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Hepatitis E virus (HEV) causes epidemic and sporadic cases of hepatitis worldwide. HEV genotypes 3
(HEV3) and 4 (HEV4) infect humans and animals, with swine being the primary reservoir. The relevance
of HEV genetic diversity to host adaptation is poorly understood. We employed a Bayesian network (BN)
analysis of HEV3 and HEV4 to detect epistatic connectivity among protein sites and its association with
the host specificity in each genotype. The data imply coevolution among ~70% of polymorphic sites from
all HEV proteins and association of numerous coevolving sites with adaptation to swine or humans. BN

g?; V:;I?::E virus models for individual proteins and domains of the nonstructural polyprotein detected the host origin of
Prediction HEV strains with accuracy of 74-93% and 63-87%, respectively. These findings, taken together with lack
HEV ORFs of phylogenetic association to host, suggest that the HEV host specificity is a heritable and convergent
Adaptation phenotypic trait achievable through variety of genetic pathways (abundance), and explain a broad host
Bayesian network range for HEV3 and HEV4.

Coevolution Published by Elsevier B.V.

1. Introduction

Hepatitis E virus (HEV), a member of the Hepeviridae family, has a
positive-sense, single-stranded RNA genome of about 7.2 kb with a
5’-methylguanine cap and a 3’-poly(A) tail. The HEV genome con-
tains three partially overlapping reading frames (ORFs) (Emerson
et al., 2004). The ORF1 codes for a large polyprotein containing sev-
eral functional domains responsible for viral replication. These
include, from the amino to carboxyl terminus, the viral methyl-
transferase (Mt, pfam 01660), the Y domain, the papain-like cysteine
protease C41 (Plp, pfam 05417), aregion of unknown function (Unk),
the polyproline region (Pp, pfam 12526) (Purdy et al., 2012b), the
Appr-1"-p processing enzyme/macro domain (Md, pfam 01661)
(Han et al., 2011), the UvrD/REP helicase (Hel, pfam 01443) and
the RNA-dependent RNA polymerase (Pol, pfam 00978). ORF2 codes
for the viral capsid, and ORF3 for a regulatory protein (Ahmad et al.,
2011).

HEV causes epidemic and sporadic hepatitis in humans, for which
there are no specific therapeutic options. Usually, hepatitis E is a
self-limiting disease similar to hepatitis A (Khuroo, 2011). HEV
was originally assumed to be transmitted only through a fecal-oral
route of transmission, as humans were the only recognized host
for the virus (Khuroo, 2011; Viswanathan, 1957; Zhuang et al.,
1991). Initially, two genotypes, 1 and 2 (HEV1 and HEV2), of human
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HEV were identified. It was not until 1997 that a new genotype was
isolated. This genotype, 3 (HEV3), infects humans and swine (Meng
et al., 1997). Two years later, a fourth genotype (HEV4) was identi-
fied (Wang et al., 1999). Unlike HEV1 and HEV2, these new geno-
types were more permissive with respect to their host range. The
expanded host range included deer, wild boar and mongoose (Meng,
2011).Additional research showed that these new animal genotypes
could be transmitted to humans zoonotically (Meng, 2011; Tei et al.,
2003). More recently, two or three additional putative genotypes
have been isolated: from rabbits (Zhao et al., 2009) and wild boar
(Smith et al., 2013; Takahashi et al., 2011), although there is contro-
versy about the exact classification of these viruses. A serosurvey of
humans and swine in Bolivia showed that HEV3 may be transmitted
from humans to humans (Purdy et al., 2012a) and evidence from
changing epidemiological patterns for HEV in China suggests hu-
man-to-human transmission of HEV4 (Krawczynski et al., 2000).

Viruses endemic to a reservoir host species that acquire capac-
ity to be transmitted among new host populations can pose a
threat to public health. One remarkable example of the threat to
public health posed by such viruses is the severe acute respiratory
syndrome-coronavirus (SARS-CoV) 2003 outbreak in Asia (Tsang
et al., 2003). Zoonotic strains of HEV have the potential to cause
serious disease and mortality (Aggarwal, 2011; Mizuo et al,
2005; Patra et al., 2007) in infected patients or change into pheno-
types that may become more transmissible among humans
(Krawczynski et al., 2000; Purdy et al., 2012a). The need to assess
the risk of HEV outbreaks calls for genetic surveillance of the
emerging zoonotic strains in their reservoir hosts.
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Genetic variation and covariation are important molecular
mechanisms for genomic diversification and adaptation of viruses
during intra-host evolution. Epistasis plays a crucial role in viral
evolution (Bonhoeffer et al., 2004; Sanjuan et al., 2004). Epistatic
interactions among sites along the viral genome are widespread
(Campo et al., 2008; Donlin et al., 2012) and frequently observed
in the form of coordinated (Campo et al., 2008) and compensatory
substitutions (Khudyakov, 2010; Yi et al., 2007). The pervasive nat-
ure of coevolution and its association with adaptation suggest the
use of coevolving genomic sites as genetic markers of important
viral phenotypic traits such as drug resistance (Lara and Khudya-
kov, 2012; Lara et al., 2011b) and virulence (Khudyakov, 2012).
Coordinated substitutions among genomic sites were shown to
be associated with response to combined interferon and ribavirin
therapy among hepatitis C virus (HCV) infected patients (Aurora
et al., 2009; Lara et al., 2011b) and resistance to lamivudine among
hepatitis B virus infected patients (Thai et al., 2012). Host factors
such as gender, ethnicity and age have also been linked to coordi-
nation among HCV genomic substitutions (Lara et al., 2011a), sug-
gesting host specificity of viral evolution.

Although coevolution among HEV sites was noted (Donlin et al.,
2012), no association between coordinated substitutions and HEV
phenotypic traits has been explored. With HEV infecting a broad
range of host species (Meng, 2011; Meng et al., 1997; Takahashi
et al.,, 2011; Tei et al., 2003; Zhao et al., 2009), this virus offers
an opportunity to assess the viral genetic contribution to host
specificity and provides an important model for understanding
emerging infectious diseases. This study evaluated host-specific
coevolution among protein sites in HEV3 and HEVA4. For this pur-
pose, a BN approach was used to: (i) model epistatic connectivity
among amino acid (aa) sites from proteins of HEV3 and HEV4
strains identified in swine and humans; (ii) examine the strength
of association between the aa substitutions and host origin, and
(iii) identify genetic markers of HEV host specificity.

2. Materials and methods
2.1. Data

Full-length consensus genomic sequences of HEV3 (n = 65) and
HEV4 (n=55) recovered from human and swine hosts were ob-
tained from GenBank. Sequences from deer, wild boar, mongoose
and rabbits were removed from the dataset because there are too
few strains characterized from each of these animals to construct
host-specific models. The HEV nucleotide sequences for all three
ORFs were translated into respective aa sequences. The generated
sequences were connected into a single concatenated polyprotein
sequence for each HEV strain and aligned using MUSCLE (ver.
3.6) (Edgar, 2004).

After sequence alignment, the respective host source was as-
signed to each HEV sequence according to GenBank annotations.
Residue site numbering was based on reference sequences with
the GenBank accession numbers EU723514 for HEV3 and
AB220971 for HEV4. Conserved aa sites and gaps were excluded
from analyses. Only polymorphic sites for all proteins obtained
from human and swine strains were analyzed. Analyses were car-
ried out on datasets of polymorphic sites from all proteins or from
ORF1-protein domains. Sites that fall outside the functionally char-
acterized boundaries of protein domains in ORF1 are herein de-
noted as Orf1(x). The HEV3 dataset consisted of 29 swine and 36
human strains and the HEV4 dataset consisted of 16 swine and
39 human strains (GenBank accession numbers in Supplementary
Material).

Since all full-size sequences were used for modeling, only short
sequences from GenBank were available for validation. The

validation datasets for testing classifiers consisted of 3 swine and
16 human sequences of HEV3 Pol, 4 swine sequences of HEV4 Pp
and 7 human sequences of HEV4 Pol (GenBank accession numbers
in Supplementary Material).

2.2. BN learning

BN is a probabilistic graphical model, where nodes in the graph
represent random variables and directed arcs between the nodes
represent relationships (Jensen, 2001; Neapolitan, 2004). Directed
arcs define parenthood ordering among variables and encode the
probability distributions in data. Given a finite set S={Xi,..., X,}
of random variables, where X; can take any value in S, a BN is an
annotated directed acyclic graph (DAG) G={V, E} that encodes
the joint probability distribution over S. The nodes (V) of G corre-
spond to random variables {X;,. .., X;}. The edges (E) in G represent
direct dependencies between variables. Each node X; is associated
with a conditional probability distribution (CPD) P(X;|Pa(X;)) that
quantifies the effect of the parents on the node, where Pa(X;) de-
notes the parents of X; in G. The pair (G, CPD) encodes the joint
probability distribution P(X;,. .., X;) given G. The joint probability
distribution over S from G is factorized as:

P(Xi,....Xn) = [ [PXilPa(X:))

The HEV full-length polyprotein sequence alignment data were
used to learn BN, G ={V, E}, where nodes in the graph represent
polymorphic residue sites (X;....X;) in the sequence alignment
and the CPD associated to a node encode the prior distribution of
observed residue states in X;. For a host-virus dependency represen-
tation, an additional 2-state variable X; (where X; = human or swine
host) was included in BN to associate the host source of the HEV se-
quence as annotated in GenBank.

Because BN provides a complete model of the probabilistic dis-
tribution for variables and their relationships, models can be used
to answer probabilistic queries about the state of a subset of fea-
tures when other features (evidence features) are observed. The
process of computing the posterior distribution of features is
achieved in BN by computing marginal probabilities for each unob-
served node (target node) given information on the states of a set
of observed nodes, a process known as probabilistic inference. In
the absence of any observations, this computation is based on a
priori probabilities and, when observations are given, the informa-
tion is integrated into BN and all probabilities are updated
accordingly.

Here, an unsupervised technique was used to automatically
learn BN from data, which was then used to conduct probabilistic
inference. Because learning BN from data has been proven to be
NP-hard (Chickering et al., 2004) and with available sample size
being relatively small, a heuristic score-and-search-based ap-
proach was adopted. This approach has two components: a scoring
function, used to evaluate how well the learned BN fits the data,
and a search strategy, which consists of a learning algorithm to
identify BN structure(s) with high scores among the possible struc-
tures in BN space.

The Minimum description length (MDL) score (Bouckaert, 1993;
Rissanen, 1986) was used for the scoring function. The MDL score
is a criterion based on information theory that favors BN which
provides the shortest description of the data. The MDL score has
been shown to have better performance than other scoring meth-
ods in BN structure learning tasks (Bouckaert, 1993). Also, this
score is conservative and returns by default highly significant rela-
tionships. Given BN = (G, CPD), and a training dataset D, the MDL
score of BN is defined as ScoreMDL(BN|D) = MDL(BN) + MDL(D|BN).
The first term of the MDL score is the description length of BN
(number of bits required to encode BN parameters — structural
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complexity) and second term is the negative log likelihood of BN
model given D (gives the number of bits necessary to describe D
with BN - data likelihood). Structural complexity (SC) was pre-
set prior to the start of BN learning. This threshold was set to a
structural coefficient =2.0 (except for the HEV3 BNswine, Where
SC threshold was set at 1.0).

For the task of BN structure searching, an unsupervised learning
algorithm, the EQ method (Munteanu and Bendou, 2001), was used
to identify the best BN model. This method, which is based on
searching the equivalent BN classes (structures representing the
same conditional dependencies), has been shown to be efficient
for finding optimal BN models of the data (Jouffe and Munteanu,
2001; Munteanu and Bendou, 2001). The cycle of exploration in
BN space continued until no further improvement in the MDL score
was observed.

Several unsupervised learned BN models were generated to rep-
resent the whole set of probabilistic relationships in the HEV data:
BN of the HEV3 (BNygy3) and HEV4 (BNygev4) to represent interde-
pendencies among polymorphic residue sites and association to
the host. Also, host-based BN of the HEV (BNyyman and BNswine)
to represent host-specific interrelationships among the coevolving
residue sites, where the sequence data of each HEV genotype was
stratified by host of origin to derive respective BN.

BN learning and BN analyses (probabilistic inference, quality
assessment, etc.) presented in this study were conducted using
the BayesiaLaB™ software version 5.0 (Bayesia SAS, Laval, France).
Details of BN analyses are described in Supplementary Material.

2.3. Classification tests

2.3.1. Feature selection (FS)

FS was performed on HEV data to identify and select residue
site markers in order to maximize accuracy performance of the
classifiers. FS was based on selecting subsets of features highly
correlated with host origin of HEV sequences while having low
inter-correlation between them (Hall, 1999). Protein sequence
alignments of selected variables from each HEV ORF or individual
ORF1 domains were labeled according to host of origin. These
alignments comprised the data used for the training and cross-
validation of classifiers. Herein, two machine-learning methods
were used to generate classifier models: one based on a BN method
and another on a linear projection method.

2.3.2. Bayesian network classifier (BNC)

A set of BNC were developed for the task classifying HEV strains
by host of origin based on the primary structure information of
each sequence of selected features. The standard 1-letter represen-
tation of aa was used to encode selected features of HEV strains for
the training/testing of BNC, which took into account the interde-
pendency among aa sites and aa composition of sequences. BNC
representing HEV ORFs were tested to evaluate their individual
contribution and relevance for association to host origin. Con-
versely, the same was done for the individual domains of ORF1.

2.3.3. Physicochemical mappings

The physicochemical space of HEV strains was mapped by
transforming the standard 1-letter aa representation into numeri-
cal values encoding an aa physicochemical property. Protein se-
quences were transformed into N x 5 dimensional numerical
vectors, where N is the sequence length and 5 represents the num-
ber of physicochemical values assigned to each residue site in the
sequence alignment. Five statistically-derived factors for polarity,
secondary structure, molecular volume, aa composition and elec-
trostatic charge (Atchley et al., 2005) were used to represent HEV
strains. Host-specific probabilistic mapping of HEV strains were

developed using a visual machine-learning technique in the form
of a linear projection (LP) (Demsar et al., 2005).

2.3.4. Classifiers performance evaluations

Performances of models was evaluated by 10-fold cross-valida-
tion (10-fold CV) during the training phase. Two measures were
used to evaluate the classification performance of classifier mod-
els: overall classification accuracy (CA) and the harmonic mean
of precision and recall (F-measure). The overall CA was measured
as [(no. correctly classified instances/total no. of instances)
x 100]. The F-measure was computed as: (2 *TP)/(2 TP+
FP + FN), where TP is the number of true positives; FP is the num-
ber of false positives; and FN is the number of false negatives.

In addition, validation trails were conducted by testing classifier
models on new data of HEV sequences retrieved from GenBank and
measuring the CA performance (see Supplementary Material).
Since all available whole-genome sequences were used for con-
struction of models, short sequences of Pol and Pp obtained from
GenBank were used for validation tests. In total, 19 and 7 Pol se-
quences were available for HEV3 and HEV4, respectively, and 4
Pp sequences for HEV4.

3. Results
3.1. Phylogenetic association with host specificity

The degree of correlation between host specificity and shared
ancestry of HEV variants was quantified from a posterior set of
trees (PST) created for each genotype using a Bayesian Markov
chain Monte Carlo method (see Supplementary Material for details
and Fig. S1). The Bayesian Tip-significance analysis (Befi-BaTS) re-
sults show that only about half of the indices used to measure phe-
notype/phylogenetic relatedness are statistically significant
(Table S1 in Supplementary Material). The association index (Wang
et al.,, 2001), parsimony score statistic (Slatkin and Maddison,
1989) and net relatedness index (Webb, 2000) were statistically
significant for both genotypes (Table S1 in Supplementary Mate-
rial). The unique fraction metric (Lozupone and Knight, 2005)
and the monophyletic clade size metric for the swine host (Parker
et al., 2008) were not statistically significant for both genotypes.
The nearest taxa index (Webb, 2000), phylogenetic diversity (Hud-
son et al.,, 1992) and the MC metric for the human host (Parker
et al., 2008) gave ambiguous results. Those metrics that examine
host specificity across the PST as a whole tend to be statistically
significant and indicate that the host specificity trait is not ran-
domly distributed across the tips of each genotype tree; however,
the monophyletic clade size statistic, which analyzes the host
specificity by host, tend not to be statistically significant indicating
that host specificity is randomly distributed across each genotype
PST.

3.2. Broad coordination among protein sites

A BN was used to model epistatic connectivity among sites of all
HEV proteins. This approach allows for identification of coordi-
nated changes at protein sites using conditional probabilities and
visualization of the identified associations among sites in the form
of a network, thus providing a general framework for exploring
epistatic connectivity among HEV sites and its potential linkage
to phenotypic traits. Analysis was conducted using proteins en-
coded by all 3 ORFs of full-genome sequences obtained from
HEV3 and HEV4 strains. Since both genotypes are zoonotic, HEV se-
quences sampled from humans or swine were selected for analysis.

The learned BN showed a broad interdependence among pro-
tein sites for both genotypes (Fig. 1). All 3 proteins contributed
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Fig. 1. Coordination among HEV protein sites modeled with BNs. The BN models show genome-wide epistatic connectivity among aa sites (a structural coefficient
threshold = 2.0) and association to host variable (a structural coefficient threshold = 0.95). Nodes represent polymorphic aa sites and arcs between them represent
dependency. Nodes are color-coded according to the ORF and ORF1-domains and numbered according to the aa positions in the respective ORFs. Orf1(x) encompasses UNK
and denotes aa sites that fall outside known ORF1 domains (n =16 in BNHEV3 and n = 18 in BNHEV4). (A) A learned BN of HEV3 sequences (n = 65) and (B) A learned BN of
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Fig. 2. Contribution of proteins and ORF1-domains to BNygy3 and BNygv4. (A) Bar charts show number of aa sites involved in BNs for each protein and ORF1-domain. (B)
Number of links among aa sites from all proteins and ORF1-domains observed in BNs. Numbers outside and inside of parenthesis are for BNygy3 and BNygy4, respectively.

sites to the BNs, with 68% and 74% of polymorphic sites being
involved in BNygys and BNygys, respectively. BNygys comprised
153 arcs connecting 147 sites. Each site had from 2 to 11 states
(average, 3.2), with the number of connections varying from 1-
22 (average, 2.1). BNygy4 comprised 174 arcs connecting 163 sites.
Each site had from 2 to 9 states (average, 3.1) and was connected to
2-9 other sites (average, 2.1). The ORF2- and ORF3-encoded pro-
teins contributed only 17.0% and 6.8% of sites to BNygys, respec-
tively, and 14.7% and 9.2% of sites to BNygys, respectively
(Fig. 2A). The ORF1-protein contributed 76.2% and 76.1% of sites
to BNygys and BNygvy, respectively. The Pp, Pol and Plp domains
contributed 65% and 71% of the ORF1-protein sites to BNygys and
BNyev4, respectively. The major difference observed between the
two genotypes was in the number of sites contributed by the Pp

domain. This domain alone provided 21.8% and 30.7% of all sites
to BNygys and BNygy4, respectively (Fig. 2A). Dependencies among
all sites involved in both BNs were statistically significant (x?;
p < 0.0003) (details in Supplementary Material).

3.3. Inter- and intra-protein coordination

To estimate the contribution of inter- and intra-protein rela-
tionships to the global coordination among sites, the ratio of intra-
to inter-protein links were examined for each ORF (Fig. 2B). This
ratio was 2.48, 0.11 and 0.06 in BNygys3, and 1.66, 0.05 and 0.19
in BNHEV4 for ORF1-, ORF2- and ORF3-proteins, respectively. Thus,
only the ORF1-protein sites were involved in substantial intra-
protein coordination, while sites from ORF2- and ORF3-proteins
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showed predominance of inter-protein coordination. The ORF1-
protein sites had 146 arcs in BNygy3 and 173 arcs in BNygyy4, with
only 28.8% and 37.6% of the arcs connecting to sites from other pro-
teins in these 2 BNs, respectively. Therefore, the ORF1-protein sites
in BNygys4 coordinated their states with 1.5-times more sites in
ORF2- and ORF3-proteins than BNygys3, indicating a greater depen-
dence of the HEV4 evolution on inter-protein coordination. Only 2
arcs connected sites from the ORF2- and ORF3-proteins in BNygy3
and 1 arc in BNygy4 (Fig. 2B).

The ORF1-encoded protein is multifunctional and divided into 7
functional domains (Koonin et al., 1992). Among the domains, only
Plp, Pp and Pol had up to 23% of intra-domain links, while Mt, Y and
Md had links only to other domains, with Hel having a single intra-
domain link in HEV3 (Fig. 2B). This finding indicates extensive
coordination among the ORF1 domains in both HEV3 and HEV4.
Domains Plp and Pp showed a dramatically different distribution
of links in HEV3 and HEV4. While the HEV3 Plp had 10 intra-do-
main links, the HEV4 Plp had none. However, the HEV3 Pp had only
2 intra-domain links but HEV4 Pp had 10. Both domains had many
links connecting each other and Pol. The ORF1 region with unas-
signed function, Unk, also had a number of links to Plp, Pp and
Pol as well as internal links (Fig. 2B).

3.4. Strength of influences among ORFs

KL-divergence was calculated for each link in BNs to estimate the
strength of influences that aa variations at one site have on the state
of another site (see Supplementary Material). Fig. 3 shows sums of
the KL-divergence values calculated for all links (global value) as
well as for outgoing and incoming links for each protein. In
BNyeyvs, the Plp domain had the strongest overall global
influence (KL-divergence =53.3) over the entire BN, followed by
Pol (KL-divergence =25.4), Unk (KL-divergence =23.7) and Pp
(KL-divergence = 22.9). In BNygys4, Pp (KL-divergence = 49.6), Pol
(KL-divergence = 25.3), Unk (KL-divergence =23.5) and the ORF2
protein (KL-divergence = 18.3) showed the greatest influence over
the entire BN. The overall global influence of Plp in BNygy3 was asso-
ciated primarily with strong outgoing links directed to other pro-
teins and ORF1 domains; whereas for Pp in BNygy4, this influence
was associated primarily with strong incoming links directed from
other proteins and ORF1 domains (Fig. 3A).

A more detailed analysis of the strength of influences among
proteins and ORF1 domains showed further differences in the
strength of epistatic signal associated with Plp and Pp in HEV3
and HEV4. In BNygys3, Plp sites had a strong influence over sites in
Pp, Pol, Unk and ORF3, whereas Plp had a very limited effect on
the states of sites in other proteins and ORF1 domains in BNygy4
(Fig. 3B). The strongest epistatic signal came to Pp from Plp in
BNyevs. In BNyey4, the state of sites in Pp was strongly influenced
by Unk, Y, Md, Hel, Pol and ORF2, while Plp had a very limited effect
on this domain (Fig. 3C). Collectively, these observations empha-
size important differences in the structure of epistatic connectivity
among aa sites in the 2 HEV genotypes.

3.5. Most influential sites

Using the degree of connectivity and KL-divergence values as
criteria for finding sites that impose the greatest influence on the
state of the entire network (Fig. 1), we identified the most influen-
tial sites (degree k > 5 and KL-divergence > 2.0) in BNygy3 (1=9)
and BNygvs (n=16) (Fig. 4). The ORF1 sites 461 and 593 were
responsible for 34.1% and 40.9% of the overall global influences
of Plp and Unk in BNygys, respectively. In BNygy4, the ORF1 sites
789 and 1036 were responsible for 12.1% and 67.9% of the overall
global influence of Pp and Hel, respectively.

3.6. Unk contribution

The region of the ORF1-encoded protein at positions 593-706
(HEV3 and HEV4), designated Unk, has not been assigned any func-
tion (Koonin et al., 1992). However, sites from this region were
among most influential in BNs (Fig. 3); e.g., sites 593 and 613 in
BNyevs, and 676 in BNygy4 (Fig. 4). In general, significant depen-
dencies (KL-divergence > 0.80) were detected for the Unk sites,
with many of them having outgoing links to other proteins and
ORF1 domains (Fig. 3H). In BNygys, the ORF1 sites 1252, 882, 766
and 475 and the ORF2 sites 264, 426, and 593 were linked to site
593 in Unk; the ORF1 site 461 was linked to sites 596 and 678 in
Unk, and the ORF1 site 575 to the Unk site 600. In BNygva, sites
621 and 676 in Unk were linked to the ORF1 sites 732 and 746,
and sites 683 and 687 were interlinked in Unk.

3.7. Association to the host

The finding of the variable representing the host origin of HEV
strains in learned BNygy3 and BNygys (Fig. 1) suggests that the
coevolution among aa sites has association to the host. Site 557
from Plp in BNygy3 and 1692 from Pol in BNygy4 had direct links
to the host variable, which were found to be significant (X2,
p=0.0002 and p = 0.0001, respectively).

Evaluation of the BN models (see Target analysis in Supplemen-
tary Material) showed that BNygys and BNygys associate HEV
strains to the host (swine or human) with the mean accuracy of
72.3% and 78.2%, respectively. However, despite such high accu-
racy observed in the target analysis, none of the HEV3 and HEV4
proteins contained any individual aa site with strong MI directly
to the host (Fig. 5), suggesting that the virus-host dependency is
contingent on the overall concerted effects of several aa sites from
HEV proteins. Thus, association to the host through site 557
(BNggv3) and 1692 (BNygy4) should be considered in conjunction
with aa heterogeneity at other sites in the network. Aa sites, which
as a group were found to notably affect probability distributions of
the host variable in BN are identified in Table 1 (based on target
analysis; see Supplementary Material for details). It is important
to note that there were many sites from all 3 proteins in BNygy3
and BNygy4 that together had a measurable effect on the state of
the host variable. The Pp region, positions 721-796 and 720-790,
constituted the largest fraction of ORF1-protein sites reflecting
the host dependency in both HEV3 and HEV4, respectively.

3.8. Host-specificity of epistatic connectivity

The finding of genetic associations to host origin (Fig. 5 and
Table 1) suggests that epistatic connectivity among aa sites in
HEV3 and HEV4 is specific to the host. However, the host specific-
ity of epistatic connectivity is not explicitly obvious in the learned
BNyevs and BNygy4 (Fig. 1). To examine the host-specific coevolu-
tion among the HEV aa sites, additional models BNsyine and
BNhuman Were generated using HEV sequences obtained from
swine and humans, respectively (Fig. 6). To determine the level
of host specificity of epistatic connectivity in learned BN we mea-
sured the degree of accuracy with which the modeled epistatic
connectivity among aa sites reflects the host origin of HEV variants.

The log-likelihoods of BN (see Supplementary Material for de-
tails of computations) were compared to evaluate accuracy with
which learned BNs (Fig. 6) represented data distribution of HEV
variants originating from same or different host species. The log-
likelihood values for BNsyine OF BNLuman tested on swine or human
data, respectively, were only 15%-30% different, while cross-tests
on human or swine data, respectively, resulted in ~3.0-5.5-fold
differences (Table 2). This finding indicate that BNs shown in
Fig. 6 have a structure that accurately represents the unseen data
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Fig. 3. Strengths of epistatic influences. Strength of linkages (primary y-axis) and number of links (secondary y-axis; crosses joined with dashed lines) among HEV proteins
and ORF1-domains (x-axis) was computed from learned BNygy3 and BNygya. (A) Overall strengths measured for each protein or ORF1-domain in entire BNs. Directionality of
influences is color coded. (B-]) Strength and number of links to all proteins and ORF1-domains in BNygy3 and BNygy4 observed for each protein and ORF1-domain.
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Table 1
Protein sites with relevant effects on the BN host variable.

Genotype ORF Protein sites” Standardized total effects®
HEV3 ORF1 89, 113, 509, 546, 547, 555, 557, 598, 605, 721, 746, 765, 782, 784, 796, 846, 1017, 1018, 1219, 1252, 1285, 0.459-0.0784
1370 and 1508
ORF2 5,11,13,25 and 529 0.177-0.069
ORF3 82,88 and 89 0.188-0.125
HEV4 ORF1 161, 304, 462, 469, 488, 516, 546, 555, 557, 566, 573, 611, 620, 676, 683, 687, 720, 727, 736, 738, 740, 742, 743,  0.5140-0.081
745, 755, 759, 762, 767, 769, 773, 774, 779, 781, 783, 786, 789, 790, 906, 938, 964, 1003, 1007, 1036, 1237, 1242,
1346, 1349, 1356, 1632, 1692 and 1704
ORF2 11, 37, 39, 537, 597, 609 and 632 0.182-0.081
ORF3 70, 73,92, 94 and 103 0.298-0.081

4 Numbering represent protein positions in respective ORFs. Listed sites correspond to BNygy3 and BNygy4 (Fig. 1).
b Range of estimated values observed for corresponding protein sites (see Section 2 for further details on estimates).

obtained from HEV strains recovered from the same hosts but does
not fit as well data obtained from HEV strains recovered from dif-
ferent hosts. In addition, relationships among variables observed in
BNswine and BNyuman Were highly conserved among sets of BNs
learned from 15 re-samples of the HEV data. Arc confidence anal-
ysis by jackknife method (Supplementary Material) showed that
>88% of all arcs are present in >73% of the k-samples, indicating
robustness of the modeled epistatic connectivity in the host-spe-
cific BNs (Table 3).

Inspection of BNswine and BNyuman graphs showed differences in
the modeled epistatic connectivity between swine and human
strains of HEV3 and HEV4 (Fig. 6). For HEV3, both BNs shared 30
aa sites, which represent 63% and 71% of all sites involved in
BNhuman and BNswine, correspondingly. For HEV4, however, BNs
shared only 9 sites, representing only 14% and 23% of all sites in
BNyuman and BNswine, correspondingly. Taken together, these
observations suggest that epistatic connectivity captured by the
BNs strongly reflects host specificity.

3.9. Host specificity of different regions

The specificity with which genetic diversity is coordinated
through the epistatic connectivity among polymorphic sites associ-
ates host origin of HEV strains was further examined by evaluating
performance of classifier models. Aa sites found relevant for
improving classification performance of models are identified in
Tables 4 and 5 (also see Table S2, in Supplementary Material). BNCs
showed 73.8-92.7% accuracy of classification into swine and hu-
man strains in the 10-fold CV for variants of all three ORF proteins
of both genotypes, with greatest accuracy being achieved by using
aa sequence information of sites from the ORF1-encoded protein
(Table 4). Although all 3 ORF proteins had sites with epistatic con-
nectivity specific to swine or humans (Fig. 6), sequence variation in
the ORF1-encoded protein of both genotypes was most strongly
associated with the host origin of strains. In 10-fold CV, classifica-
tion accuracy of >80% was observed with BNCs using sites from the
ORF1-domains Pp and Pol of both genotypes (Table 5). Except for
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highly correlated (avg. r=0.9326 and r=0.8791 - A and B, respectively; r=0.8075 and r =0.7934 - C and D, respectively). Color coding and numbering are as in Fig. 1.

the Mt-domain, such level of accuracy was achieved by BNCs de-
rived from all other ORF1-domains only in HEV4.

Likewise, genetic host specificity of HEV strains was also sup-
ported by BNC classification performance on validation datasets
(Table S2). Selected sites from domains Pol (n = 16) of the ORF1-en-
coded protein of both genotypes and Pp (n = 10) of HEV4 are also
listed in Table S2. Furthermore, the distribution of physicochemical
properties for these selected aa sites was evaluated using LP mod-
els. The clustering of 65 HEV3 and 55 HEV4 strains in LP models
using the selected aa sites was found to be strongly associated with
the host origin of strains (Fig. 7). On validation trails, accuracy per-
formance of LP model of the HEV3 Pol aa sites (Fig. 7A) was 84.0%,
while for LP models constructed for HEV4 Pol (Fig. 7B) and Pp
(Fig. 7C) were 100% accurate. Because of the lack of additional data,
the HEV3 Pp model could not be evaluated.

4. Discussion

4.1. Lack of phylogenetic separation by host among HEV3 and HEV4
strains

A strong phylogenetic association between HEV strains and host
range is clearly established, with the HEV1 and HEV2 strains
infecting humans, whereas HEV3 and HEV4 strains infect animals
and humans (Purdy and Khudyakov, 2011; Krawczynski et al.,
2000). However, no ancestral associations with host specificity
were found among the HEV3 or HEV4 strains despite many at-
tempts to identify a phylogenetic linkage of individual strains to
the host origin (Bouquet et al., 2012a; Purdy et al., 2012b; Smith
et al., 2012). Although the host-specific distribution of HEV3
subtypes was observed in a small rural community in southeastern



J. Lara et al./ Infection, Genetics and Evolution 24 (2014) 127-139 135

Table 2
Quality assessment of BNygy3 and BNygy4. Comparisons between log-likelihood values
(within shaded and unshaded row pairs).

HEV-infected Log-likelihood tests® HEV3 log- HEV4 log-
host likelihood likelihood
Human log(P(Dso%leuman) 8.63 28.85
log(P(D20%|BNuman) 7.07 24.84
log(P(D100%BNHuman) 828 27.67
10g(P(DswinelBNHuman)”  24.22 141.99
Swine log(P(Dgox|BNswine) 6.16 8.03
log(P(D20%|BNswine) 7.95 6.76
log(P(D100%/BNswine) 6.29 13.17
IOg(P(DHuman|w5wine)L 22.62 72.38

2Statistical tests were performed on networks shown in Fig. 6.

PBN learned using data of HEV variants sampled from humans (BNpyman) Were
tested on HEV data sampled from swine (Dswine)-

°BN learned from swine data (BNsyine) was tested on HEV data sampled from
humans (Dyuman)-

Table 3
Validation of host-specific dependency among aa sites.

HEV genotype Host-specific network” Cross-validation test”

(e) )]
HEV3 BNjjuman (44) 9 100%
30 80.0-93.3%
5 0%
BNswine (40) 20 100%
18 73.3-93.3%
2 0-60%
HEV4 BNjuman (60) 29 100%
27 73.3-93.3%
4 46.7-60.0%
BNswine (34) 2 100%
28 73.3-93.3%
4 46.7-66.7%

2 Cross-validation tests were performed by jackknife method to determine per-
cent frequency (f) with which edges (e) appeared in sampled networks relative to
the corresponding reference BN (Fig. 6).

b Values shown in parenthesis denote the total arc counts in reference BNs.

€ Values represent edge counts between aa sites observed for a given (f).

Bolivia, it was most probably caused by the high prevalence of the
infection rather than adaptation of different viral lineages to swine
or humans (Purdy et al., 2012a). Complex patterns of HEV trans-
mission among hosts of different species generate conditions for
maintenance of significant heterogeneity among HEV strain, which
cannot be adequately represented in short genomic regions usually
used for phylogenetic inference (Purdy et al., 2012a). However,
the ineffective representation of genealogical relationships
with short genomic regions cannot explain elusiveness of ancestral

connections to the host origin of HEV strains since analysis of the
HEV whole-genome sequences is also unsuccessful in detecting
the host-specific clustering of HEV3 or HEV4 lineages derived from
different host species (Bouquet et al., 2012a; Purdy et al., 2012b).

Phylogenetic analysis conducted in this study strongly supports
previous observations of phylogenetic intermixing among HEV iso-
lates from different hosts. Several measures for examining the phy-
logenetic relatedness of phenotypic characteristics have been
developed over the past 20 years. Parker et al. (2008) created a soft-
ware platform, Befi-BaTs, that calculates seven of these metrics to
analyze the degree to which phenotypic characteristics are corre-
lated with shared ancestry. Befi-Bats was used to analyze the relat-
edness of host specificity to HEV ORF1 PSTs for HEV3 and HEV4.
Befi-BaTS uses a Bayesian PST to estimate the significance of the
taxon-phenotypic character associations. Table S1 (Supplementary
Material) shows that only some of these metrics were significant.
Those metrics, which examine all traits together across the PST un-
der investigation, tended to be statistically significant, while the
monophyletic clade size, which examines each trait individually,
were statistically insignificant. More test metrics were not statisti-
cally significant for the HEV4 PST as compared to HEV3 (Table S1).
This lack of agreement among all methods is difficult to interpret as
there is no definitive guide for comparing these metrics. The distri-
bution of sequences from the swine host appears to be random in
the PSTs from both genotypes. As noted by Gittleman and Luh
(1992), “if phylogentic correlation is not observed, then compara-
tive method procedures should not be adopted.” For this reason
we chose to use Bayesian networks to elucidate the relationship be-
tween host specificity and genome sequence.

4.2. Genetic coordination

Analyses conducted here indicated a broad coevolution among
sites of proteins encoded by all 3 HEV ORFs (Fig. 1). Coordinated
variations were observed for ~70% of all polymorphic aa sites in
both HEV3 and HEV4 strains. Owing to its length, the ORF1-en-
coded protein contributed ~76% of sites to BNygy3 and BNygy4. In
both BNs, the ORF2- and ORF3-protein sites were linked predomi-
nantly to sites from the ORF1-protein, while ~65-70% of ORF1-
protein sites had intra-protein links. The ORF1-protein contains 7
functional domains (Koonin et al., 1992) and links were detected
predominantly among these domains. Plp, Pp and Pol had 28% of in-
tra-domain links, with Hel having a single intra-domain link in
HEV3. It is important to note that these 3 domains, Plp, Pp and
Pol, contributed 65-71% of the ORF1-sites to BNs (Fig. 1), which
suggest an important role in HEV protein evolution. Coordination
between the ORF1-sites, on one side, and ORF2- and ORF3-sites,
on the other, was more extensive for HEV4 than for HEV3
(Fig. 2B), suggesting a greater dependence of the HEV4 evolution
on the inter-protein coordination.

Table 4
Overall performance of BNC constructed for each ORF-encoded protein.
ORFs HEV3 HEV4
Protein sites® F-measure CA  Protein sites® F-measure CcAP
Swine/ (%) Swine/ (%)
Human Human
ORF1 514, 557, 643, 719, 720, 724, 728, 764, 775, 783, 795, 836, 0.86/0.89 87.7 17,462, 523,531, 546, 560, 562, 574, 650, 683, 732, 0.88/0.95 92.7
855, 1005, 1234, 1449, 1506, 1507, 1599 and 1612 733,742, 756, 772, 779, 802, 804, 1096 and 1456
ORF2 2,12,25,30, 34,48, 53,67, 76,103, 113, 149, 158, 188, 356, 0.79/0.84 81.5 38,39, 46, 78, 96, 98, 119, 146, 175, 318, 521, 527, 0.73/0.88 83.6
473,501, 511, 527, 529, 554, 571, 609, 649, 651 and 652 546, 609 and 614
ORF3  3,4,7,31,33,36,38,41, 56,70,76,78,81,83,85,93,94and  0.59/0.81 73.8 2,17,29, 32,42, 53, 67, 73, 79, 82, 84, 90 and 92 0.60/0.85 78.2

99

2 Numbering represent protein positions in respective ORFs.
b Overall classification accuracy of classification by 10-fold CV.
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Table 5
Overall performance of BNC's for different ORF1-domains.
Domain HEV3 HEV4
Protein sites® F-measure CA"  Protein sites® F-measure CAP
Swine/ Swine/ (%)
Human Human
Mt 70,81, 89,129,137, 141,151,152, 158,161,189, 192, 0.51/0.72 64.6 61, 72,75, 89, 122, 139, 148, 150, 189 and 204 0.0/0.83 70.9
200 and 206
Y 219, 240, 246, 248, 302, 323, 355, 363, 393,399 and 0.29/0.75 63.1 239, 248, 274, 277, 304, 306, 332, 335, 338, 340, 356, 0.56/0.87 80.0
400 357, 359, 363, 413, 423, 428 and 429
Plp 468, 495, 502, 509, 512, 514, 517, 530, 542, 557 and  0.69/0.77 73.8 462, 546, 560, 562 and 574 0.79/0.91 87.3
589
Pp 719, 720, 724, 728, 740, 749, 764, 775, 783, 790, 791,  0.83/0.86 84.6 707,718, 732, 733, 742, 756, 760, 767, 772 and 779 0.77/0.90 85.5
795 and 797
Md 843, 855, 873, 876, 879, 914, 915, 941, 949, 959, 972, 0.52/0.77 69.2 803, 804, 811, 817, 835, 836, 846, 869, 874, 876,902, 0.31/1.0 80.0
985 and 992 942 and 952
Hel 1016, 1024, 1043, 1076, 1101, 1146, 1160, 1233, 0.59/0.72 66.2 977,981, 983, 984, 1003, 1007, 1044, 1047, 1064, 0.64/0.88 81.8
1234 and 1242 1094, 1096, 1100, 1117, 1120, 1124, 1136 and 1196
Pol 1370, 1285, 1508, 1599, 1732, 1386, 1612, 1283, 0.79/0.83 81.5 1235, 1236, 1247, 1266, 1303, 1355, 1360, 1447, 0.67/0.89 83.6

1481, 1533, 1746, 1426, 1652, 1499, 1638 and 1555

1456, 1572, 1632, 1648, 1652, 1692, 1693 and 1704

2 Site numbering based on polyprotein positions.
b Overall classification accuracy of classification by 10-fold CV.
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Fig. 7. Host-specific separation of HEV3 and HEV4 strains in LP-modeled physicochemical space. Shown are LP plots of physicochemical properties for aa sites from Pol and Pp
(Table 4). Probability mapping of human and swine strains is color-coded, with human space shown in blue and swine in red. Color density is proportional to probability
values. (A) LP map of HEV3 variants (n = 65) using Pol aa physicochemical properties or markers (n = 16); (B) LP map of HEV4 variants (n = 55) using Pol markers (n=16) and
(C) LP map of HEV4 variants (n = 55) using the Pp markers (n = 10). Below the mappings are line charts showing the prediction results (probability scores) on validation
datasets from the above corresponding LP maps; y-axis represents probability [0-1]; p(H) and p(S) are probabilities of the human (blue line) and swine (red line) origin of a
strain, respectively. GenBank accession numbers (x-axis) are shown for each test sequence; black triangles and circles identify HEV strains obtained from humans and swine,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Genetic association with host origin

One of the most important observations made in this study is
the strong association of the modeled epistatic connectivity among
HEV3 and HEV4 aa sites with the host origin of HEV strains. This
observation implies host-specific coevolution among HEV protein
sites. Although only a single site is linked to the host variable in
both BNs (Fig. 1), host association is not encoded at any single pro-
tein position. Rather, many sites contribute to the host-specific epi-
static connectivity. This inference is supported by the observation
that not a single site had a strong MI with the host origin (Fig. 5).
The host association of any aa site should be considered in con-
junction with many other sites in BNs (Fig. 5). Sites, collectively
affecting the distribution of the host probability (Fig.1), were iden-
tified for each HEV3 and HEV4 protein (Table 1), indicating associ-
ation between genetic heterogeneity of these groups of sites with
host specificity. However, this association was most measurable
for the ORF1-encoded protein of both genotypes (Tables 1 and 4),
with the ORF2- and ORF3-encoded proteins containing only small
groups of sites producing a smaller effect on the host variable in
BNs (Table 1).

4.4. Contribution of ORF1 domains

Analysis of the log-likelihood values for BNswine and BNpyman
(Table 2) and jackknife CV tests (Table 3) showed that all BNs in
Fig. 6 had a strong host-specific structure, indicating genetic differ-
ences between HEV strains recovered from swine or human hosts.
These host-specific genetic differences were predominantly estab-
lished among ORF1-domains (Fig.6). The genetic composition of
domains Pp and Pol was found to be strongly associated with host
specificity in both HEV3 and HEV4 (Table 5). Analysis of the LP
models constructed using protein physicochemical properties pro-
vided additional support of host-specific genetic variations in do-
mains Pp and Pol (Fig. 7).

The association between Pp and the host range of HEV3 and
HEV4 strains was suggested earlier (Purdy et al., 2012b). This do-
main was shown to belong in a class of intrinsically disordered re-
gions or proteins, which play important regulatory roles facilitated
by their propensity to highly specific interactions with numerous
intra-cellular ligands (Uversky, 2011). Accordingly, domain Pp
was found to contain many ligand binding sites, supporting its po-
tential regulatory functions. These findings in conjunction with the
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extensive homoplasy of the Pp sites identified along the major
HEV3 and HEV4 phylogenetic lineages suggest a role for Pp in the
intra-host adaptation (Purdy et al., 2012b) and, taken together with
observations made in this study, strongly support the prominent
role of this domain in adaptation to the broad host range of these
2 HEV genotypes.

The Unk region located at positions 593-706 of the ORF1-pro-
tein has not been assigned any function (Koonin et al., 1992).
Here, the data indicated that this region imposes a considerable
influence on the state of BNygy3 and BNygy4. Many sites from this
region had outgoing links to other proteins and ORF1-domains
(Fig. 3H). Such wide-ranging participation in epistatic connectiv-
ity modeled using BN suggests that Unk potentially has an impor-
tant, but yet to be recognized, function or role in evolution of
HEV3 and HEV4.

4.5. Host specificity is a convergent and abundant trait

Observations of the high extent of homoplasy along the HEV3
and HEV4 genomes compared to HEV1 (Purdy et al., 2012b) and
the association between the HEV aa sites and host origin identified
here suggest that host specificity is a convergent trait, which orig-
inates independently among HEV3 and HEV4 lineages. Identifica-
tion of the phylogenetic connection to host would indicate
heritable reduction in the host range for individual strains, similar
to that observed in HEV1 and HEV2. For HEV3 and HEV4 lineages,
convergence implies a certain genetic plasticity of host adaptation.
Host specificity seems to be an abundant phenotype, which can be
established by many HEV3 and HEV4 genetic variants. The BN
models indicated coevolution among ~70% of all polymorphic aa
sites (Fig. 1), suggesting involvement of the entire HEV genome
in host adaptation. However, each HEV protein and ORF1 domain
had a strong independent association with the host. Identification
of the various groups of aa sites associated with host origin (Fig. 6;
Tables 1, 4 and 5) indicates that HEV may efficiently achieve this
adaptation via many genetic pathways, each requiring small but
specific genetic adjustments rather than global genetic changes
across the entire genome. The lack of a clear phylogenetic separa-
tion among HEV3 and HEV4 lineages by hosts (Fig. S1 in Supple-
mentary Material) further suggests that each HEV strain achieves
adaptation to the host using different small subsets of coevolving
aa sites rather than hardwiring host specificity into a small number
of invariant aa sites. The presence of certain minimal genetic
changes seems to be sufficient for establishing effective infection
in a different host and renders all other genetic changes across
the genome, though also associated with host specificity,
redundant.

The HEV3 and HEV4 genetic composition allows for many
strains to replicate in different hosts (Meng, 2011; Purdy et al,,
2012a; Takahashi et al, 2011; Tei et al., 2003; Zhao et al,
2009). We hypothesize that there are various ways for achieving
host adaptation, each requiring a few genetic changes. These
changes may be generated rapidly during HEV infection
(Bouquet et al., 2012b). Accumulation of substitutions leads to
diverse intra-host HEV population in swine and humans
(Bouquet et al., 2012b; Grandadam et al., 2004). Thus, host-
specific substitutions may preexist among intra-host variants in
the previous host (Borucki et al., 2013). Taking into consider-
ation the zoonotic nature of HEV3 and HEV4, it is conceivable
that the swine intra-host HEV variants have a much greater
range of replication rates when introduced to humans, with only
a fraction of the swine variants capable of replicating efficiently
in human hosts.

Such consideration implies that, with swine being the primary
hosts, HEV3 and HEV4 strains have greater intra-host heterogene-
ity in swine than in humans. Indeed, a lower variability among hu-

man than swine intra-host HEV variants was recently reported
after the experimental transmission of a single human HEV strain
to swine (Bouquet et al., 2012b), suggesting differences in selection
pressures acting on HEV in different hosts that result in variation in
genetic heterogeneity. Thus, the HEV variants replicating effi-
ciently in humans may represent a subset of swine variants. The
previously reported dose dependence of establishing HEV infection
and clinical manifestation of the infection (Aggarwal et al., 2001;
Takahashi et al., 2012) is consistent with this hypothesis, which
further implies that HEV transmission from swine should be most
effective when achieved in bulk. Such transmission is frequently
associated with consumption of raw or under-cooked meat from
infected animals (Lewis et al., 2010; Li et al., 2005; Tei et al.,
2003; Teo, 2010). In these cases, exposure to the large HEV quan-
tity is expected while low-dose transmission would lead to sub-
clinical infection and explain the high rates of seroprevalence
seen in many industrialized countries (Purdy and Khudyakov,
2011).

4.6. Comparison between HEV3 and HEV4

Discordance between the identified swine and human aa mo-
tifs in HEV3 and HEV4 strains suggests that these 2 genotypes
adopt different genetic pathways for host adaptation. HEV4
strains employ a greater number of aa sites than HEV3 (n=97
for HEV4 vs. n=60 for HEV3 in BNs shown in Fig. 6) for
adaptation. There were ~2.5-3.0-times more aa sites, which were
not shared by BNswine and BNpyman, for HEV4 than for HEV3
(Fig. 6). These differences resulted in a very low correlation
(r=0.0313) between features of BNswine and BNyyman for HEV4,
whereas this correlation was r=0.7004 for HEV3. Coordination
of sites from the Pp domain was especially genotype-specific
(Fig. 3). Although the HEV3 host motifs contained only 1 Pp site,
there were 8 and 23 sites from this domain involved in the HEV4
BNswine and BNpuman, respectively, with none of them shared by
both BNs (Fig. 6). Thus, the data indicate that HEV4 has more
complex genetic requirements for the efficient replication in
different host species than HEV3, which is reflected in a more
accurate performance of all models generated using HEV4
sequences (Tables 4 and 5, Fig. 7 and Table S2).

We speculate that specific requirement for coordination of
heterogeneity among many aa sites (Fig. 6) renders the swine
HEV4 less prone than HEV3 to the rapid acquisition of a partic-
ular genetic composition favorable for the efficient propagation
in human hosts and, as a consequence, potentially generates a
greater genetic disparity among swine HEV4 than HEV3 strains
for establishing productive infections in human hosts. The esti-
mated low number of symptomatic HEV infections in China
(Wedemeyer and Pischke, 2011), where HEV4 is endemic (Liu
et al., 2012), suggests that HEV4 is less virulent and/or may only
be transmitted infrequently in a dose sufficient for causing the
manifestation of clinical symptoms. Additionally, the host spe-
cific separation between HEV genotypes has been reported in In-
dia, where HEV4 was found infecting animals while HEV1
infections were detected among humans (Arankalle et al., 2002;
Shukla et al., 2007). Although the molecular and epidemiological
mechanisms underlying these phenomena are not known (Purdy
and Khudyakov, 2011), both observations are consistent with the
suggested low infectivity of HEV4 to humans. However, once the
specific genetic composition is acquired; e.g., through continuous
passaging among humans, HEV4 should attain a greater capacity
for establishing human infection and, as a result, become more
virulent. We speculate that the increased detection of HEV4
infections in China observed over the last decade (Liu et al.,
2012; Zhang et al., 2011) is related to such adaptation of HEV4
to humans.
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4.7. Association with virulence

Although the data presented in this study do not have direct
implications for HEV virulence, it is intriguing to note that sites
605 in UNK, 1017 and 1252 in Hel, which have been associated
with severe hepatitis in HEV3-infected patients (Takahashi et al.,
2009), were among the most influential sites of the HEV3 ORF1-en-
coded protein (Table 1). All 3 sites were involved in BNygys (Fig. 1).
Additionally, site 1252 was included in the HEV3 host-specific mo-
tifs, with site 605 being a part of the human motif (Fig. 6). These
observations suggest the possibility that the host-specific coevolu-
tion among protein sites has association with HEV virulence.

In conclusion, emerging infectious diseases are frequently asso-
ciated with host shift for infectious agents (Purdy and Khudyakov,
2011). Understanding of the extent of heritability of host specific-
ity and genetic factors facilitating zoonotic transmission is impor-
tant for the efficient control of emerging infectious diseases.
Findings made in this study indicate that HEV is uniquely suitable
for assessing these parameters of viral infections. The HEV capacity
to infect humans is not uniformly distributed among HEV strains. It
is strongly encoded in genetic composition of HEV1 and HEV2,
whereas closely related strains of HEV3 and HEV4 vary in their
capacity to establish infection in humans. Such breadth of genetic
associations to host adaptation presents a valuable opportunity for
exploring heritability of host specificity and understanding genetic
mechanisms responsible for emerging viral diseases.

Here, the extensive coevolution among aa sites was shown to be
associated with the host adaptation of HEV3 and HEV4. This find-
ing, taken together with phylogenetic intermixing among human
and swine lineages, suggests that HEV host specificity is a herita-
ble, convergent and abundant phenotypic trait, which can be
achieved independently by various HEV3 and HEV4 strains
through many genetic pathways. Such genetic host specificity war-
rants further investigation, leading not only to understanding the
epidemiology of HEV3 and HEV4 infections, but also to prediction
of future patterns of transmission, morbidity and virulence, and
formulation of appropriate public health control measures.
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