucleoprotein (RNP) complex acquired by a
circulating lineage via selective sweep and the lineage was demonstrated to induce elevated
replicative fitness and more severe clinical diseases (Memoli et al., 2009). We argue that the
genes with selective sweep are important contributing factors for the rapid adaptation and
enhanced fitness of the ASFV population circulating in specific areas. The relatively high
conservation and critical roles of the genes make them promising candidates for vaccine
molecules or drug targets.

We highlight the importance of our findings in the two following two aspects. (1) Our
data provides novel insights into the adaptation and fitness of ASFV. The multifaceted genetic
characteristics of ASFV genes imply that the virus may have utilizing multiple mechanisms
(such as genetic diversification, selective sweep and divergent selection) and pertinent
genetic factors for successful replication, adaption, and persistence during interaction with
continuously changing host environments, including warthogs, ticks, and domestic pigs. The
plethora of variable genetic factors may act as a genetic pool for adaptation to new hosts by
functional diversification or immune escape, though the alternative new hosts beyond the
currently known have not yet been reported. (2) The candidate genes we identified in the
study could serve as valuable targets for vaccine molecules or therapeutic agents, and the
sites with signatures of positive selection will be valuable for precise design and engineering.

We also understand that the methods we used for identifying selection are not perfect and the
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genetic variability might have been underestimated due to the limited size of the ASFV
population or the conservation of the selection analysis methods. We believe that the
availability of more genomic information in the future will be of great help for overcoming

the limitation.

Data availability
The multiple sequence alignments used for selection analysis and supplementary files are

available through the links: https://figshare.com/projects/ASFV_alignment/82718 and

https://figshare.com/projects/ASFV_supplementary files/90335, respectively under the MIT

license.
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Table 1. Novel candidates with positive selection signals at a fraction of sites with ®
(dN/dS) >1 based on the likelihood ratio tests.

Gene p-value # of sites Function

pp220/CP2475L < 1E-20 25 Structural polyprotein precursor (core shell)
B602L 2.2E-05 4 Chaperone protein of P72

MGF300-4L 0.004 9 Multigene family 300

J5R/H108R 0.001 1 Structural protein (inner envelop)
P11.5/A137R 0.006 4 Structural protein (virus factories)
p10/K78R 0.022 4 DNA-binding structural protein (viral nucleoid)
A240L 0.002 2 Thymidylate kinase

Q706L 0.034 1 Helicase superfamily I1

B117L 1.1E-05 3 Uncharacterized protein

86R 4.6E-05 8 Uncharacterized protein

B475L 0.005 14 Uncharacterized protein

L60L 0.023 3 Uncharacterized protein

Note: # of sites indicates the number of sites in the specific gene under positive selection with a
posterior probability > 0.9 using Bayes empirical tests.
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Table 2. Gene regions with significant selective sweep.

Genomic location #of  Sweep Gene location p-value Function
Start End SNPs length Gene Start End corrected
Genes known to be involved in host cell interaction
176588 177082 56 494 MGF360-16R -1 493 <1E-20  Multigene family 360
42644 42992 55 349 MGF505-9R 12 360 <1E-20  Multigene family 505
43166 43394 28 229 MGF505-9R 534 762 <1E-20  Multigene family 505
43580 43775 24 196 MGF505-9R 948 1143 <1E-20  Multigene family 505
44899 45466 50 568 MGF505-10R 336 903 <1E-20  Multigene family 505
37872 38331 46 460 MGF505-5R 528 987 <1E-20  Multigene family 505
38379 38643 29 265 MGF505-5R 1035 1299 <1E-20  Multigene family 505
37356 37560 25 205 MGF505-5R 12 216 <1E-20  Multigene family 505
49855 50151 30 297 MGF360-15R 490 786 <1E-20  Multigene family 360
178236 178537 29 302 MGF505-11L 819 1120 <1E-20  Multigene family 505
36697 36997 25 301 MGF505-4R 902 1202 0.0150  Multigene family 505
37041 37193 17 153 MGF505-4R 1246 1398 0.0087  Multigene family 505
23397 23606 20 210 MGF360-8L 396 605 0.0145  Multigene family 360
Ubiquitin conjugating
173990 174197 21 208 1215L 234 441 0.0040  enzyme
46308 46684 29 377 A224L 300 676 0.0145  1AP apoptosis inhibitor
Novel candidate genes
150420 150855 46 436 P1192R 2890 3325 <1E-20 DNA topoisomerase type Il
150185 150371 18 187 P1192R 2655 2841 0.0318 DNA topoisomerase type Il
22021 22360 35 340 MGF300-4L 570 909 <1E-20  Multigene family 300
48674 49031 34 358 Al151R 24 381 <1E-20  Involved in redox pathway
58166 58389 32 224 F778R 1167 1390 <1E-20  Ribonucleotide reductase
175802 176124 31 323 DP238L 290 612 <1E-20  Uncharacterized protein
156642 156932 30 291 R298L 22 312 <1E-20  Serine protein kinase
63391 63588 27 198 K205R 199 396 <1E-20  Uncharacterized protein
Structural polyprotein
119386 119642 27 257 CP2475L 5049 5305 <1E-20  precursor
160977 161318 31 342 QP383R 453 794 0.0006  Nif S-like protein
161389 161625 23 237 QP383R 865 1101 0.0029  Nif S-like protein
62145 62415 25 271 F1055L 585 855 0.0029  Helicase superfamily Il
165252 165489 23 238 E146L 120 357 0.0029 Uncharacterized protein
RING finger containing
170094 170377 24 284 1267L 68 351 0.0168  protein
127731 127897 20 167 CP312R 447 613 0.0006 Uncharacterized protein
67870 68014 19 145 EP1242L 2229 2373 <1E-20  RNA polymerase subunit 2
47935 48092 18 158 A240L 273 430 0.0035  Thymidylate kinase

Note: The significant sweeping regions should satisfy two thresholds: multiple testing corrected p-value < 0.05 and
the number of SNPs > 18 in each region. The multiple testing corrected p-value was determined using the Bonferroni

procedure.
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Figure legends

Fig. 1. Phylogenetic tree and geographical distribution of ASFV strains. (a) Phylogeny built from the
core genome of 27 non-redundant ASFV strains. (b) Phylogeny built from the full-length structural gene p72
(B646L) of the 27 non-redundant ASFV genomes. The subtypes are shown on the right. (c) Geographical
distribution of 85 non-redundant ASFV isolates and the phylogeny constructed using the C-terminal 414 bp
of p72 sequences available from public databases. The partial p72 sequences of the 85 non-redundant ASFV
isolates with unique geographical location and isolate time were compiled from the NCBI database
https://www.ncbi.nlm.nih.gov/ and mapped to the geographical locations. The trees were inferred using the
Neighboring-Joining method with 1000 bootstrap. The trees built from all three datasets forms three major
clades a, B, and y indicated on the corresponding branches.

Fig. 2. Genetic and functional properties of genes with positive diversifying selection signals. (a) The
genes containing sites under positive diversifying selection (p-value < 0.05). Top panel: the genomic
locations of the genes. Bottom panel: histogram representation of the number of sites with significant
selection in each gene (posterior probability > 0.9). (b,c) Layout of the positively selected sites on the
domain architectures of the key genes known to be relevant to host interactions (b) and of novel candidate
genes with unknown host interactions (c). The positively selected sites (in black triangles) of EP402R,
EP153R, MGF505-4R, B475L, and B117L are largely located in the variable regions or near around short
repeat-rich regions (arrows, with blue ones for putative N-linked glycosylation sites). The functional
domains are represented as colored bars and the transmembrane domains as directed frames pointing
towards outside of the membrane. The active sites are shown as diamonds. The red bars show overlapping
regions with signatures of selective sweep. The lengths of the proteins might be longer than the actual length
due to gaps induced by multiple alignments. The length of the protein CP2475L is in a shrunk scale due to
its exceptionally large size. Abbreviations: DXQNT: DXQNT repeats; TM: transmembrane domain; P-rich
repeat: proline-rich repeats; ANK: ankyrin repeat; UQ_con: ubiquitin-conjugating enzyme; H-rep:
histidine-rich repeats; Colicin-V: Colicin-V production domain; SP-like: signal peptide-like domain;
Thymidylate_kin: thymidylate kinase domain; bZIP_1: basic leucine zipper domain; Viral polyN: viral
polyprotein N-terminal domain. (d) Multiple sequence alignment of the extracellular 1g-like domain of
EP402R and its homologs in rat (CD2, CD48), human (CD2, CD58), and boar (CD2). The secondary
structure of rat CD2 is displayed on the top of the alignment with B strands in arrows and 3 turns in TT. The
known ligand-binding sites of CD2, CD48, and CD58 are highlighted in yellow and the positively selected
sites in EP402R are in green (posterior probability > 0.9) or light green (posterior probability > 0.8). Two
known epitopes F3 and A6 in ASFV strain Spain-E75 are framed in cyan boxes.

Fig. 3. The structural mapping of the positively selected sites of EP402R and comparison with key

sites in CD2 homologs. (a) The positively selected sites in EP402R mapped to the modeled structure of
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EP402R. Both C-set and V-set domain are shown. (b) The ligand-binding sites of human CD2 mapped to the
V-set domain in the structure (PDB ID: 1hnf). (c) The ligand-binding sites of rat CD2 mapped to the V-set
domain in the structure (PDB ID: 1hng). The sites are shown as colored sticks with positive-charged
residues in blue, negative-charged residues in red, polar residues in magenta, and hydrophobic residues in
yellow. (d) Superposition of the V-set domain of the structure of EP402R, human CD2, and rat CD2. Three
proteins share a similar V-set domain structure forming a globular fold with two B-sheets. (¢) Two known
epitopes F3 and A6 in EP402R showing high divergence among ASFV strains. The positively selected site
E157 in A6 is indicated in black triangle. The strain Portugal-L60 has a deletion at the location of A6. The
truncation of EP402R by deleted nucleotides in Portugal-OURT88 and Portugal-NHV68 was recovered to
obtain the normally translated epitope sequences.
Fig. 4. Genomic distribution and genetic properties of genes with signatures of selective sweep. (a)
Distribution of population differentiation Fg and diversity m of a series of 100-loci sliding windows from
three groups of SNPs: associated with between-population subdivision, not associated with
between-population subdivision, and all detected SNPs. The between-group differences were evaluated
using wilcoxon rank sum test and the p-values were indicated for the comparison between associated SNPs
and the other two groups. (b) Venn diagram of number of genes with putative diversifying selection and
selective sweep. (¢) Significance of regions with signatures of selective sweep as shown with gradient colors.
The height of bars shows the number of SNPs in the sweeping regions and the width shows the spanning
length of the sweeping regions. (d) Between-population differentiation Fg (in magenta) and
within-population diversity © (in blue for the clade a and cyan for the clade B) of six representative genes
containing regions with putative selective sweep as shown with red bars. Only the sweeping regions longer
than 135bp and Bonferroni-corrected p-value < 0.05 were considered significant and indicated. The regions
show higher between-population differentiation and reduced within-population diversity in comparison with
the nearby regions. The scale for the between-population differentiation is shown on the left axis and the
within-population diversity on the right axis.
Fig. 5. Presence frequencies and sequence divergence of the genes with signatures of diversifying
selection and those with selective sweep. (a) The genes with signals of diversifying selection in this study
and known to be involved in host interactions. (b) The genes with selective sweep in this study and known to
be involved in host interactions. (c) The genes lost in avirulent strains without significant diversifying
selection or selective sweep. (d) The novel candidate genes with diversifying selection signals. (e) The novel
candidate genes with selective sweep signals (f) The non-antigenic conserved structural proteins. (g) The
antigen proteins eliciting immunological responses in immunoassay experiments. (h) The genes known to be
involved in interactions with host cell components. (i) Mann-Whitney U-test of amino acid divergence
between any two groups of genes above. For each gene, the mean amino acid divergence among the ASFV
29


https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.12.249045; this version posted March 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

strains was used as the proxy for the test. The presence frequency was calculated as the percentage of
presence of each gene within the 27 non-redundant ASFV strains and represented as colored bars. The
sequence divergence was evaluated as pair-wise amino acid differences displayed as jitter plots. The average
of pair-wise divergence for each gene is indicated with grey diamond. The names of MGF genes ignore
“MGF” for figure compactness.

Fig. 6. Genetic diversity among paralogs of MGF360 and MGF505. (a,c) Divergent selection between
paralogous pairs of genes/branches of MGF360 and MGF505 mapping to the phylogenetic structure. The
phylogenetic trees were inferred using Neighbor-Joining method with 1000 bootstraps. The branches
containing orthologous members of each paralog are collapsed indicated with triangle. The exceptions are
three isolates of MGF360-1L (Kenya-1950, Ken05-Tkl, and Spain-E75), which cluster together with
MGF360-2L, and five isolates of MGF505-7R (Malawi-Lil83, Kenya-1950, Ken05-Tk1, Ken06-Bus, and
UgandaN10-2015), which cluster together with MGF505-6R. The pairs of genes/branches used for LRTs are
connected by frame lines with blue arrows indicating the gene/branch under positive selection at a fraction
of sites and grey lines indicating no significant positive selection in either of the gene/branch. (b,d)
Divergent promoter regions from -55 to -1 upstream translational start sites of MGF360 and MGF505. The
sequences with common signatures are highlighted with underline and the potential 5-nucleotide promoter
motifs with double underline. (e,f) Distribution and enrichment of sites under divergent selection between
paralogous pairs of genes/branches of MGF360 (e) and MGF505 (f). Only the sites with a posterior
probability > 0.8 in MGF360 and > 0.9 in MGF505 are shown (colored pentagons). Either of the partners in
the pairs was treated as foreground in LRTs (indicated in the parentheses). The sites are mapped to the
predicted secondary structure of MGF360 and MGF505, respectively (cylinders for a-helices, arrows for
B-strands, and lines for coiled loops. A 25-codon sliding window plot of the site density is shown as dotted
grey lines. The p-value of enrichment was calculated with the Hypergeometric test for each 25-codon
window and the consecutive windows with p-value < 0.05 were merged to a single region indicated with
horizontal bars.

Fig. 7. The integrated scheme of interactions between ASFV genes with signatures of diversifying
selection/selective sweep and host components. The interactions are depicted in the framework of the virus
life cycles and host defense processes. The ASFV-encoded proteins are associated with different parts of the
viral particle or released at different stages of the infection cycle (purple ovals). They interact with host cells
via DNA-binding, surface adhesion, inhibition, or activation. The host cell is bounded with membrane
indicated with the round soft edge. Host-encoded proteins are shown as aqua squares. ASFV-encoded
proteins with unknown function or expression time are shown as grey ovals outside of the membrane. Not
all members of MGF360 or MGF505 are involved in the interactions. Key host molecules affected by ASFV,
such as NF-kB, IFN, TNF-a, and ISGs are shown in red. Other abbreviations: TNFR: TNF receptor; IFNR:
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IFN receptor; Viral DNA PRR: viral DNA pattern recognition receptor; ISGF: IFN-stimulated gene factor;
ISGs: IFN-stimulated genes; ISRE: IFN-stimulated response elements; RBCs: red blood cells.

Fig. S1. Phylogenetic structure constructed for the core genome of ASFV (a) and the C-terminal 414
bp of the structural gene p72 presented in a dendrogram tree (b). The tree for the p72 was built from the
isolates compiled from the NCBI database https://www.ncbi.nim.nih.gov/. A total of 85 non-redundant
isolates were obtained with unique geographical location and isolate time and were used for tree
construction. The tree was inferred using the Neighboring-Joining method with 1000 bootstrap without
consensus. The isolate names in the p72 tree were presented as the combination of accession number,
location, time and genotype.

Fig. S2. Profiling of the distribution of non-synonymous mutations along the ASFV genomes. (a) The
density distribution (number of mutations per kb) of non-synonymous mutations along the genome of the
representative strain Georgia-2007. The top genes with the highest density of non-synonymous mutations
are indicated. (b) All genes enriched with non-synonymous mutations (g-value < 0.001) but not with
synonymous mutations (g-value > 0.05) are shown in blue dots. The genes enriched with synonymous
mutations (g-value < 0.05) but not with non-synonymous mutations (g-value > 0.05) are shown in red dots.
The genes are not enriched with either mutations are in black dots. The g-value is defined as the multiple
testing corrected p-value using the Benjamini-Hochberg procedure. The p-value was calculated with the
Hypergeometric test. (c) A detailed view of the density distribution of non-synonymous mutations for three
top genes is depicted along the domain architecture of the genes. There is no significant difference of the
mutation distribution between different functional domains.

Fig. S3. The predicted secondary structures of B475L (a) and MGF300-4L (b). The secondary structures
are represented as a-helices (cylinders), B-strands (arrows), or coiled loops (lines). Both proteins are
predominated by tandem a-helices.

Fig. S4. The heatmap of pair-wise nucleotide similarities of the orthologous and paralogous genes of
MGF360 (a) and MGF505 (b) along with the phylogenetic structure. The phylogenetic structure was
inferred using Neighbor-Joining method with 1000 bootstraps for the orthologs and paralogs for each
member of MGF360 and MGF505. The sequence alignments used for the phylogeny are provided in the
public link https://figshare.com/projects/ASFV_alignment/82718 (see “Data availability”). Only nodes with

the support value > 30 in the phylogeny are shown. A colored scale for the nucleotide similarities is given on
the right side of the heatmap. The similarities between orthologous genes are much higher than that for
paralogous members, and therefore the former cluster together in the trees, except three isolates of
MGF360-1L (from Kenya-1950, Ken05-Tk1, and Spain-E75), which cluster together with MGF360-2L, and
five isolate of MGF505-7R (from Malawi-Lil83, Kenya-1950, Ken05-Tk1, Ken06-Bus, and
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UgandaN10-2015), which cluster together with MGF505-6R.
Fig. S5. Correlation between the promoter divergence (y axis) and the synonymous substitution rate
for each pair of genes/branches (x axis) in MGF360 (a) and MGF505 (b). The fitted lines of linear

regression are shown in red and the fitting equation and Pearson correlations R? are indicated.

32


https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 1

(]
a b c ®
° (]
%~ POL2015-Podlaskie Russia-Kashino13 X @
8‘” Pol17-C201 Georgia-2007
China-SY18 China-SY18 I
Estonia-2014 100 Pol17-C201 (0} 0
. Russia-Odintsovo14 Russia-Odintsovo14 o o ®
Russia-Kashino13 POL2015-Podlaskie % ()
0 Georgia-2007 Estonia-2014 Y
SouthAfrica-Mkuzi1979 SouthAfrica-Mkuzi1979
®-Spain-BA71V WestAfrica-Benin97
b Spain-BA71 0 Spain-BA71V ®
Portugal-L60 Spain-BA71 |
w| @ Portugal-OURT88 99 Portugal-L60
a Portugal-NHV68 & Portugal-OURT88
Spain-E75 Italy-265440G10 .
WestAfrica-Benin97 Spain-E75
Italy-265440G10 Portugal-NHV68 ® o
- Italy-47Ss2008 Italy-47S52008 o © @
I Malawi-Tengani62 Malawi-Tengani62 v 0.2 @
| [~ SouthAfrica-Warmbaths04 | | — SouthAfrica-Warmbaths04 | Il L ] o o ©,
w| - Namibia-Warthog04 57| - Namibia-Warthog04 v & oo  © el oVl oYX
10-SouthAfrica-Pretori96 43-SouthAfrica-Pretori96 XX o ©%, g el oVl exX
—¥—— Malawi-Li183 Malawi-Lil83 vie e V' o
%~ Ken05-Tk1 81~ Ken05-Tk1 B . 2 el evi exi
B Kenya-1950 100, - Kenya-1950 X /’ ° .30. @IV @ IX @ XX
| —Ken06-Bus 10| —Ken06-Bus | ° _o
w0 UgandaN10-2015 w0 - UgandaN10-2015 X 'N\. h o® o °o@ © . OV e X exxl
w-UgandaR7-2015 5-UgandaR7-2015 & S o
wh, ro ® 2005-2018
! o © e 1990-2004
< e 1980-1989
e 1950-1979


https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Fig. 2

a I T . 1N . 1

i -Log10(p-value) NN
% 20- 10 7.5 50 25
3 15-
8 10-
3 5
G 0-
+ M & 1@ v o AV A A VY B AVARL R v v o QY B & n & QY B
/63 JX<SL' 63 Q’ g) Sb Q/ng . Q;b sp(y ?3/4} (§bc§b(ép/\ fD;fb QD Qy f{b :\’:& cy ()
éz"’b‘%é?(?b‘ QP M F S S MEOXESASES WP ¥ TS %g‘ggog O3S
v v Yvw y v v w v wy \4 v
505-4R - MGF505 family domain
YYyY vyw Yy Ywy rTrvwwy v Yy v Y Wy
EP402R  Extracellular Ig-like domain ~ TM P-rich repeats TM  Ciype lctin EP153R
A 44 4 44 s A 444

vy vv v vww

v
1215L — ANK ANK ANK ANK A238L

C v vy w v vw
HIOSRIMII e B AL37TR I KT8R
v v v v v vvy v vy
004L0 . Thymidylate_kin """ A240L

w YYYW WY vy YwYYYVY VY
B475L [SP-like T bZIPCL T i 8eR
v v vy
w v vy
444 Colicin-V
v
¢ ¢ ¢
v v A 4 v ¥ YWY
|
pl p2 p3 p4 5 po6 p7 nl p8
d — T' T — TT TT > TT » T T — T Tep TT — QQQ —
1 10 20 30 40 50 60 70 80
CD2Rat R............ DSGTVWGALGHGINLNIPNFQMTDDIDEVIRQER. . .GSTLVAEFKRKMKPFLKS. .. .GAF|EILANGDMEMKNTLTRDDSGTYNWVTWVY
CD2 Human KEI......... TNALETWGALGODINLDIPSFOMSDDIIDDIIKYEKTSDKKKIAQFRKEKETFKE ., . . .. KDT|Y[KLFKNGTHMEMKH LK T|DDQD IYKVSIY
CD2 boar LIFIVSNKGTVSQITEVVWGI[VDQDINLD[IPELSKHDNVIDHIREQK . . NENKIAEFKKNKETHPV. . . .. KD T[Y[MML PN GITHRIK D|LK RD D|E G I|¥[K[V|T|[V]Y
EP402R MITILIFLIFSNIVLSIDYWVISEFNKTIT DSNIT.DNNDING SRINFFNNSFN|T ATCGKAGNFCEC.NYSTSIYNITNNCS TMFPHN . DVIFDT|T|Y| W
CD48 Rat FQDQSVPNVN......... AT[TGSNVTLTI|L . KHP LAS|YQRLTR . LHTTNQKIJEYFPNGKKTVFESVFKDRV[DLDK T[N G YNV|S K|E D|RG D|Y|Y[MRIML
CD58 Human FSQOI.....uwenn... YGVVYGNVIFHVPS. .. NVPLKEVLY . KKQKDKVAELENSEFRAFSSFKN. . . RVYJLDTV|SGSMTRY NLT SSDED EYEME SP
B9 B10 B11 12 B13 14 B16
»TT > > > > TT > > > T T >
20 110 120 130 140 170
CD2 Rat STNGTRILNKALD VS KM Y[ EMSNAT LEE VIEE T OV EL K@ Y0 K E HL Es LROK TMS[Y] RVEQE[SEMEVVNEPE . .
CD2 Human DTKGKNVLEKIFD|LKI|QER[VSKIFKMS/WT[MINT|T LgyeE VMNETDP ELNMYIOQODGKH|LE. LS|IQRV|ITH KVEJKE|S|SVIEP[VS[®MPEK .
CD2 boar ATDGKHMLERKF D|LP|I|L{D|G|V S Kig VB S|\ S[MADK|T Viye vV A Ele S D|P K LK Y|V NK S T|A RIE GR|Q KIV| I|L{W| NAFEQ|ISMVT|ISMTGQG
EP402R NQIIN...... AT PEINMT[Y/NETN|F|L TpdelK K N N[ TN T N|I|vp#N I N D T F|v K| ¥[T N[E S[I[LIE[Y TIIE T sE(T|THE I v™T YL T
CD48 Rat HETEDQWK. . . v S Kigupd v [ Efels AT LpdelE v L El T OV E|T K v|0 GK E HL RS LRIOK T|MS|Y RVEQE[SEMEVVN[EP . . .
CD58 Human NITDT.MK. .. VS KigMpd v E[MSMAIT LpelE v LE[E T DIV E|L| KM Y|Q GKE H[L R[S LRIOKIT|MS[Y] RVEQE|SEMEVVNEPE . .



https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

C2-set

e POL2015-Podlaskie
Pol17-C201

China-SY18
Estonia-2014
Russia-Odintsovol4
Russia-Kashino13
Georgia-2007
SouthAfrica-Mkuzi1979
Spain-BA71V
Spain-BA71
Portugal-L60
Portugal-OURT88
Portugal-NHV68
Spain-E75
WestAfrica-Benin97
Italy-265440G10
Italy-47Ss2008
Malawi-Tengani62
SouthAfrica-Warmbaths04
SouthAfrica-Warthog04
SouthAfrica-Pretori96
Malawi-Lil83

Ken05-Tk1l

Kenya-1950

Ken06-Bus
UgandaN10-2015
UgandaR7-2015



Administrator
Typewritten Text
Fig. 3

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.12.249045; this version posted March 12, 2021. The copyright holder for this preprint

(whids gs

bt certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

) A -20 0.6- -
E 1.00" === 'T’_ P <1.0x10 l | P < 1.0x10-20 | kSnWeep_ Sweep—
5 i 5\ P <1.0x1020 QNIC\S‘ Own novel dN/dS
£ i 5 2 oWt 5 12 Tove
& 0.75- \m‘ ¥ £ 04 K )
€ >
§ ° 5 3
£ S ) 12 0 0 9
T 0.50- A g 02 e
s = =] o 5 , 0 .
e 0 o , T | ?‘ 5 5
§- 0.25- T 0.0- = .
o Assoéiated notAss'ociated aIISNPs Assoéiated notAss'ociated aIIS'NPs
C 505-9R 01 2 3 45 6 360-16R
-Log10(p-value) e ™
60 505-10R g10(p )
= P1192R
c
R
>
o 40- & o -
= 300-4L oY o 2, 2,
Q Lol A\ > 1
D < N & )
= &P R &
% N -
> < CP2475L >
b= 5
= - CP312R
S - 360-8L
% |
Z
n
Y
O l
:':.: 1 I - - L
] | i : J - -

__

TS of 1y 1 1134

1|.._..]|M L

80k 100k 120k
Genomic location (bp)

20k 40K 140K 160K 180K

o
—

d - = .FSt - = -Tc.l
505-5R 360-8L A224L T2
i; 1.0’ ". ., l\‘ R Ten ,* ...‘ . 1-0 Fl ,'| 1.0' ."‘l| .‘ ¢ " . "‘ N " "l‘ - -
L8 . . T O T LA F0308 7 T L e et
506 wheett COGT e T e e AT (0208w e e
£ 4] et Y 10124 I T -
.d% 04 . '.0. . 0.2 .'l :" ." . : : . : 101 0'27'- PR .: “ : e I""‘- :
5 0.2]. ‘l.t‘ 0' ,. . ‘ ‘f.‘_a - ."' . ‘.‘. - ”‘ ’0.0 0.0‘ ----- "’ '.i. . -.' “"‘\"-‘ -:-I-‘..-" . --, 700 0'0_. ' ‘. |-.- l‘-‘ .‘ ‘.-T“ - .70'
5 0 200 400 600 800 1000 1200 1400 0 200 400 600 800 0 100 200 300 400 500 600
£ 505-4R 300-4L 1215L
= 1.0f o, 1.0 U 1.07 P E—T
é 0.8¢ -. . ), : ’.'..L N KN .l..'ll'u. ..‘ .(,. 08 ' .I "‘. '.n.‘ - K .“.':" .‘-' -'r . ". 0.2 0.8 ,_‘.‘““, .l'““_ = - -“ :n’ Lo
Ig_q 0.6—:. .- 'lll e .n.: : \. . :ll L 'S . wy 70_20.6 ,..- : ' :"" : :-I,.-r.: ":l N ':. 06 N
Boaiiihtr iy Py L T e _oros —_— P
Qo- 0.2 c.l". et .:. ., tll: *s o '-.\ :‘ll e 0.2 "' '.‘-'u * "I - facen "i: : 0.2 -.‘ * - « ! “'
0.0[7 ¢! “ta 1 te e Y L har g 00,0t Lt AT e A e e g g T T T e et el g
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 0 100 200 300 400 500

Gene location (bp) Gene location (bp) Gene location (bp)

(=]

N

Within-population diversity ©

o


Administrator
Typewritten Text
Fig. 4

Administrator
Typewritten Text

https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

I
Q@
&

a C
5‘0(7/@6'53;6%’\%6\6'\ o '\Q’i'\%\ o, (0\’63[8;3 & 9% % b ‘IP‘\'Q, »{oQ“ 3 Qf; \4 y ,\'\\Q/, 'b\&,\b‘\’,&
R e e O RS 1001 o IS AR
i DDDDDDDDDDDD 0000 000
% 371 D - 37
S 0- 0
e T EE = I =g ] -
: $dz 3 F2ZoEaIOR REERE |EEa
e | 8.0 fi§~s;w=': *pais | :vE
S 204« . t‘ - R 204 o)™ ¥
> |-- & Il |
2 z
!lgk
[«B]
£ 40-"‘ = a 401 404
E v ’
a p
-t
qL
d ?“ ‘@ f
Q~ Lo, o
= ‘b\’ 'L ’],b‘ Q‘ Q‘ Q) qzr\Q‘ %(b
S S5 @ O QQ‘L%@@ PRAS RSN RE m ESERC LN
o 100+ 100' 100'
%”DDDDDDD ik DDDDDDDDDDDD DDDDD
g % ]
o 0' - > e 01
ATEH N TR UHITTH s T
8 2 2 o @ S .! e i ‘ s °
5 Spngia® B: 3 2
g ZO-g ! L g ; &: .9 20- ! - =
2 - 5" - -
© A < i o=
] . -
E 2 3
= 407 > 40 40"
& — 1
‘b\’
9. & s q\’\ S S
&\‘i rb(\ Q '\Q/ )\Qb (Lq 6 beg h v <
& 100+ 100-
%”DDDDDD DDDDDDDD
g ! []
o - -
= |0 & Eaﬁ-ggga!gl B °
~ . - . ;; * <>
8 5 g . - X ’
3 - . 20
g 204 2 . x
@ - - Mann-Whitney U-test of amino
§ - acid divergence between any
£ 40 40 two groups of genes
£


Administrator
Typewritten Text
Fig. 5

Administrator
Typewritten Text

https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 6
a

~f vGF360-2L

versi
s grante

P

DR

S

D TCCAATCTGTATTCTT ALaAcATTAAAACTTAAACCATTTTCC 4 HAAAAA A+
TTTTTTCCGAAATAATTATTTTCCAGATAGAA

e O s ::%élv?ewﬂ&%‘!_;umﬁﬁﬁgé;m& “j ?”dmm%gzw AT TTTTTTCCGAAATAATTATTTTCCACATACAAG
R AL NN retonat eense. o TTGATCOTTATCTTTACes <ATAATTTCA rTTTTTTTTIAACA,,AATAAAc

5 d MGF360-13L ——] TTAMA.Ac < AGAACATTTGATTTTTTTI . = AAARAGARAC.
1 MGF360-9L = 1?i.’f.ffffffiif,!1.TTTTTUM[CHAAAAAAA GAsAz.

5 MGF360-11L AACACT;ATAcTTaTTAaL, TAGATAATTTCATTTCCATCAAAGCAT G 1 AAACSC
 veF3eo-12L = AMAGAAMASTTTAT+CGGerAn  TIAATTTCATTTTTTTTTARAGATGAAGAGAC
< MGF360-10L — aTTTTTCTCATTATCAACAAACATAATTCATT TTT 1 ~AAAARAAACAAACAGE

“d VGF360-8L <:_ - TTTAAAAAAGTAGAACTTAATTTCACTTTTTT T re 1 (AASAAGTTATC

=4 VGF360-14L  — AcGATTTTCTTCAAAGTTA 11 GCTAsGTTAGATTTAAGATCTTTTARACTTAGE.

1001 MGF360-16R ~ =—— TATATACCCAATAATTATTCCACTAAATTCATTTCOA<ACTCATCGCTATCEAGSC

1004 MGF360-4L < <ARAAASTCAC  TTTTATAATTCATTACCTTTACT<CTTTATTCATAATAATACE

—4 MGF360-6L

TCAATAAC TCAATTTTAIAAII ATTACATTTACTCeTTT<AT<CATCATAATACS

-55 -50 -45 40 -35 -30 -25 -20 -15 -10 -5 -1
C 100 * MGF505-6R  €— O TTATGTAAARTTTTAGAAATAAAAATTTA TTTTTTTTTATTGA. GGGTACGGAAA.
5 A MGF505-7R 5' CTTCTTCTTAAAAACTCTCGATAAAAATTTATTTTTTTTTAATTTCAGTAGGGAAA
= MGF505-9R — ATACTTTTTAAAAACCCTccATAAAAATTTATTTTTTTTTCATAAAACTAGAGAAA
ol vGFsos10R  —) | ACATTAGTrTGTTAACATAATAAAAATTTAT TTTTTTTTCATcAcCTAGACAAA
" vGFs05-2R <:|— CTCAsSTAGAATTTTxA 1 ¢ 11 i1i1111] I TTTTTTAATGAAGTA GGGGGAT
. 100 4 MGE505-4R € AcACT.. TTATCATACATTAAAATTC?A.TAAAATTTATATTTTTTTTv ;TaAAcAA
L gmersossR - TATASAAALTCTATzCAAAT. TCACTAARATTTATTTTTTTCATCAGACTAAGAA
4 MGF505-1R <— ATTGAT=C: TTTTTTC TA_T]' TAATATTTAcAcaA: 1 GeTCAzeazAGCAGOCAG
-55 -50 -45 -40 35 -30 -25 -20 -15 -10 5001
P < 0.004
e > < 0035 P < 0.036 P < 0.013 > < 0,036 > < 0,035 20
. o . 15
g_ e . o “y _ > ': ‘ . :. .. .« o 3'. e e F10
é 0.9 : - ' a® o O“"‘.“-. .: "..t' " '.. : '. ..:" ... . '.t -5
%0.8 : : ’ " "? . :' ot '.‘0.' .0': * ‘ ~» :‘ e o T . 'o : « [0
o I T T T T T T T T T T T
0 40 80 120 160 200 240 280 320 360 400
— — T — - C— - — —-— — - — - - - - - e - L Ll T — %
e 1L2L(1L) ® 1L:2L2L) & 1L3L(1L) & 1L3L(3L) & 2L:3L(2L) e 2L:3L(3L) e 4L:6L(4L)
® 4L6L(6L) @ 8L:10L(8L) @ 8L:10L(10L) @ 8L:13L(8L) & 8L:13L(13L) @ 10L:13L(10L)
® 10L:13L(13L) & 9L:11L(9L) @& 9L:12L(9L) & 9L:12L(12L) & 11L:12L(11L) & 11L:12L(12L)
P < 0.004
f P <0033 b < 0.004 o
%1.0 eo : e ? '. - : ' e :: . "z; * R e* o ¢
S LW et Gl T e T g s g " . I g e
%0.9 ? : '!" :' ] * ad ; * "' Y < ° o ". ;n' " Pl | ‘ 8 o3
(@]
Y0 40 80 120 160 200 240 280 320 360 400 440 480 520 560
— - - -— r - - - - - - - — — —-— - - u - - L - T - - - L - T - 9
¢ 1R4R(1R) ® 1R4R(4R) ® 1R5R(1R) # 1R5R(5R) ® 4R5R(AR) ® 4R5R(BR) @ 2R4R(2R) @ 2R4R(4R)

*
® 2R5R(2R) ® 2R5R(5R) @ 1R:2R(1R) @
® B6ROR(BR) ® BRIOR(9R) & 7RIR(7R) ®

1R:2R(2R) ® 2R:10R(2R) ® 2R:10R(10R) ® 9R:10R(9R) ® 9R:10R(10R)
7R:9R(9R) ® BR:10R(6R) ® 6R:10R(10R) ® 7R:10R(7R) ® 7R:10R(10R)


Administrator
Typewritten Text
Fig. 6

Administrator
Typewritten Text

Administrator
Typewritten Text

https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig. 7
®
® e
o\ iy, @
G o ~
: 5 .
ASFV virons : L4
") PRPIPRS) % / s BN ¢
° o e o P1192R F1055L y . i, 2,
Entry - s O o , \®
— A151R F778R s T Yagg °
L T po ® oo " Q706L A240L _ ¢
\,ateP& o Eatie .o
Early RN --.../.._~/ ®
lRNAs Vil e & )
B602L ira ~ /™ EP1242L S
AL~ /S~ DNA S e e g
y ~ A~ PRR / 488@ ;
J5R KL
MGF360 N
EP402R AN MGF505 b 3 ’z‘
.“ -
\/ EP153R -
1215L A224L caspase8
/ NF-xkB IRF3 ISGF : ‘/
V4 2%
|_> ; caspase3 %
= 0
R298L IFN - p53 MHC~I O@/{s\
~N .
qpasst QUSCh ISGs— Apoptosis EP153R
ISRE B
DP238L
TNF-a NUCLEUS 1267L
K205R
CP312R
E146L
p— — 300-4L
B475L B117L 86R

"asua2l| [euoirewalul 0’y AN-JDN-AG-DD€ Japun a|gejrene apell

s13| *Aunjadiad ui Juudaid ay) Aejdsip 01 asuadl| e Alxyolq pajuelb sey oym ‘1apuny/ioyine ayl si (Mainal 1aad Aq palyiiiad Jou Sem Yoiym)
widaud siys Joy Japjoy WbuAdoo 8yl "TZ0z ‘ZT Yose paisod UoISIaA sIYl G70672 2T 80°0202/TOTT 0T/BI0"10p//:sdny :1op undaid Aixyolq


Administrator
Typewritten Text
Fig. 7

Administrator
Typewritten Text

Administrator
Typewritten Text

Administrator
Typewritten Text

https://doi.org/10.1101/2020.08.12.249045
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table S1. Information of ASFV isolates with known genomic sequences.

Scil:s);?:n Virulence Strain name Name tag in this study Isolation location

ASU18466 Low BA71V Spain-BA71V Spain: Badajoz

KP055815 High BA71 Spain-BA71V Spain: Badajoz

KM262844 High L60 Portugal-L60 Portugal

KM262845 Low NHV Portugal-NHV68 Portugal

AY261360 High Kenya 1950 Kenya-1950 Kenya

KM111294 Moderate Ken05/Tk1 Ken05-Tkl Kenya central

KM111295 High Ken06.Bus Ken06-Bus Kenya eastern

AY261366 Unknown Warthog Namibia-Warthog04 Namibia

AY261365 Unknown Warmbaths SouthAfrica-WarmBaths04 South Africa: Warmbaths
AY261364 High Tengani 62 Malawi-Tengani6?2 Malawi: Tengani, Nsanje District
AY261363 High Pretorisuskop/96/4 SouthAfrica-Pretori96 South Africa: Kruger National Park
AY261362 Unknown Mkuzi 1979 SouthAfrica-Mkuzil1979 South Africa: Mkuzi Game Reserve
AY261361 High Malawi Lil-20/1 Malawi-Lil83 Malawi: Chalaswa

AM712239 High Benin 97/1 WestAfrica-Benin97 West Africa: Benin

AM712240 Low OURT 88/3 Portugal-OURT8S8 Portugal

FN557520 High E75 Spain-E75 Spain: Lerida

FR682468 High Georgia 2007/1 Georgia-2007 Georgia

KX354450 High 47/Ss/2008 Italy-47Ss2008 Italy: Province of Sassari, Sardinia
KM102979 High 26544/0G10 Italy-265440G10 Italy

KJ747406 Medium Kashino 04/13 Russia-Kashino13 Russia

LS478113 Unknown Estonia 2014 Estonia-2014 Estonia

KP843857 High Odintsovo_02/14 Russia-Odintsovol4 Russia

MHO025916 Unknown R8 UgandaR8-2015 Uganda: Tororo district
MHO025917 Unknown R7 UgandaR7-2015 Uganda: Tororo district
MHO025918 Unknown R25 UgandaR25-2015 Uganda: Tororo district
MHO025919 Unknown N10 UgandaN10-2015 Uganda: Tororo district
MHO025920 Unknown R35 UgandaR35-2015 Uganda: Tororo district
MH681419 High POL/2015/Podlaskie POL2015-Podlaskie Poland

MG939583 Unknown Poll16 20186 o7 Pol16-023 Poland

MG939584 Unknown Poll6_ 20538 09 Pol16-09 Poland

MG939585 Unknown Pol16 20540 o010 Pol16-010 Poland

MG939586 Unknown Pol16 29413 023 Pol16-023 Poland

MG939587 Unknown Pol17 03029 C201 Pol17-C201 Poland

MG939588 Unknown Poll17 04461 C210 Pol17-C210 Poland

MG939589 Unknown Pol17 05838 C220 Pol17-C220 Poland

MH766894 Unknown ASFV-SY18 China-SY18 China

Note: The strains highlighted in grey are excluded from analysis due to the high similarity with other strains of the same subtypes.
Therefore, a total of 27 non-redundant strains were used for this study.
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Table S2. List of unique non-synonymous mutations in the strains with low virulence.

Gene AA change Nucleotide Gene function
change
F1055L Metl14lle 342C>T Helicase superfamily II
C147L Metl1Val 33T>C RNA polymerase subunit 6
B119L Phel8Ser 54A>G Component of redox pathway
CP204L/P30 Thr116Ala 348T>C Phosphoprotein binds to ribonucleoprotein-K
CP312R Pro190His 569C>A Hypothetical protein
NP868R Aspl82Gly >46A>G Guanylyl transferase (for mRNA modification)
NP868R GIn259Arg 777A>G
E199L/J18L Gln61Arg 183T>C Transmembrane domain containing protein
E120R/P14.5 His111Arg 333A>G DNA-binding. Required for movement of virions to plasma membrane
1215L Glu95Gly 285T>C Ubiquitin conjugating enzyme
MGF505-11L His251Arg 753T>C
MGF505-11L Leu213Phe 639C>G Multigene family 505
MGF505-11L Lys131Arg 393T>C

Note: The unique mutation is defined as those occur in the two ASFV strains with low virulence (Portugal-NHV68 and Portugal-OURTS88). The positions are

relative to the strain Georgia-2007.
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Table S3. ASFV genes enriched with non-synonymous mutations.

Non- Gene p-Vallle . R

Gene name synonymous o p-value correcte Gene function Functional category

mutation counts d
MGF300-4L 116 993 <1E-20 <lE-20 MGF300-4L Multigene family
MGEF300-1L 74 807  2.57E-09 2.35E-08 MGF300-1L Multigene family
MGF505-4R 274 1521 <1E-20 <1E-20 MGF505-4R Multigene family
MGF505-5R 186 1497 <1E-20 <1E-20 MGF505-5R Multigene family
MGF505-6R 99 1578 0.0002 0.00115  MGF505-6R Multigene family
MGF505-9R 192 1521 <1E-20 <lE-20 MGF505-9R Multigene family
MGF505-10R 145 1629 <1E-20 <1E-20 MGF505-10R Multigene family
MGF505-11L 128 1629  1.99E-10  2.13E-9  MGF505-11L Multigene family
MGEF360-8L 118 960 <1E-20 <1E-20 MGEF360-8L Multigene family
MGEF360-15R 75 870  2.71E-08 1.92E-07 MGF360-15R Multigene family
MGF360-16R 93 930  2.08E-13 2.67E-12 MGF360-16R Multigene family
Al151R 85 477 <1E-20 <1E-20  CXXC-motif containing protein Involved in redox pathway
1215L 78 639 <1E-20 <1E-20  Ubiquitin-conjugation enzyme Shuttles between the nucleus and cytoplasm
1196L 72 609  3.51E-14 4.99E-13  Uncharacterized protein
1177L 31 201 1.14E-09 1.12E-08 Uncharacterized protein
DP238L 68 717  2.88E-09 2.46E-08 Uncharacterized protein
H240R 68 726  4.776E-09 3.81E-08 Uncharacterized protein
K205R 59 618  2.42E-08 1.82E-07 Uncharacterized protein
E183L/P54 49 555 3.25E-06 2.08E-05 Structural protein p54 Structural protein
A240L 58 711 5.17E-06  5.15E-05  Thymidylate kinase Nucleotide metabolism
EP364R 79 1110  1.94E-05 1.13E-04 ERCC4 domain DNA replication and repair
1267L 61 840  9.21E-05 5.13E-04 RING finger containing protein
CP312R 65 924  1.40E-04 7.33E-04 Uncharacterized protein
A137R/P11.5 35 414 1.80E-04 8.98E-04  Structural protein P11.5 Structural protein
1329L 68 990  1.90E-04 9.54E-4  Transmembrane protein Host-cell interactions

Note: The enrichment p-value for each gene was calculated with Hypergeometric test and the multiple testing correction was determined using the
Benjamini-Hochberg procedure. The enrichment with corrected p-value < 0.001 is considered to be significant.
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Table S4. Functional domain identification of the genes enriched with non-synonymous mutations (E-value < 0.03 or score > 20).

Mapped

Mapped

PFAM

Gene Score  E-value . PFAM name PFAM function

start end accession
MGF505-4R 87 279 272.1 2.0E-81 PF03158.8 DUF249 Multigene family 505 protein
MGF505-5R 87 275 277.5 4.4E-83 PF03158.8 DUF249 Multigene family 505 protein
MGF505-6R 87 284 257 8.5E-77 PF03158.8 DUF249 Multigene family 505 protein
MGF505-9R 87 275 287.9 2.9E-86 PF03158.8 DUF249 Multigene family 505 protein
MGF505-10R 87 279 276.5 8.7E-83 PF03158.8 DUF249 Multigene family 505 protein
MGF505-11L 86 278 196.2 3.6E-58 PF03158.8 DUF249 Multigene family 505 protein
MGF360-8L 96 280 251.9 3.8E-75 PF01671.11 ASFV 360 Multigene family 360
MGF360-15R 173 262 18.2 1.3E-03 PF01671.11 ASFV 360 Multigene family 360
MGF360-16R 102 303 254.4 6.5E-76 PF01671.11 ASFV 360 Multigene family 360
12151 7 137 154.9 7.8E-46 PF00179.21 UQ con Ubiquitin-conjugating enzyme
K205R 5 70 13.3 2.4E-02 PF08317.6 Spc7 Spc7 kinetochore protein
K205R 21 74 14.6 1.0E-02 PF02646.11 RmuC RmuC family
E183L/P54 1 184 379.6 2.1E-114 PF05568.6 ASFV J13L African swine fever virus J13L protein
E183L/P54 29 78 16.6 2.4E-03 PF09402.5 MSC Man1-Src1p-C-terminal domain
E183L/P54 30 73 20.9 1.7E-04 PF10717.4 ODV-E18 Occlusion-derived virus envelope protein ODV-E18
E183L/P54 31 65 16 5.5E-03 PF(07423.6 DUF1510 Protein of unknown function (DUF1510)
E183L/P54 32 58 15.1 1.3E-02 PF02009.11 Rifin STEVOR Rifin/stevor family
E183L/P54 32 71 15.7 1.4E-02 PF14575.1 EphA2 T™M Ephrin type-A receptor 2 transmembrane domain
A240L 8 180 143.5 4.4E-42 PF02223.12 Thymidylate kin Thymidylate kinase
EP364R 35 147 40.2 2.6E-10 PF02732.10 ERCC4 ERCC4 domain
11771 4 73 14.4 0.016 PF09529.5 Intg mem TP0381 Integral membrane domain
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Table S5. Genes with the value of dN/dS lower than the average (dN/dS < 0.1) using the Nei & Gojobori method.

Gene dN/dS Gene function Functional category

NP1450L 0.100 RNA polymerase subunit 1 Transcription

A859L 0.098 Helicase superfamily II Transcription

NP419L 0.093 DNA ligase DNA replication

E165R 0.093 dUTPase DNA metabolism

M1249L 0.090 Ubiquitin-like domain containing protein

D205R 0.087 RNA polymerase subunit 5 Transcription

P1192R 0.085 Topoisomerase 11 DNA replication

H359L 0.082 RNA polymerase subunit 3 Transcription

NP868R 0.076 mRNA guanylyltransferase Transcription

F1055L 0.074 Helicase superfamily II Transcription

F778R 0.072 Ribonucleotide reductase large subunit Nucleotide metabolism, transcription, replication and repair
Cl147L 0.071 RNA polymerase subunit 6 Transcription

S273R 0.069 Ulpl1 protease Family Structural protein

B263R 0.068 TATA-box binding-like protein Nucleotide metabolism, transcription, replication and repair
E184L 0.066 Hypothetical protein

C962R 0.064 Putative DNA primase DNA replication

F334L 0.061 Ribonucleotide reductase small subunit Nucleotide metabolism, transcription, replication and repair
EP424R 0.060 FTS J-like Methyltransferase domain containing protein ~ Nucleotide metabolism, transcription, replication and repair
B385R 0.054 A2L-like transcription factor Transcription

B646L/P72 0.046 Structural protein P72 Structural protein

CP80OR 0.040 RNA polymerase subunit 10 Transcription

CP530R 0.039 60 kDa polyprotein Structural protein

E301R 0.035 Proliferating cell nuclear antigen-like protein DNA replication

B125R 0.028 E2 early regulatory protein Regulator of transcription and DNA replication

C315R 0.025 TFIIB like Transcription

B354L 0.022 P-loop-containing nucleoside triphosphate hydrolases Energy metabolism

EP1242L 0.019 RNA polymerase subunit 2 Transcription

A104R/P11.6 0.004 Histone-like structural protein Structural protein
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Table S6. Genes with positive selection signals at a fraction of sites with ® (dN/dS) >1 based on the

likelihood ratio tests.

M2 vs. M1 M8 vs. M7
Gene Parameters for M2 Parameters for M8 LRT*  p-value LRT*  p-value
CP2475L p»=0.013, ®,=4.642 p1=0.018, ®=4.001 63.492 1.63E-14 78.773  <IE-20
MGF505-4R p.=0.040, ®,=5.500 p1=0.044, ®=35.371 43.337 3.89E-10 45324 1.44E-10
EP402R p>=0.046, ®,=4.297 p1=0.065, ®=3.117 34.179 3.78E-08 45.886 1.09E-10
I215L p.=0.057, ®,=6.255 p1=0.060, ®=6.008 31.813  1.24E-07 32.542  8.58E-08
EP153R p»=0.104, ®,=4427 p;=0.113, ®=3.639 30.659 2.20E-07 30.156 2.83E-07
MGF505-6R p.=0.044, ®,=3.617 p1=0.054, ®=3.351 20.746 3.13E-05 23.032 9.97E-06
BI17L p>=0.025, ®,=246.8 p1=0.025, ®=2322 23.076  9.75E-06 22.893 1.07E-05
MGF505-9R p.=0.049, ®,=4.534 p1=0.054, ®=4.334 22.579 1.25E-05 22.881 1.08E-05
B602L p>=0.046, ®,=3.788 p1 =0.051, ®=3.665 19.422  6.06E-06 21.450 2.20E-05
86R p.=0.131, ®,=10373 p;=0.131, ®©=10373 19944 4.67E-05 19.976  4.60E-05
MGF505-7R p.=0.057, ®,=3.524 p1 =0.067, ®=3.318 17.985 1.24E-04 18.862  8.02E-05
MGF360-6L p.=0.016, ®,=35.758 p1=0.027, ®=4.210 10.329 0.006 15.378 4.58E-04
J5R /HIO8R p>»=0.169, ®,=4.545 p1=0.169, ®=4.545 12.933 0.043 8.404 0.015
A240L p.=0.011, ®,=7.581 p1=0.0176, ®=5.558 6.306 0.005 12.313 0.002
MGF300-4L p>»=0.091, ®,=2.927 p1=0.099, ®=2.872 11.274 0.004 11.088 0.004
MGF360-12L p.=0.015, ®,=7.741 p1=0.015, ®=7.723 10.806 0.005 10.810 0.004
P11.5/A137R p>»=0.177, ®,=2.839 p1=0.177, ®=2.843 9.740 0.008 10.283 0.006
MGF360-3L p.=0.007, ®,=9.342 p1=0.007, ®=282874 7.301 0.026 8.288 0.016
A238L p>»=0.005, ®,=12.113 p;=0.005, o=11.777 6.622 0.036 7.839 0.020
B475L p.=0.035, ®,=3.895 p1=0.118, ®=2.358 7.786 0.020 7.750 0.021
MGF505-5R p>=0.035, ®,=3.128 p1 =0.046, ®=2.905 7.085 0.029 7.676 0.022
P10/K78R p>=0.060, ®,=28.793 p1=0.060, ®=28.856 7.369 0.025 7.593 0.022
L60L p>=0.136, ®,=2.763 p1=0.144, ®=2.742 4.954 0.084 7.567 0.023
MGF360-8L p.=0217, ®,=1.774 p1=0.216, ®=1.779 5.819 0.055 6.288 0.043
MGF360-18R p»=0.118, ®,=2.123 p1=0.124, ®=2.152 5.416 0.067 6.947 0.031
MGF505-1R p.=0.015, ®,=4.248 p1=0.023, ®=3.667 4.871 0.088 6.812 0.033
MGF360-10L p>»=0.166, ®,=1.352 p1=0.163, ®=1.365 1.517 0.468 6.942 0.031
MGF360-4L p.=0.041, ®,=2.254 p1=0.083, ®=1921 2.809 0.245 6.267 0.044
Q706L p>=0.002, ®,=6.808 p1=0.002, ®=6.861 4.258 0.119 6.737 0.034

*LRT is the likelihood ratio test statistic calculated as 2A/ with I the log likelihood for each model. The p-value was calculated using

Chi-squared test.
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Table S7. Three categories of proteins used for comparison of sequence variability.

Protein name

Antigenic? Function

Structural proteins not shown to be under positive selection

P49/B438L
P14.5/E120R
P11.6/A104R

Minor capsid protein
DNA-binding protein
Histone-like DNA-binding protein

P22/KP177R - Inner envelop protein // virus entry
P12/061R - Inner envelop protein

Proteins shown to be antigenic in immunoassays

MGF110-4L + Multigene family 110

MGF110-5L + Multigene family 110

C129R + Mn-dependent superoxide dismutase

E165R + dUTPase

E184L + Hypothetical protein

M448R + Microbody targeting signal-containing protein
F317L + Hypothetical protein

EP364R + ERCC4 nuclease domain

GI211R + DNA polymerase family B

NP1450L + RNA polymerase subunit 1

E199L/J18L + Inner envelop protein // virus entry
P54/E183L + Inner envelop protein

P30/CP204L + Phosphoprotein binding to ribonucleoprotein K
P72/B464L + Major capsid protein

P17/D117L + Inner envelop protein

Proteins previously shown to be involved in host-cell interactions

Al179L - Bcl 2 apoptosis inhibitor

1329L + Putative inhibitor of TLR3 signaling pathway
A224L - IAP apoptosis inhibitor

DP71L + Similar to herpes simplex virus ICP34.5 protein
L83L - Putative IL-1b binding protein
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Table S8. Pairs of paralogous genes/branches of MGF360 and MGF505 showing divergent selection at a fraction of sites based on the
likelihood ratio tests of Model A of PAML.

Model A Model A null Model A vs. null

Tested pairs

P1 P2a P2 M2 2 P1 P2a P2 LRT* p-value
MGF360-1L vs. 2L (1L) 0.4714 0.0183 0.0175 4.4375 4.4375 04715 0.0171 0.0163 10.0124 0.0067
MGF360-1L vs. 2L (2L) 0.4788 0.0167 0.0164 4.8263 4.8263 0.4340 0.0411 0.0365 15.2116 0.0005
MGF360-1L vs. 3L (1L) 0.1823 0.2683 0.1117 1.2538 1.2538 0.1747 0.2918 0.1248 1.3494 0.5093
MGF360-1L vs. 3L (3L) 0.4672 0.0157 0.0146 4.3621 4.3621 0.4341 0.0419 0.0374 8.8637 0.0119
MGF360-2L vs. 3L (2L) 0.4691 0.0243 0.0236 4.3006 4.3006 0.2005 0.2655 0.1325 -9.7854 Nil
MGF360-2L vs. 3L (3L) 0.5050 0.0051 0.0053 7.1295 7.1295 0.4157 0.0591 0.0519 7.7830 0.0204
MGF360-4L vs. 6L (4L) 0.2244 0.1116 0.0401 1.9819 1.9819 0.2126 0.1485 0.0540 14.5861 0.0007
MGF360-4L vs. 6L (6L) 0.3530 0.0305 0.0180 3.1154 3.1154 0.2746 0.1300 0.0676 -1.8117 Nil
MGF360-8L vs. 10L (8L) 0.1853 0.1043 0.0283 2.3876 2.3876 0.1543 0.2058 0.0542 10.0030 0.0067
MGF360-8L vs. 10L (10L) 0.2272 0.0443 0.0141 1.9266 1.9266 0.1904 0.1208 0.0352 -1.2883 Nil
MGF360-8L vs. 13L (8L) 0.3448 0.0477 0.0284 3.3790 3.3790 0.2372  0.1981 0.1014 7.1805 0.0276
MGF360-8L vs. 13L (13L) 0.2814 0.0789 0.0368 3.0148 3.0148 0.2001 0.2358 0.1021 5.0706 0.0792
MGF360-10L vs. 13L (10L) 0.2358 0.1560 0.0681 1.0000 1.0000 0.2358 0.1560 0.0681 0.0000 1.0000
MGF360-10L vs. 13L (13L) 0.2696 0.0980 0.0450 3.0578 3.0578 0.2018 0.2196  0.0909 18.6248 9.0E-05
MGF360-9L vs. 11L (9L) 0.1734 0.2448 0.0855 1.0000 1.0000 0.1734 0.2448  0.0855 0.0000 1
MGF360-9L vs. 11L (11L) 0.2993 0.0834 0.0435 1.0000 1.0000 0.2993 0.0834 0.0435 0.0000 1.0000
MGF360-9L vs. 12L (9L) 0.1722 0.2625 0.0964 1.0000 1.0000 0.1722 0.2625 0.0964 0.0000 1.0000
MGF360-9L vs. 121 (12L) 0.2552 0.0889 0.0366 1.9514 1.9514 0.2362 0.1363 0.0563 4.5839 0.1011
MGF360-11L vs. 12L (11L) 0.2372 0.0659 0.0232 1.0000 1.0000 0.2372  0.0659 0.0232 0.0000 1.0000
MGF360-11L vs. 12L (12L) 0.1543 0.1224 0.0271 2.1345 2.1345 0.1414 0.1922 0.0436 7.5229 0.0232
MGF360-14L vs. 16R (14L) 0.1711 0.2513 0.0878 1.0000 1.0000 0.1711 0.2513 0.0878 0.0000 1
MGF360-14L vs. 16R (16R) 0.1514 0.2951 0.0980 1.0000 1.0000 0.1514 0.2951 0.0980 0.0000 1.0000
MGF360-1L2L vs. 3L (1L2L) 0.2348 0.1683 0.0758 1.6554 1.6554 0.1796 0.2532  0.0967 12.6640 0.0018
MGF360-1L2L vs. 3L (3L) 0.3951 0.0883 0.0799 1.0000 1.0000 0.3951 0.0883 0.0799 0.0000 1.0000
MGF360-4L6L vs. 16R (4L6L) 0.1239 0.2061 0.0406 1.4131 1.4131 0.1116 0.2546  0.0485 7.1307 0.0283
MGF360-4L6L vs. 16R (16R) 031775  0.0108 0.00515 3.45243  3.45243 02142 0.1115 0.0375 5.5447 0.0625
MGF505-1R vs. 4R (1R) 0.45069 0.01305  0.0112 3.95315  3.95315 0.3583  0.0878  0.0643 6.0140 0.0494
MGF505-1R vs. 4R (4R) 0.31299  0.10294 0.06167 2.98983  2.98983 0.1983  0.2583 0.1213 269201  1.4E-06

MGF505-1R vs. 5R (1R) 0.21734  0.19668 0.0854 1 1 0.2174 0.1966 0.0854 -5.4E-05 Nil
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MGF505-1R vs. 5R (5R) 0.21678 0.16056  0.06209 1.37617 1.37617 0.2056  0.1988 0.0792 1.8239 0.4017

MGF505-4R vs. 5R (4R) 0.27519  0.14555 0.08027 2.66908  2.66908 0.2012  0.2658 0.134 25.6902 2.6E-06
MGF505-4R vs. 5R (5R) 0.45594 0.01751 0.01562 4.03558  4.03558 0.3846 0.0717 0.0566 12.0711 0.0024
MGF505-2R vs. 4R (2R) 0.40467 0.01935 0.01393 4.00212 4.00212 0.371 0.0514 0.0352 10.7772 0.0046
MGF505-2R vs. 4R (4R) 0.17107 0.21592 0.06774 2.20738 2.20738 0.1356  0.3269 0.1017 26.5228 1.7E-06
MGF505-2R vs. 5R (2R) 0.24959  0.03936 0.0141 3.16633  3.16633 0.2189 0.1058 0.0363 15.2186 0.0005
MGF505-2R vs. 5R (5R) 0.14866  0.22888  0.06055 1 1 0.1487 0.2289  0.0606 0 1
MGF505-2R vs. 1R (1R) 0.15462 0.21421 0.05776 1 1 0.1546 0.2142  0.0578 1.8E-05 1.0000
MGF505-2R vs. 1R (2R) 0.2557 0.04886 0.01845 2.87911 2.87911 0.2313 0.1061 0.0394 12.9997 0.0015
MGF505-2R vs. 10R (2R) 0.21476  0.12844  0.04509 1 1 0.2147 0.1285 0.0451 -4.4E-05 Nil
MGF505-2R vs. 10R (10R) 0.14742  0.20415 0.05032  1.20072  1.20072 0.1457 0.228 0.0585 0.6030 0.7397
MGF505-9R vs. 10R (9R) 0.27408 0.04728 0.01967 4.3231 4.3231 0.1791  0.2205 0.0752 32.5048 8.7E-08
MGF505-9R vs. 10R (10R) 0.16557  0.26257  0.09028 1 1 0.1656  0.2626  0.0903 0 1
MGF505-6R vs. 7R (6R) 0.36338 0.00366 0.00211 4.20616 4.20616 0.3643 0 0 0.8609 0.6502
MGF505-6R vs. 7R (7R) 0.36427 0 0 3.26102 3.26102 0.3643 0 0 1.8E-05 1.0000
MGF505-6R vs. 9R (6R) 0.2458 0.07828  0.02978 2.7473 2.7473 0.1764 0.2046 0.0652 11.0664 0.0040
MGF505-6R vs. 9R (9R) 0.16781 0.29106 0.11448 1 1 0.1678 0.291 0.1145 -2.6E-05 Nil
MGF505-7R vs. 9R (7R) 0.18129  0.19575 0.06342 1.49047  1.49047 0.1726  0.2436  0.0841 5.8248 0.0543
MGF505-7R vs. 9R (9R) 0.41359 0.01256 0.0092  8.49966  8.49966 0.2328 0.2126 0.1117 17.6709 0.0001
MGF505-6R vs. 10R (6R) 0.27971 0.0519 0.02247 3.15776 3.15776 0.2149 0.1437 0.0525 24.4340 4.9E-06
MGF505-6R vs. 10R (10R) 0.19109 0.23978  0.09706 1 1 0.1911 0.2398 0.0971 4E-06 1.0000
MGF505-7R vs. 10R (7R) 0.354 0.0558 0.03562  2.92338  2.92338 0.199 0.225 0.0926 5.2533 0.0723
MGF505-7R vs. 10R (10R) 0.24485  0.20909  0.12022 1 1 0.2449  0.2091 0.1202 -6.6E-05 Nil
MGF505-6R7R vs. 9R10R (6R7R) 0.21414 0.11373  0.03843 2.71635 2.71635 0.2115 0.1335 0.0464 103.7484 0
MGF505-6R7R vs. 9R10R (9R10R) 0.15043  0.36485 0.18029 1 1 0.1504 0.3649 0.1803 0 1

Note: The foreground in the tests is indicated in the parentheses.

* LRT is the likelihood ratio test statistic calculated as 2A! with / the log likelihood for each model. The p-value was calculated using Chi-squared test. The p-value was shown as
Nil if LRT is negative.
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