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Understanding virus evolution is a fundamental goal of virology, evolutionary biology, and disease epide-
miology. We provide a detailed analysis of evolution and origin of Cryphonectria hypovirus 1 (CHV1) popula-
tions in Europe, based on the complete genome sequence of all European subtypes. Phylogenetic analyses di-
vided European strains into two closely related clades. Strains of the subtype I belong to the first, while strains of
the subtypes F1, D and E belong to the second clade suggesting that the subtypes F1, D and E are more closely
related than previously thought. Strains of the subtype F2 appeared to be recombinant; subtypes F1/D/E con-
tributed a larger fraction of sequence while subtype I contributed a smaller fraction. The p29 was the most
variable domain, while the replication-associated large ORF B protein was the most conserved domain within the

CHVI1. Low sequence similarity, predominant negative selection and frequent recombination characterise the

evolution of CHV1.

1. Introduction

Genetic variability allows the adaptation of populations to a chan-
ging environment. Many virus populations exist as complexes of closely
related genomic variants as a result of high mutation rates, rapid re-
plicative kinetics and large population sizes (Biebricher and Eigen,
2006). The high mutation rate of RNA viruses is a consequence of their
error-prone RNA-dependent RNA polymerases (RdRps) (Holland et al.,
1982). Although mutations are a predominant factor in the diversifi-
cation of virus populations (Lima et al., 2017), it does not account for
all genetic variation. An important other evolutionary mechanism is
recombination, which also generates diversity in most viruses (Pérez-
Losada et al., 2015). Because of all aforementioned reasons, RNA
viruses possess great adaptive potential, which can be beneficial for
those viruses that are used to control fungal diseases such as Crypho-
nectria hypovirus 1 (CHV1) (Nuss, 2005).

CHV1 is an unencapsidated double-stranded (ds) RNA virus of the
family Hypoviridae, occurring in Japan, China and Europe (Allemann
et al., 1999). It causes persistent infection of its fungal host, Crypho-
nectria parasitica, reduces growth, sexual and asexual reproductive
ability, and virulence of the infected mycelia, a phenomenon called
hypovirulence (Peever et al., 2000; Hillman and Suzuki, 2004; Bryner
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et al., 2012). Chestnut blight fungus is probably one of the best known
invasive fungal pathogens (Rigling and Prospero, 2017). The fungus is
native to Eastern Asia and has been introduced into both North America
and Europe (including Turkey and the Caucasus) where it caused severe
disease epidemics on the native chestnut species. Hypovirulence phe-
nomenon has been used for the control of chestnut blight in European
chestnut orchards and has been credited with reducing the severity of
the chestnut blight epidemic as a result of natural spread of CHV1 in the
European C. parasitica population, particularly in chestnut coppice
forests (Nuss, 2005).

Diversity of the CHV1 in Europe has been studied thoroughly.
Phylogenetic analyses based on RFLP banding pattern and partial se-
quences of ORFA separated CHV1 isolates into five clusters or subtypes
(Allemann et al., 1999; Gobbin et al., 2003). Most viral isolates formed
one large cluster comprising all viruses from Italy, Switzerland, Croatia,
Bosnia and Herzegovina, Hungary, Greece, and the French island Cor-
sica, as well as five out of 11 isolates from continental France. This
cluster of viruses was assigned to the Italian subtype (I). Other eight
isolates were separated into four clusters, assigned to the French (F1
and F2), German (D) and Spanish (E) subtypes. Subtype I was also
found in Macedonia (Bryner et al., 2012), Slovenia (Krstin et al., 2008)
and Turkey (Akilli et al., 2013), therefore making it the most
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CHV1 strains used in this study. Nine new complete virus genome sequences determined in this study are in bold.

CHV1 strain CHV1 subtype® Country Reference ORF A (aa) ORF B (aa) GenBank accession no.
EP713 F1 France Shapira et al. (1991) 622 3165 9626818
Euro7 1 Italy Chen and Nuss (1999) 622 3165 AF082191.1
EP721 I Italy Lin et al. (2007) 622 3165 DQ861913.1
CN280 ND China Du et al. (2017) 622 3164 KT726153.1
M56-1 I Croatia Krstin et al. (2008) 622 3165 MF421722
CR23 1 Croatia Krstin et al. (2008) 622 3165 MF421721
HK27 1 Croatia Krstin et al. (2008) 622 3165 MF421720
B11 I Slovenia Krstin et al. (2011) 622 3165 MF421723
SHE30 F2 Georgia this study 622 3165 MF421719
M1147 D Germany Gobbin et al. (2003) 622 3164 MF431593
M1372 E Spain Gobbin et al. (2003) 622 3164 MF431594
M1728 F2 France Gobbin et al. (2003) 622 3164 MF421717
M2021 F2 France Bryner and Rigling (2011) 622 3164 MF421718

ND not determined.

# CHV1 subtype designation according to Allemann et al. (1999). I Italian, FI and F2 French, D German, E Spanish.

widespread subtype in Europe. The distributions of the other subtypes
are much more geographically restricted. Subtypes F1 is distributed in
France and Spain (Zamora et al., 2012; Feau et al., 2014), while subtype
F2 can be found in France and Turkey (Akilli et al., 2013); subtypes E
and D were both detected in Spain (Gobbin et al., 2003; Trapiello et al.,
2017), while in Germany, isolates belonging to subtype D were present
(Peters et al., 2012).

It has been postulated that CHV1 was introduced into Europe di-
rectly from Asia with its fungal host as CHV1 has not been detected in a
recent survey in North America (Heiniger and Rigling, 1994; Peever
et al., 1998; Allemann et al., 1999). Furthermore, it was suggested that
the presence of different CHV1 subtypes in Europe is the result of
multiple introductions of the CHV1 from Asia (Allemann et al., 1999;
Gobbin et al., 2003; Feau et al., 2014). This hypothesis was mainly
based on the estimates of the approximate time of divergence between
the different subtypes, showing that most subtypes diverged at least
several hundred years ago, which is by far earlier than the date of the
first report of C. parasitica in Europe (60-70 years ago) (Gobbin et al.,
2003). However, the relatedness between the Asian and European
CHV1 populations is still not completely resolved. Liu et al. (2007) have
investigated genetic diversity of the CHV1 strains from China, Japan
and Italy, and found that the divergence between the subtypes in China
was much greater than that in Europe which is in concordance with the
hypothesis about the Asian origin of CHV1 in Europe. Besides, the same
authors found that most of European isolates grouped together, and
were a sister group of the Chinese isolates originating from the south
and north of the country. However, the authors agreed that the ultimate
determination of the origin of CHV1 in Europe must involve supporting
evidence from other research approaches as well as many more samples
from populations throughout Asia included in the study.

The full-length nucleotide sequences of four CHV1 isolates, EP713,
Euro7, EP721 and CN280 have been reported so far (Shapira et al.,
1991; Chen and Nuss, 1999; Lin et al., 2007; Du et al., 2017). Isolate
EP713 was originally isolated in France and belongs to the subtype F1
(Allemann et al., 1999), while isolates Euro7 and EP721 were isolated
in Italy and group into subtype I (Chen and Nuss, 1999; Lin et al.,
2007). CHV1 isolate CN280 was isolated in China (Du et al., 2017).
CHV1 genome consists of a single large 12.712 kb positive-stranded
RNA (Shapira et al., 1991) composed of a 5-495-nt noncoding se-
quence, 11,406-nt coding region, 3’-851-nt noncoding sequence, and a
templated poly(A) tract. The genome contains two open reading frames
(ORFs), ORF A and ORF B, separated by a UAAUG pentanucleotide
(Shapira et al., 1991). The 5" proximal coding domain, ORF A (com-
posed of 622 codons), encodes two proteins, p29 and p40 that are re-
leased from a polyprotein p69 by an autoproteolytic event mediated by
a papain-like protease encoded in the p29 region. It was shown that the
residues Cys'®? and His?!® in p29 are essential for autolytic cleavage
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(Choi et al., 1991). ORF B (composed of 3,165 codons) encodes the two
proteins, p48 and the large ORF B protein. Although, in addition to the
p48 proteinase, replication-associated RNA polymerase and helicase
domains are contained within ORF B, little is known about processing
events of the ORF B polyprotein and specific protein functions (Hillman
and Suzuki, 2004).

We carried out full-length genome sequencing of eight CHV1 strains
from Europe and one strain from Georgia followed by sequence com-
parisons and phylogenetic analyses of these nine viruses and four CHV1
strains previously sequenced and deposited in GenBank, in order to
elucidate the genetic diversity and molecular evolution of CHV1 in
Europe. In addition, we compared CHV1 strains from Europe with those
from China and Japan. The aims of this study are: i) to clarify the
phylogeny and ancestry of CHV1 in Europe, ii) to determine selective
forces and constraints that shape CHV1 evolution and iii) to reveal
patterns of recombination and their effect on genetic diversity. This
work represents an important contribution toward furthering our un-
derstanding of mycovirus evolution, mycovirus-host dynamics and
natural selection.

2. Results
2.1. Virus sequences

The full-length genomes of 13 CHV1 strains were analysed in this
study (Table 1). The genomic sequence was determined here for the
nine CHV1 strains, while four strains were taken from the GenBank. The
genome sequences of nine CHV1 strains were between 12,506 and
12,511 bp long and contained the entire coding region of CHV1. The 5’
and 3’ ends within the two noncoding regions, 142 bp and 75 bp long,
respectively, were excluded in this study. Thirteen CHV1 strains in-
vestigated in this study share an overall from 83.6 to 98.9% nucleotide
(nt) sequence similarity, and from 87.6 to 99.6% amino acid (aa) se-
quence similarity.

The predominant features first identified in strains Euro7 and EP713
were mostly conserved among the other investigated CHV1 strains
(Fig. 1A). In ORF A conserved predominant motifs included Phe?S,
Cys”°, Cys’?, GIn”3, Cys'? and His*'°. In ORF B conserved predominant
features included Cys®*!, His®®®, Gly*'® and Ala*'°. Three motifs in the
helicase domain, a GKST box, a DExH box and a QRxGR box were
conserved among thirteen investigated CHV1 strains. However, we
found two regions in ORF A which appear to be non-conserved among
thirteen CHV1 strains investigated in this study: i) the cleavage site
RIG|G***R**°L between p29 and p40 in the ORF A and ii) region be-
tween Thr?®® and Arg®'? responsible for p40-mediated RNA accumu-
lation (Suzuki and Nuss, 2002). Three types of amino acid sequences
were found at the cleavage site within the thirteen strains investigated
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