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Abstract

Hepatitis E virus (HEV) is the most common cause of acute viral hepatitis globally.
HEV comprises four genotypes with different geographic distributions and host
ranges. We utilise this natural case-control study for investigating the evolution of
zoonotic viruses compared to single host viruses, using 244 near full length HEV
genomes. Genome wide estimates of dN/dS located a region of overlapping reading
frames, which is subject to positive selection in genotypes 3 and 4. The open reading
frames (ORFs) involved have functions related to host-pathogen interaction, so
genotype specific evolution of these regions may reflect their fitness. Bayesian
inference of evolutionary rates shows genotypes 3 and 4 have significantly elevated
rates relative to genotypes 1 across all ORFs. Reconstructing phylogenies of zoonotic
genotypes demonstrates significant intermingling of isolates between hosts. We
speculate that the genotype specific differences may result from cyclical adaptation

to different hosts in genotypes 3 and 4.

Importance:

Hepatitis E virus (HEV) is increasingly recognised as a pathogen which affects both
the developing, and the developed world. While most often clinically mild, HEV can
be severe or fatal in certain demographics, such as expectant mothers. Like many
other viral pathogens, HEV has been grouped into several distinct genotypes. We
show that most of the HEV genome is evolutionarily constrained. One locus of

positive selection is unusual as it encodes two distinct protein products. We are the
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first to detect positive selection in this overlap region. Genotype 1, which only
infects humans, appears to be evolving differently to genotypes 3 and 4, which infect
multiple species, possibly because genotypes 3 and 4 are unable to achieve the same

fitness due to repeated host jumps.

Introduction

Hepatitis E virus (HEV) is a non-enveloped, single stranded, positive sense RNA
virus, which infects around 20 million people globally each year (1). It causes large
propagated epidemics of acute hepatitis in Asia and Africa, and low level, sporadic
food-associated infections in the developed world (2, 3). Pathogenicity varies from
acute liver failure and up to 20% mortality in some sub-populations (for example in
pregnant women), to apparently asymptomatic infections in others (4). Acquired via
the fecal-oral route, HEV is associated with poor hygiene and living conditions. It
can also be acquired by eating contaminated food, including infected artiodactyls

(swine, deer and boar) and shellfish (4-6).

Mammalian HEV exists in four internationally recognised genotypes (7). Genotyping
is based on nucleotide divergence of the capsid open reading frame (8), and whole
genome phylogenetic analysis (9). Genotypes differ at epidemiological (distribution,

hosts) and virological (pathogenicity, translation mechanisms) levels.

In terms of epidemiology, there is a striking global distribution of autochthonous
genotypes whose origins are obscure (10): Genotype 1 is found in Asia and North
Africa; genotype 2 in Mexico and Southern Africa; genotype 3 in North and South

America, Europe and Asia; and genotype 4 almost exclusively in Japan and China. All
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four genotypes infect humans, but only genotypes 3 and 4 infect other animals such
as artiodactyls. In the developed world infections are sporadic and the genotype is
usually the same as that in the native swine population, suggesting zoonotic
transmission by food or contact (2). Most likely this involves the consumption of
undercooked pork. In contrast in developing countries infections can be epidemic as
well as sporadic, with human and swine strains most often different. A recombinant
vaccine against HEV exists, based on its capsid protein, which has passed phase III
trials (11, 12). The vaccine is based on genotype 1 strains, and appears to provide

cross protection against at least genotype 3 (12).

Pathogenicity and molecular mechanisms vary between genotypes. In developed
countries clinical disease is rare, and seroprevalence vastly outweighs documented
incidence (13-15). In developing countries, the clinical presentation of HEV
infection tends to be more symptomatic than in the developed world. Symptoms are
shared with many viral illnesses and include fever, gastro-intestinal upset and
malaise, and liver function tests may be deranged (15). The natural history also
varies by demographic, with a strikingly high mortality amongst pregnant women in
the developing world (10-25%) and also more disease in children compared to the
developing world where it is elderly men that are most often symptomatic (15, 16).
Primate models suggest these differences in pathogenicity are associated with the
genotypes, as genotypes 3 and 4 produce less clinical disease in comparison to
genotypes 1 and 2 in rhesus monkeys (17). There are few known differences in

molecular mechanisms between genotypes, however genotype 4 viruses do have a
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distinct mechanism for the translation of open reading frame 3 (ORF3), due to a

frame-disrupting single nucleotide insertion (18).

HEV has a c. ~7200 nucleotide genome comprising three partially overlapping open
reading frames. ORF1 encodes a nonstructural region, and ORF2 encodes the capsid
protein (19). The function of ORF3, which almost entirely overlaps ORFZ, is not
totally clear. Interestingly ORF3 is not necessary for in vitro infection (20), but is
necessary for in vivo infection of macaques (21). It is most likely multifunctional
(19) and involved in pathogenesis (22-25). Most of the coding region in the HEV
genome is under purifying selection (26, 27), i.e. selection against change in the
amino acid sequence. Areas with an excess of amino acid substitutions, a signal of
positive selection, have been found in the N-terminus of ORF2 and the C-terminus of
ORF3, with another in the RNA dependent RNA polymerase (RdRp) region in ORF1
(26). Purdy et. al. (28) have described positive selection in the hypervariable region
(HVR) of ORF1; however, Smith et. al. (27) failed to reproduce these results with a

broader selection of statistical tests.

Phylogenetic analyses of HEV may help to shed light on evolutionary differences
between genotypes, which underlie the epidemiological and clinical disparities. In a
previous study, Chen et. al. (26) failed to discern any difference in selection
pressures between genotypes. Since 2012, the number of appropriate full genome
samples has increased by 150%. Using this expanded dataset, we revisit the
question of evolutionary differences between the genotypes of HEV, using state-of-

the-art methods. We focus on detecting natural selection, specifically investigating
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regions of positive selection which stand out from a background of purifying
selection against non-synonymous substitutions. Our particular focus is on the
overlap region, making ours the first analysis of this region as a focus of positive
selection. We also carry out a detailed analysis of evolutionary rates, and link

phylogenetic findings to the virological characteristics of the genotypes.

Methods

Sequence acquisition

All available sequences of hepatitis E virus in Genbank (29) were obtained by
searching the NCBI Nucleotide Database using the taxonomic identifier (txid) 12461,
along with associated metadata on host, country, and date of sampling. As of August
6th, 2014 there were 10,041 sequences, of which 258 sequences were at least 7000

nucleotides long (i.e. near full length genomes).

Sequence processing

Open reading frames, corresponding to sequence regions between consecutive stop
codons, were identified for each sequence using getorf, part of the EMBOSS
package (30). ORFs 1, 2, and 3 for each sequence were identified by blastp (31),
with amino sequences of ORFs from the NCBI Reference Sequence NC_001434 as the
query, and translated ORF sequences as the reference. Multiple sequence alignments
(MSAs) for each ORF were generated using Clustal Omega (32), based on the
translated sequences. Nucleotide sequences were mapped on to the corresponding

aligned amino acid sequences using Seaview v. 4.5.0 (33). MSAs were trimmed,
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based on the start and stop of ORFs in NC_001434, and checked manually. In order
to obtain a single in-frame sequence for the near-full length genome, we
concatenated ORFs 1 and 2. The alignments and associated inferred data are

available for download from github.com/veg/HEV-evolution-2015.

Sequences were screened for recombination using RDP4 (version 4.36 beta) (34),
using eight available methods; RDP (35), GENECONV (36), BootScan (37), MaxChi
(38), Chimaera (39), SiScan (40), PhylPro (41), LARD (42), and 3Seq (43), using
default settings. Following exploratory analyses to determine whether
recombination detection was simply an artifact of complex patterns of mutations, a
sequence was deemed recombinant if three or more methods had reported it as a
recombinant. Consistent with prior reports of recombination in HEV (26, 44, 45), we

identified 14 recombinant viruses, including novel recombinants (see Table 1).

Genotypes were assigned to each sequence by sequence similarity and phylogenetic
reconstruction. We used tblastx (from the BLAST 2.2.30+ software suite (31, 46))
to find the most similar sequences prototypical for each genotype; M73218
(genotype 1 (47)); M74506 (genotype 2 (48)); AF060668 (genotype 3 (49)); and
AJ272108 (genotype 4 (18)). Designations were further investigated by inspecting
phylogenetic reconstructions obtained using FastTree v2.1.8 (50). Of the 258 near-
full length genomes, 127 were isolated from humans, and were selected for further
analysis. Two sequences were excluded on the basis that they were abnormally
divergent from the other sequences: M74506, which is a genotype 2 virus, and

JQ013793, which is similar to a strain of HEV isolated from rabbits (51). Genotype-
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specific alignments were generated and merged into a single master alignment
using MACSE v.1.01b (52). Sequences with a 100% identity to other isolates were
removed, resulting in a final dataset of 113 unique near full-length genomes isolated
from humans, comprised of concatenated ORF1 and ORF2 regions, with 26 genotype
1 sequences, 42 genotype 3 sequences, and 45 genotype 4 sequences. We split the
alignment into ORF1 and ORF2 regions, extracted the overlapping part of ORF3
from ORF2, and split ORF2 into the region overlapping ORF3, and the non-
overlapping region. We also identified 56 unique HEV genomes isolated from swine.
The swine HEV sequence alignment was merged with the human HEV dataset using

profile alignment in codon space using MACSE.

Genome-level selection analyses

Selection analyses employed a suite of phylogenetic methods, as implemented in
HyPhy(53) and Datamonkey (54, 55) using default settings. FUBAR (56) was used to
characterize pervasive selective pressures, i.e., those aggregated over all branches in
the phylogeny. Both an alignment-wide distribution of synonymous and non-
synonymous substitution rates, and site-level estimates were obtained using
FUBAR. MEME (57) was applied to identify individual sites subject to episodic
positive selection (i.e. operating along a subset of tree branches). aBSREL (58)
allowed us to estimate the complexity of evolutionary processes along individual
tree branches, and to determine which branches in the tree were subject to positive

selection along a subset of sites in the alignment. Finally, RELAX (59) was employed
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to formally test whether or not the evolutionary pressures were relaxed or

intensified for HEV infecting human hosts relative to those infecting swine hosts.

So that we could formally test whether or not selection was relaxed or intensified in
the overlapping region of ORF3 relative to ORF2, we modified the RELAX method
(60) to accept two gene alignments as input. Briefly, we fit a 3-rate random effects
branch-site class model (61) with three w classes to accommodate the variation in
selective forces across sites and branches in an unrestricted fashion jointly to both
alignments, while endowing each with its own branch lengths, equilibrium codon
frequencies, and nucleotide substitution biases. The RELAX test enforces a
functional relationship between the w ratios in reference (ORF2) and test (ORF3)
alignments: w ORF3 = (w ORF2)K. The estimated value of K indicates whether
selection in the test frame is relaxed (K < 1) or intensified (K > 1) relative to the
reference frame. A likelihood ratio test of the null hypothesis (K=1), versus the
alternative hypothesis (K # 1) establishes statistical significance of relaxation (or

intensification).

Codon substitution model for overlapping regions

We fitted three codon substitution models that explicitly consider whether
mutations are synonymous in just one of ORF2 and ORF3, or both. These models,
which have been previously used to screen for biologically meaningful alternative
reading frames in mammalian genomes (62), generate estimates of rates RXY, which
refer to the rates of substitutions which are synonymous (X = 0) or non-

synonymous (X=1) in the primary frame (ORF2), and synonymous (Y = 0) or non-
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synonymous (Y=1) in the alternative frame (ORF3). R0O - the rate for substitutions
that are synonymous in both frames, is fixed at 1, and the other three rates are
estimated relative to RO0. Maximum likelihood parameter estimates and associated
95% confidence intervals (profile likelihood) were calculated for a model in which
R0O1, R10, and R11 were allowed to vary freely. We also performed likelihood ratio
tests comparing the full model with two null models. The first null model assumes
that R11 is greater than one or both of R01 and R10; the expectation is that R11
(non-synonymous in both frames) should be less than either RO1 or R10, because
changing both frames should be evolutionary constrained. The second null model
assumes that R01=R10; rejection of this null hypothesis suggests that one frame is

more constrained than the other.

Molecular clock analyses

Sequences were annotated by year of sampling. In many cases, these data were
obtained from Genbank records. In other cases, the primary reference was used. In
the cases where neither source gave the sampling year, we used the submission date
to Genbank as an upper bound for the sampling date, with the lower bound set as
the earliest known sampling year (March 1990, from (63)). To estimate the
evolutionary rate for genotype specific alignments whilst accommodating the
uncertainty in sampling times, we used a Bayesian phylogenetic approach, as
implemented in MrBayes v3.2.2 (64). A general time reversible (GTR) model was
fitted, with rate variation modelled as a discrete gamma distribution with 4

categories. Base frequencies were fixed at their empirical values, and a uniform
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prior placed on topologies. A relaxed clock model was used, assuming that
evolutionary rates were drawn independently from a gamma distribution. Default
priors were used, with the exception of the clock rate, which was set to lognorm( -
9,1). Two chains were run for 110 million generations with a burnin of 10 million,
thinned to give a sample of 1000 iterations. Results were processed using the coda
library (65) in R and the 95% upper and lower credible intervals were inferred from
the posterior distribution. Convergence was tested using manual inspection of
traces of parameter values, and calculation of the Gelman-Rubin statistic (66). The
rv library was used to generate credible intervals for the difference in clockrate
between genotypes in the same ORF. To validate the use of a relaxed clock we
analysed the parameter describing the variance of the rate distribution of the
relaxed clock, and found it to be distinct from zero with a median of 0.01914977
(95% credible interval=0.00115991-0.04887433), providing support for the use of a
relaxed clock over a strict clock. The ggplot2 library (67) in R was used to create

rate plots.

Host-specific patterns of evolution

Human and swine HEV near full length genomes were split into genotype 3 and
genotype 4 alignments. Phylogenies for each genotype were reconstructed
separately using maximum likelihood with RAXML v.8 (68), assuming the GTR
model of nucleotide substitution with gamma distributed rate variation. Phylogenies
were rooted with 1sd v.0.1 (69), using the median estimate of the sampling time for

each sequence. Terminal branches were classified as human or swine based on
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which host they were isolated from. Interior branches were classified as
'human'/'swine' whenever all of their descendants were labelled as
'human'/'swine', following post-order tree traversal. Species-specific estimates of
the distribution of the w ratio were obtained on the basis of the models

implemented in RELAX (59).

Implementation

Except where otherwise stated, selection analyses were performed using HyPhy
(53), using phylogenies of each region reconstructed using RAXML v.8 (68),
assuming the GTR model of nucleotide substitution with gamma distributed rate
variation, or the MG94xGTR model of codon substitution with analysis-defined
patterns of site-to-site and branch-to-branch rate variation. Tree visualisation was
carried out using the phylotree. js widget implemented as an extension of the D3

(D3js.org) JavaScript visualisation library (http://veg.github.io/hyphy-vision).

Results

Genome-wide patterns of selection

To visually identify genomic regions under positive or purifying selection, we
estimated the number of non-synonymous (amino-acid changing, dN) and
synonymous (amino-acid preserving, dS) changes for each codon (Figure 1) using
the FUBAR method (56), which estimates these quantities for individual sites using

an Empirical Bayes procedure in the phylogenetic likelihood framework. Consistent
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with previous findings, most of the genome was under purifying selection (dN < dS).
However, within each ORF, specific regions showed statistically significant evidence
of positive selection (dN > dS): the hypervariable region (HVR) in ORF1, the 5' end
of ORF2, and ORF3 (Figure 1). As the 5' end of ORF2 and ORF3 are overlapped, we
repeated FUBAR analysis of this area in each reading frame, finding a strong signal
of positive selection throughout the overlapped region of ORF2 and a weaker signal

in ORF3 (Figure 1).

Rate variation amongst site and branches

We fitted an adaptive branch-site model (58) to the alignment of 113 isolates with
near full length genomes. Overall, there was very strong evidence of variation in
selective pressure both over sites and lineages (A AIC = 1760 in favour of the model
which allows such variation), with 54 (24%) of branches supporting site-to-site
variation, with 2 rate classes per branch. The remaining 169 branches could be
adequately explained by a model where all sites evolve at a single rate. Eleven
branches were subject to statistically significant (p < 0.05 after Holm-Bonferroni
multiple testing correction) positive selection. Of the eleven, one belonged to
genotype 1 (M94177), 3 to genotype 3 (KJ701409, AF060669, and AF060668), and 7
to genotype 4 (AB220977, AB291964, AB291959, AB220979, AB220976,
AB220978, and AJ272108). In all cases, 98% or more sites were under strong
purifying selection (w < 0.05), and the remainder were under very strong positive
selection (w > 50). Interestingly, despite the fact that the estimated distribution for

all interior branches separating the individual genotypes had a component with w >
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1, none rose to the level of statistical significance for positive selection, after

multiple test correction.

Selection on individual sites in the ORF2/ORF3 overlap region

We performed selection analyses on each genotype separately. Consistent with the
whole genome FUBAR analysis, signals of positive selection were found in the
overlap region. Using multiple methods for detecting selection, positive selection
was found in both frames of genotypes 3 and 4, whilst neither reading frame of
genotype 1 exhibited any significantly positively selected sites (see Table 2). This
trend is shown in Figure 2, which renders the genotype-specific FUBAR distribution
estimates for each reading frame, representing the proportion of sites evolving at
different nonsynonymous and synonymous rates. These selective 'fingerprints'
demonstrate that there are sites subject to positive selection in both reading frames

in enzoonotic genotypes 3 and 4, but none in the human-only genotype 1.

In order to further disentangle selection on different reading frames, we fitted a
codon substitution model (see Table 3) that considers whether mutations are non-
synonymous in ORF2, ORF3, or both ORF2 and ORF3. In all three genotypes, the rate
of substitutions that were non-synonymous at a codon level in both frames was
significantly lower than the rate of non-synonymous mutations in either of the
specific frames. This finding is consistent with a dual-coding region where both
frames are under purifying selection for functional conservation, on average. The
point estimates derived from Genotype 1 are lower than for genotypes 3 and 4,

hinting at stronger conservation for the former. For genotypes 1 and 3, ORF2 and



303 ORF3 are evolving at significantly different rates, when considering non-
304 synonymous substitutions affecting only one of the frames, with ORF2 experiencing

305 more of the latter. For genotype 4, the rates are statistically indistinguishable.

306  To formally test whether ORF3 is evolving differently from the overlapping region of
307 ORF2, we modified the RELAX method(59) to accept two gene alignments as input.
308 The RELAX test enforces a functional relationship between the w ratios in reference
309 (ORF2) and test (ORF3) alignments: w ORF3 = (w ORF2)K. The estimated value of K
310 indicates whether selection in ORF3 is relaxed (K < 1) or intensified (K > 1) relative
311 to ORF2. A likelihood ratio test of the null hypothesis (K=1), versus the alternative
312  hypothesis (K # 1) establishes statistical significance of relaxation (or

313 intensification). The application of the RELAX procedure (Table 4) suggests strong
314 relaxation of selection in ORF3 (namely, through the elimination of the positively
315 selected component) in genotypes 1 and 3, and a weak (non-significant)

316 intensification of selection in ORF3 in genotype 4. This finding of ORF 2 apparently
317  driving the signal of positive selection reproduces, by different means, the findings

318 in Table 3.

319  Estimates of time-scaled synonymous and nonsynonymous substitution rates

320 Differences in the rate of evolution between different genotypes could arise due to
321 different selection pressures on the genotypes (i.e. different ratios of

322 nonsynonymous to synonymous substitution), as suggested by the selection

323  pressure analyses, or could simply be due to differences in the substitution rate (i.e.

324 differences in synonymous rates), independent of selection pressure. To address
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this question, we derived time-scaled estimates of synonymous and non-
synonymous rates, using the procedure described in (70). Briefly, a Maximum Clade
Credibility tree obtained using MrBayes was used as input to a codon analysis in
HyPhy, using the Muse-Gaut codon-substitution model with branch-specific a
(synonymous) and  (non-synonymous) rate parameters, which were used to
partition the fixed branch length into synonymous and non-synonymous
components. The conversion from expected substitutions per site to expected
substitutions / site / year was carried out under the assumption of a strict
molecular clock. The results are summarized in Table 5, and demonstrate that the
synonymous substitution rate of genotype 1 is approximately half that of genotypes
3 and 4. Whilst this is an important confounding factor, this effect merely adds to an
extant signal of positive selection in genotype 1 sequences, because lower dS would
work to elevate dN/dS for genotype 1 (for example, results in Table 3 are robust to

this confounding factor), it has not created the effect de novo.

Analysis of evolutionary rates

We estimated the evolutionary rate of each genotype, including information on the
estimated time of sampling (Table 6, Figure 3). The mean evolutionary rate was
similar across ORFs at approximately 0.003-0.005 substitutions per site per year.
Evolutionary rates of genotype 1 were significantly lower than those of genotypes 3
and 4 across all ORFs. Genotypes 3 and 4 demonstrate remarkably similar profiles,
with differences non significant across all ORFs. Table 5 shows that this is likely due

to both lower synonymous and non-synonymous substitution rates. Unsurprisingly,
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the overlap region of ORF 2 appears very similar to ORF 3, as they overlap
extensively. More surprisingly the non-overlap region of ORF 2 has a similar

evolutionary rate profile to ORF 1, with which is does not overlap at all.

Host-specific differences in evolution

We investigated whether patterns of evolution differ not only by genotype but also
species of isolation. We constructed phylogenies of the human and swine lineages
for genotypes 3 and 4, and assigned branches as either human, swine or
indeterminate. For both genotypes 3 and 4, there was notable intermingling of
lineages (Figure 4), representing a continuous zoonotic process. Genome-wide
analyses of selective pressures using the null and alternative models in the RELAX
suite, found a slight, but statistically significant intensification of selection along
human branches relative to swine branches. For genotype 3, RELAX inferred the
intensification coefficient of K = 1.09 (p = 0.013 when compared to the null
hypothesis of K = 1). For genotype 4, the inferred values were K = 1.12 and p <
0.001. In brief, this test establishes that w estimates on human branches are more
extreme (further away from w = 1, i.e., neutrality), than on swine branches. For
these analyses, indeterminate branches were endowed with their own
distribution and branch-level relaxation/intensification coefficients, treated here as
nuisance parameters. For genotype 3, 91.5% of the bootstrapped trees supported p-
value of <=0.05 or less (count = 211, median p value = 0.019 (4E-5-0.0699), median
K = 1.14987 (1.0324-1.2159)). For G4 every single p-value for RELAX was < 0.05
(count = 352, median p value = 9E4 (7E-11-0.0051), median K = 1.4059 (1.0900-

1.8709)).
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Discussion

We have demonstrated differences in the evolution of hepatitis E virus (HEV)
between the three open reading frames, and quantified how evolutionary patterns
differ between genotypes. Using a high quality alignment comprising all available
near full length genomes, our analyses have identified and focused in on the main
genomic region of interest: the ORF2/0ORF3 overlap region (Figure 1). Selection
analysis of the overlap region revealed multiple sites/regions undergoing positive
selection in genotypes 3 and 4, but a much weaker signal in genotype 1 (Figure 2).
This pattern is the same as that found in evolutionary rates, with significantly
reduced evolutionary rates in both ORF2 overlap and ORF3 of genotype 1 (Figure 3),
driven by differences in both synonymous and nonsynonymous rates. A genome-
wide analysis of genotype 3 and 4 isolates revealed a slight but statistically
significant intensification of selective pressures in human lineages compared to
swine lineages. We speculate, as genotype 1 viruses only infect one host and
genotypes 3 and 4 are enzoonotic, that genes in genotype 1 are subject to reduced
diversifying or balancing selection pressure as they have fine-tuned fitness by
specializing to their single host species. This functional constraint on amino acid
changes is particularly pertinent as this effect was found in both ORF2 and ORF3,
which are both believed to be important in the pathogen-host response as the
capsid protein and an immunomodulatory phosphoprotein, respectively (19). ORF1,

in contrast, contains housekeeping genes, which are less likely to be host-specific.



392  Cyclical host jumps seen in arboviruses, e.g., West-Nile virus, are associated with
393  purifying selection (71, 72). The concept behind this is that only substitutions

394  conferring a selection advantage in both hosts are preserved. However this

395 paradigm may not be globally applicable. In silico models of evolution under varying
396  selection pressure show that the rate of evolution and dN/dS can be either

397  suppressed or increased depending on how the timescale of the environmental
398 change compares to that of adaptation to the new environment (73, 74). In an

399  environment with very slow environmental fluctuations, each substitution will
400 either fix or go extinct during the epoch in which it arose, whilst in faster

401 oscillations a substitution will have the opportunity to be selected in both

402  environments (74). Therefore it may not be the case that all cyclical environments
403  induce stronger purifying selection. HEV may be an instance where the interaction
404  of oscillation period and time taken to reach a particular fitness level interact in
405 such a way as to promote diversity and a signal of positive selection. We therefore
406  postulate the signal of positive selection in those genomic regions which interact
407  with the host (ORF2 and ORF3, ORF1 contains housekeeping genes) represents a
408  cyclical but ultimately futile selection process in each species which results in a
409 phenotype which is sub-optimally fit in both. Although, interestingly, our host-
410  specific analysis provides evidence that the scales are currently tipped towards

411  optimizing for the human host.

412  Overlapping reading frames are not uncommon in RNA viruses (75), and have been
413  suggested as a mechanism of packing more genes in a limited genomic space (76).

414  Whilst other studies have found a scattering of positively selected codons in this
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region (26), none have investigated the overlap region as a locus for positive
selection. Overlapping coding regions are often constrained as substitutions impact
two protein products instead of one, causing a reduction in evolutionary rates (77).
However, there is a precedent for rapid evolution in overlapped regions in both
viruses (e.g. PB1-F2 and PA-X in Influenza A virus (78, 79)) and mammalian
genomes (80), and statistical techniques designed for mammalian overlapping
regions (62) helped us to shed light on what is driving evolution in the overlap
region. Investigating selection in a region of overlapping reading frames requires
reading-frame aware models. Apart from a currently computationally infeasible full
Bayesian treatment of co-dependent evolution in multiple reading frames (e.g. see
(81)), two approximate approaches have been used in practice. Firstly, the
overlapping reading frames can be treated entirely independently, and analysed
using standard methods (e.g. (82)). When this approach is taken to estimate
synonymous and non-synonymous rates and carry out tests of selection, the
interpretation of results becomes difficult (e.g., how valid is the concept of a frame-
specific synonymous rate in this context?), and can lead to false positive results (83).
Secondly, codon-substitution models which correct for the "expected" context of a
codon in the alternative reading frame have been proposed (62, 84, 85). The benefit
of these models is that, while remaining computationally tractable, they directly
estimate frame-aware rates of synonymous and non-synonymous mutations. Such
models have been successfully used to perform genome-wide screens of ORFs with
multiple overlapping reading frames for functional constraint (62), and the

evolution of overlapping reading frames in Influenza A virus (84). Our analysis of
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the overlapping reading frames shows a significant difference between the rate of
substitutions that were non-synonymous in both frames compared to only one
(Table 3), indicative of positive selection. Applying this model also allowed us to
find out which reading frame (and therefore likely gene product) was driving the
positive signal in this region. Although both reading frames are subject to positive
selection, the ORF2 overlap region appears to be driving selection (at least in

genotypes 1 and 3).

Evolutionary rates showed significant differences between the anthropotropic and
zoonotic genotypes. Across all genomic regions genotype 1 had significantly lower
evolutionary rates than genotypes 3 and 4, whilst genotypes 3 and 4 had
remarkably similar values. Evolutionary rates inferred from the posterior
distribution were typical of an RNA virus (86) and related viruses e.g. norovirus
(87). We, like Nakano et. al. (2012) and Purdy et. al. (2012), found a relaxed clock
most appropriate to reflect the variation in substitution rates between branches in
HEV, although our estimates of evolutionary rate are higher than those reported
previously (88-90). It should be noted that apparent evolutionary rates show time
dependency, with an elevation towards the present due to transient unfixed
substitutions, and apparent reduction in the past due to saturation (91).
Interestingly the ORF 2 overlap region has a very distinct profile of evolutionary
rates across all genotypes when compared with the non-overlap region. The non-
overlap region is strikingly similar to the ORF 1 profile, which is believed to contain

housekeeping genes.
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Our analyses of the host specific patterns of evolution are important in showing that
the differences described above are largely genotype, not host species, dependent.
For genotypes 3 and 4, we detected a slight increase in selection intensity in human-
associated viral lineages compared to swine associated viral lineages, in contrast to
the large differences between genotypes. The construction of phylogenies
demonstrated intermingling of swine and human lineages, and suggest a high rate of
host jumps indicative of the frequent transmission between swine and humans and
back again. The transmission of HEV from humans to swine has been demonstrated
extensively in laboratory settings (92, 93), however its frequency and mechanism in
the wild remain unclear (94). As phylogenies do not contain independent
information on the direction of transmission, it is hard to demonstrate such 'reverse

zoonoses' from sequence data alone.

Our study represents the most comprehensive HEV sequence analysis to date. It is
important, however, to note the limitations in the publicly available data. Genotypes
3 and 4 dominate in the developed world, whilst genotypes 1 and 2 are found in the
developing world (4). This global differential distribution of genotypes may be an
important confounder, as in fact the virus is not interacting with a single
homogeneous human host, but rather different clades of virus are interacting with
specific groups of human hosts. These groups are likely to differ significantly, e.g. in
the population composition of Human Leukocyte Antigen alleles (95), which in turn
imposes differential selective pressures on the pathogen as part of host-pathogen
interactions. As is the case for most pathogens, sampling is heavily biased by

location. There are many samples from Europe and East Asia, but few from
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Australasia and Africa, and there are many countries for which there are no
sequence data. Furthermore, little is known about genotype 2, with too few full
length viral genomes publicly available to build a reliable alignment, so studies

either omit it (26), or have low statistical power (96).

Hepatitis E virus is of increasing interest to public health officials and clinicians.
Attention in the developed world to date has been limited, partly due to the acute
nature of the infection in healthy individuals and the apparently asymptomatic
nature of infection in swine. However, the emergence of new strains of HEV, such as
one recently documented in the U.K. (97), emphasise the need for continuing

surveillance and characterisation of this pathogen.
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Tables

Recombination analysis

Accession
AB(097811

AB291954
D11093

DQ450072
EU723513

FJ426404
FJ457024

HM43928
4

JF443720
JN564006
Q655735

JX565469

Kj013414
KJ013415

Recombinatio
n reference

Wang et al.
(2010)

NONE

van Cuyck et

al. (2005)

Wang et al.
(2010)
NONE

NONE
NONE

NONE
NONE
NONE
NONE
NONE

NONE
NONE

Genotyp
e

3

Rabbit

Rabbit
Rabbit

Host

Swine

Huma
n

Huma
n

Swine

Swine

Swine

Huma
n

Huma
n

Huma
n

Huma
n

Huma
n

Rabbit

Rabbit
Rabbit

Major
parent

AB19317
7

AB44362
6

D11092

JF915746

EU72351
2

Unknown
JF443725

Q993308

AF45943
8

AB08982
4

GU18885
1

AB74022
2

Unknown
Unknown

Minor parent
AB481227

AB291953

D10330
GU188851;AB09139
4

EU723515

FJ426403
AF459438

JX855794;
EU676172
JF443725
JQ679014
JQ655733

GU937805

JQ768461;]X121233
JQ768461;]X121233

Table 1: Details of recombinants found. 14 recombinant HEV sequences were

identified in the 258 near full length genomes, generated by concatenating ORF1

and ORF2, by screening with RDP4 (version 4.36 beta) (34). With the exception of

KJ013414 and KJ013415, which shared a recombinant structure, all recombinants

were unique. Three recombinants had been previously described (see
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784

Recombination reference column). The table also shows the genotype of the
recombinant, the host it was isolated from, and the putative major and minor

parents.
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786

787

788

789

790

791

792

Genotype Reading frame (ORF) FUBAR (posterior = 0.95) MEME (p < 0.05)

1 2 0 0
1 3 0 0

3 2 7 4(4)
3 3 2 4(2)
4 2 6 7 (6)
4 3 1 6 (1)

Table 2: The number of positively selected codon sites in each reading frame of each
genotype of the overlap region (numbers in parentheses show how many sites were
shared between MEME and FUBAR sets). Genotype 1 lacks any positively selected
sites, meanwhile genotypes 3 and 4 produce a consistent signal of positively
selected sites in both reading frames. Note that MEME is generally more sensitive,
because it can detect selection on a subset of viral lineages, whilst FUBAR pools the

signal of selection from all branches.



ORF2 #

Both < ORF3
ORF2/0ORF3 LRT p-
Genotype ORF2 ORF3 Both LRT p-value value
1 0.056 0.032 0.012 0.005 0.039
95% CI (0.036,0.083) (0.020,0.048) (0.005,0.024)
3 0.167 0.082 0.011 <0.001 <0.001
95% CI (0.138,0.201) (0.066,0.099) (0.005,
0.018)
4 0.113 0.092 0.015 <0.001 0.12
95% CI (0.090,0.140) (0.076,0.110) (0.009,
0.024)

793  Table 3. Estimates of substitution rates that result in non-synonymous changes in at
794 least one frame, relative to the rate of substitutions that are synonymous in both
795  frames. A dimensionless metric, based on the model from Chung et al. (62). The last
796  two columns show LRT-based p-values for rejecting the corresponding null

797  hypotheses. Genotypes 3 and 4 demonstrate highly significant reading frame

798  specific positive selection with ORF 2 convincingly driving the signal in genotype 3
799  butnot 4 (rejection of null hypothesis). Genotype 1 has a lower background rate of
800 non synonymous substitutions although does achieve significance, with the ORF 2

801 rate again significantly higher than ORF 3 rate.

802



803

804

805

806

807

808

809

Genotype Relaxation parameter (K) RELAX test p-value

1 <0.0001 0.002
3 <0.0001 <0.0001
4 1.42 0.16

Table 4. Application of the RELAX procedure suggests strong relaxation of selection
(namely, through the elimination of the positive selected component) in ORF3 of
genotypes 1 and 3 relative to ORF2, and a weak, non-significant intensification of
selection in genotype 4 of ORF3 relative to ORF2. This suggests that ORF2 and ORF3
are evolving differently, and ORF 2 is more responsible than ORF 3 for the signal of

positive selection in genotypes 1 and 3.



Expected Synonymous Expected non-synonymous
Region Genotype substitutions /site /year  substitutions / site / year

ORF 1 1 0.0022 0.00034

ORF 1 3 0.0051 0.00039

ORF 1 4 0.0053 0.00054

ORF 2 (non- 1 0.0030 0.00022
overlap)

ORF 2 (non- 3 0.0063 0.00022
overlap)

ORF 2 (non- 4 0.0051 0.00024
overlap)

ORF 2 1 0.0022 0.00027
(overlap)

ORF 2 3 0.0040 0.00029
(overlap)

ORF 2 4 0.0053 0.00054
(overlap)

ORF 3 1 0.00067 0.00016
(overlap)

ORF 3 3 0.0017 0.00092
(overlap)

ORF 3 4 0.0011 0.00075
(overlap)

810 Table 5. Estimation of genotype specific synonymous substitution rates and non-
811 synonymous substitution rates performed after Lemey et. al. (70). Synonymous

812  substitution rate of genotype 1 is approximately half that of genotypes 3 and 4,

813  which contributes to, but does not constitute, the signal of genotype specific positive
814  selection. The rate of substitutions in ORF 3 is consistently elevated in comparison

815  to other ORFs.

816



817

818

819

820

821

ORF

2nonoverlap
2nonoverlap
2nonoverlap

2overlap
2overlap
2overlap

3overlap
3overlap
3overlap

Genot
ype

Genoty
pe
3
4

4

2.5%
Crediblelnterval

-0.004568928
-0.004663462
-0.002376133

-0.004737947
-0.004861239
-0.002609059

-0.003233479
-0.005747935
-0.004201915

-0.003521166
-0.005043289
-0.003172870

97.5%
Crediblelnterval

-0.0004705684
-0.0003018292
+0.0023648283

-0.0002768805
-0.0001427095
+0.0025491087

-0.0005518198
-0.0014066999
+0.0006952047

-0.0007273096
-0.0010736460
+0.0013850900

Significa
nce
*

%

Table 6. Assessing significance in differences in clockrates between genotypes for

each ORF. The credible intervals are significant if they do not include zero. This

shows genotype 1 has a significantly different clockrate from genotypes 3 & 4 across

all ORFs. This supports the clockrate data in Figure 3.
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823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

Figure Legends

Figure 1. FUBAR analysis of concatenated ORF1 and ORF2 sequences isolated from
humans (n=113). Genome-wide patterns of non-synonymous (§) and synonymous
(a) substitutions per site show that HEV has a background of purifying selection
with two discrete regions of elevated diversity corresponding to the hypervariable
region (HVR) and the overlap region between ORF2 and ORF3, as shown on the
genomic map. Sites subject to significant pervasive positive selection (FUBAR
posterior probability =2 0.95) are shown as black circles on the x-axis. FUBAR
analysis of the ORF2/3 overlap regions in their respective reading frames, showing
positive selection in both frames, but with ORF2 demonstrating a stronger signal
than ORF3, both in terms of the number of positively selected sites, and the

magnitude of -a.

Figure 2. FUBAR Rate analysis of the ORF2/3 overlap region showing conserved
patterns of groups of selected sites across genotypes. The x axis represents
synonymous rates (a), while the y axis represents non-synonymous rates (). As
labelled, all sites above the a=f line positively selected, and those below are
negatively selected. The plane is coloured by the weight assigned to each area by the
FUBAR algorithm. All six plots use the same colouring scale, so they are directly
comparable. Genotype 1 is unusual in having a very low proportion of positively
selected sites. In genotypes 1 and 3 both the codon substitution model (Table 3) and
RELAX procedure (Table 4) estimate that ORF 2 has significantly a stronger signal of

positive selection.
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850

851

852
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855

856

857

858

859

860
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Figure 3. Estimates of evolutionary rates of HEV based on different genomic
regions. Anthropotropic genotype 1 has significantly reduced relative non-
synonymous evolutionary rates compared to their zoonotic counterparts across all
ORFs. Genotypes 3 and 4 demonstrate similar profiles, with non significant
differences across all ORFs. The overlap region of ORF 2 appears very similar to ORF
3, as they overlap extensively. Notably the non-overlap region of ORF 2 has a similar
evolutionary rate profile to ORF 1, with which is does not overlap at all. Asterisks

denote significance.

Figure 4. Maximum likelihood phylogenies of near-full-length sequences of HEV
isolated from humans and swine. Branch lengths are in expected substitutions per
nucleotide site estimated under the RELAX (59) general exploratory model. Swine
isolates are labelled using muted text, and all branches labelled as 'human' are
plotted using thicker lines. The k coefficients measures relaxation (k < 1) or
intensification (k > 1) of positive selective pressure relative to the phylogeny-wide
baseline (mean of k is constrained to be 1), represented by shades of grey. For G3,
91.5% of the bootstrapped trees supported p-value of <=0.05 or less. For G4 every

single p-value of the bootstrapped trees supported p-value of < 0.05.
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Genotype 3

=

L T

KC618403
KC618402
KJ701409

JQ953664
JQ013794
AB290312
KF922359
JQ013795
JQ953665
AB248520
AB291958
HMO055578
AB248522
AB248521

AB481226
AB290313
EU360977
EU723512
JQ953666
EU495148
EU723516
EU723514
EU723515
JN906974
JN906975
JN906976
FJ956757

EU375463
AB291961

FJ653660

AB369687
AB740232
AB369689
AY 115488

KF303502
FJ426403

KJ507955

AB481228
AF082843
AY575859
AY575857
AY575858
AF060668
JN837481

AF060669
AB089824
AB074920
AB630970
AB074918
KJ507956

AB073912
FJ527832

AB291951

AB291957
AB291960
AB443624
AB443623
AB443626
AB443625
AB443627
AB291956
AB291952
AB291955
AB291953
AB369691

AP003430
AB698071

AB189072
AB189074
AB189075
AB189073
AB291962
AB091394
AB291963
AB246676
AB630971

AB481229
AB437316
AB301710

Genotype 4

0.20I 0.40I 0.60I 0,80‘ 1v0‘ 12 14 1.6 1.8 20

E{

f::
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I

AB074915
AB481227
AB080575
AB220971

AB097812
AB193177
AB091395
AB193176
AB193178
AB099347
AB074917
AB220975
AB220978
AB220973
AB220972
AB161719
AB161718
AB161717
AB220976
AB220979
AB220977
AB291968
AB291967
AB291959
AB291965
AB291966
JQ740781

GU188851
GU119961

KJ155502

AB220974
AB698654
AB108537
AB369688
AB602439
AB521805
AB521806
AB369690
JQ993308

EF570133

JF915746

AB291964
AB253420
DQ279091
JX855794

EU676172
AJ272108

KF176351

KC163335
GU361892
FJ610232

AY594199

JQ655736

HM152568
GU206559
FJ763142

JQ655733

EF077630

AB197674
KC692453
KC492825
HQ634346
AB197673
EU366959

human isolates swine isolates



