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Two novel endornaviruses, Phytophthora endornavirus 2 (PEV2) and Phytophthora
endornavirus 3 (PEV3) were found in isolates of a Phytophthora pathogen of asparagus
collected in Japan. A molecular phylogenetic analysis indicated that PEV2 and PEV3
belong to the genus Alphaendornavirus. The PEV2 and PEV3 genomes consist of
14,345 and 13,810 bp, and they contain single open reading frames of 4,640 and
4,603 codons, respectively. Their polyproteins contain the conserved domains of an
RNA helicase, a UDP-glycosyltransferase, and an RNA-dependent RNA polymerase,
which are conserved in other alphaendornaviruses. PEV2 is closely related to Brown
algae endornavirus 2, whereas PEV3 is closely related to Phytophthora endornavirus 1
(PEV1), which infects a Phytophthora sp. specific to Douglas fir. PEV2 and PEV3 were
detected at high titers in two original Phytophthora sp. isolates, and we found a sub-
isolate with low titers of the viruses during subculture. We used the high- and low-titer
isolates to evaluate the effects of the viruses on the growth, development, and fungicide
sensitivities of the Phytophthora sp. host. The high-titer isolates produced smaller
mycelial colonies and much higher numbers of zoosporangia than the low-titer isolate.
These results suggest that PEV2 and PEV3 inhibited hyphal growth and stimulated
zoosporangium formation. The high-titer isolates were more sensitive than the low-titer
isolate to the fungicides benthiavalicarb-isopropyl, famoxadone, and chlorothalonil. In
contrast, the high-titer isolates displayed lower sensitivity to the fungicide metalaxyl (an
inhibitor of RNA polymerase I) when compared with the low-titer isolate. These results
indicate that persistent infection with PEV2 and PEV3 may potentially affect the fungicide
sensitivities of the host oomycete.

Keywords: asparagus phytophthora rot fungus, endornavirus, attenuation, fungicide sensitivity, zoosporangium
formation, zoospore transmission
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INTRODUCTION

Mycoviruses are widespread in all major fungal taxa in nature,
and increasing numbers of mycoviruses are currently being
identified through metatranscriptomics (Ghabrial and Suzuki,
2009; Pearson et al., 2009; Xie and Jiang, 2014; Ghabrial
et al., 2015; Marzano et al., 2016). Mycoviruses are transmitted
vertically via spores and, in most cases, horizontally via hyphal
anastomosis (Ikeda et al., 2003; Tuomivirta et al., 2009; Ong
et al., 2016). Most mycoviruses do not cause any visible abnormal
symptoms in the fungal hosts. However, some mycoviruses
cause phenotypic changes such as reduced pathogenicity and/or
reduced growth rates (Nuss, 2005; Ghabrial et al., 2015). Such
infections might be exploited in the biological control of
fungal diseases.

The Endornaviridae family includes viruses with linear RNA
genomes that range from 9.8 to 17.6 kb. Their genomes contain
single open reading frames (ORFs) that encode polyproteins
ranging from 3,217 to 5,825 amino acids (Valverde et al.,
2019). Currently, this family is classified into two genera,
Alphaendornavirus and Betaendornavirus, based on genome
size, host type, and unique domains (Adams et al., 2017).
Alphaendornaviruses infect plants, fungi, and oomycetes, while
betaendornaviruses infect ascomycete fungi (Fukuhara et al.,
2006; Valverde et al., 2019).

Most endornaviruses do not cause any apparent symptoms
in their hosts. Indeed, endornaviruses have been widely detected
in plant crops including broad bean (Vicia faba) (Grill and
Garger, 1981; Pfeiffer, 1998), common bean (Phaseolus vulgaris)
(Wakarchuk and Hamilton, 1985, 1990; Mackenzie et al., 1988;
Okada et al., 2013), pepper (Valverde and Gutierrez, 2007), rice
(Moriyama et al., 1995), and melon (Cucumis melo) (Coutts,
2005), and in most cases there were no obvious disease symptoms.
There are also few reports on the effects of endornavirus
infection on host growth in oomycetes and filamentous fungi
(Hacker et al., 2005; Yang et al., 2018). However, some studies
have revealed less obvious symptoms of endornavirus infection.
For example, Vicia faba endornavirus causes cytoplasmic
male sterility in V. faba (Grill and Garger, 1981; Turpen
et al., 1988; Lefebvre et al., 1990; Pfeiffer et al., 1993),
and Helicobasidium mompa endornavirus 1–670 decreases
the virulence of the violet root rot fungus Helicobasidium
mompa (Osaki et al., 2006). The first endornavirus detected
in the genus Phytophthora was Phytophthora endornavirus 1
(PEV1), found in a Phytophthora sp. isolated from Douglas fir
(Hacker et al., 2005). This endornavirus also has no noticeable
impact on its host.

Phytophthora is a genus of plant pathogenic oomycetes that
can infect a wide range of hosts including field crops, vegetable
crops, fruit trees, ornamental plants, and tree plants all over
the world. Many Phytophthora species are polyphagous and are
important pathogens in agriculture and forestry. In 2014, 123
valid species were reported, and the numbers are still increasing.
Phytophthora species can be divided into at least 10 clades
based on the sequences of their rDNA ITS regions (Cooke
et al., 2000; Blair et al., 2008). These oomycetes belong to the
superphylum Stramenopiles, and are phylogenetically related

to brown algae and diatoms (Cavalier-Smith and Chao, 2006;
Webster and Weber, 2007).

Phytophthora rot of asparagus was first reported in California
(Ark and Barret, 1938), and the pathogen was subsequently
identified as Phytophthora sojae (Falloon, 1982). Asparagus has
also been infected by Phytophthora nicotianae in Peru (Aragon-
Caballero et al., 2008) and by Phytophthora asparagi in Michigan
(Saude et al., 2008; Crous et al., 2012). In Japan, P. nicotianae
infections of asparagus have been detected in Ehime and Saga
prefectures, and a Phytophthora sp. has also been reported
to infect asparagus in Toyama, Fukushima, and Hokkaido
prefectures (Kodama et al., 2015). Control of these oomycete
diseases relies mainly on fungicides from 16 different chemical
groups including phenylamides, quinone outside inhibitors,
carboxylic acid amides, and multisite inhibitors. However,
the frequent use of fungicides can lead to fungicide-resistant
oomycetes that are difficult to control chemically.

To date, there have been few reports on mycoviral infections
of Phytophthora species. Phytophthora infestans, which is the
causal agent of potato late blight, has been shown to host
four unclassified double stranded RNA (dsRNA) viruses named
Phytophthora infestans RNA viruses 1–4 (PiRV1–4) (Cai et al.,
2009, 2012, 2013, 2019). The alphaendornavirus PEV1 was found
in a Phytophthora isolate from Douglas fir in the United States
(Hacker et al., 2005), and similar virus strains have since been
found in Phytophthora ramorum isolates from various host plants
including Rhododendron and Viburnum species in both the
United States and Europe (Kozlakidis et al., 2010).

Previous studies of endornaviruses have mainly focused on
their isolation, sequencing, and genome structures. Therefore,
little is known about the effects of infection by endornaviruses on
their hosts. In this study, we analyzed the genome organization
and phylogeny of two novel endornaviruses (Phytophthora
endornavirus 2, PEV2 and Phytophthora endornavirus 3, PEV3),
which were discovered in a Phytophthora rot pathogen of
asparagus. We identified Phytophthora host isolates with both
high and low titers of the viruses, and used these to analyze the
effects of PEV2 and PEV3 infection on the host phenotype and
its sensitivity to several oomycete fungicides.

MATERIALS AND METHODS

Pathogen Isolates and Culture Methods
We screened 68 Phytophthora and 2 Pythium isolates for
infection with mycoviruses, by looking for the presence of
dsRNA molecules in mycelial cells. Sixty-one of these isolates
represented 7 Phytophthora species found in a variety of plants
from multiple locations in Japan (Supplementary Table 1).
The remaining 7 Phytophthora sp. isolates were collected from
asparagus (A. officinalis) in Toyama, Hokkaido, Akita, and
Fukushima prefectures (Table 1 and Supplementary Table 1).
Among these, isolates CH98ASP060, CH98ASP059, and Ku-1
were collected from asparagus storage roots while isolates Ak-
6-1 and Fk-3 were collected from rhizomes. The isolates were
cultured on PDA (potato dextrose medium with 2% agar) at 25◦C
in the dark for 14 days, and then stored at 15◦C on slants of
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TABLE 1 | Sources of the Phytophthora isolates used in the study, and presence
of endornaviruses in each isolate.

Isolate Location Infecting endornaviruses

dsRNAa Contentsb

CH98ASP060 Toyama PEV2&PEV3 +++

CH98ASP060-a Toyama PEV2&PEV3# ++

CH98ASP051 Toyama PEV2&PEV3 +++

CH98ASP059 Toyama PEV2&PEV3 +++

CH98ASP059-L Toyama PEV2#&PEV3# +

CH98ASP066 Toyama PEV2&PEV3 +++

Ku-1 Hokkaido 14-kb dsRNAs +++++

Ak-6-1 Akita PEV2&PEV3 ++

Fk-3 Fukushima PEV2&PEV3 +++

a# Invisible by EtBr staining (0.5 mg/ml) but detected by RT-PCR. PEV2; 14.3 kb,
PEV3;13.8 kb. bdsRNA contents were estimated as described in the Section
“Materials and Methods.”

modified Weitzman-Silva-Hunter agar (WSH; 10 g oatmeal, 1 g
NaH2PO4, 1 g MgSO4·7H2O, 1 g KNO3, 20 g agar, 1,000 ml
distilled water). For all experiments involving growth of the
isolates, mycelia were precultured on PDA medium at 25◦C in
the dark for 7 days.

Extraction and Analysis of dsRNAs by
Electrophoresis and RT-PCR
Mycelial discs (4 mm diameter) were removed from fungal mats
grown on PDA using a cork borer. The disks were used to
inoculate 1/3 YG liquid medium (0.17% yeast extract, 0.67%
glucose), with 3 disks in 25 ml cultures or 20 disks in I L cultures.
The cultures were incubated at 26◦C for 2 weeks in the dark
on a reciprocal shaker with 60 oscillation per min, then filtered
through gauze. The mycelia were dried in a commercial dryer (SIS
Co., Ltd., Japan) at 65◦C for 10 min, and then stored at −80◦C
until used for dsRNA extraction. The mycelial yields were about
0.2 g from the 25 ml cultures and about 1 g from the 1 L cultures.

We used micro-spin columns with Cellulose D (Advantec,
Japan) to extract total nucleic acids and then purify dsRNAs as
described by Okada et al. (2015). Fungal mycelium (0.1 g dry
weight) was pulverized in 500 µl extraction buffer [100 mM NaCl,
10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% SDS, and 0.1% (v/v)
β-mercaptoethanol) and then extracted twice with equal volumes
of phenol-chloroform-isoamyl alcohol (25:24:1). The aqueous
phase was mixed with ethanol (final concentration 16%), and the
dsRNA was purified using a spin column as described by Okada
et al. (2015). Finally, the dsRNAs were concentrated by ethanol
precipitation and stored at−30◦C.

The purified dsRNAs were visualized by electrophoresis in
0.8% or 0.6% agarose gels stained with ethidium bromide. The
level of dsRNA in each isolate was estimated using a gel imaging
system (Ez-Capture MG ATTO, Japan). These estimates are
indicated by + signs in Table 1.

Reverse transcription (RT)-PCR with virus-specific primers
was also used to detect the PEV2 and PEV3 dsRNAs. We
used the primers shown in Supplementary Table 2 and set
up the reactions using the SuperScript III One-Step RT-PCR

System with Platinum Taq, following the manufacturer’s protocol
(Life Technologies, Carlsbad, CA, United States). The thermal
cycling conditions were as described previously, with 40
cycles of amplification and an annealing temperature of 55◦C
(Komatsu et al., 2016).

Cloning and Sequence Analyses
Double-stranded RNAs extracted from the original isolate
CH98ASP060 were used as templates for cDNA synthesis, and
a series of overlapping cDNA clones were obtained as described
by Aoki et al. (2009). These cDNA clones were sequenced using
an Applied Biosystems 3130xl Genetic Analyzer. In addition,
dsRNA purified from isolate CH98ASP060 was sequenced by
next-generation sequencing using the Miseq system (Illumina
Co., Ltd.; Miseq System Catalog No. MS-J-001). We obtained
2,270,543 raw reads that were assembled into 2,255 contigs, of
which 28 contigs had coverage of more than 100. The 5′- and
3′-terminal sequences of each dsRNA segment were determined
using the SMARTer R© RACE cDNA Amplification Kit (Clontech
Laboratories, Inc., Mountain View, CA, United States) (Frohman
et al., 1988). We followed the manufacturer’s protocol, and used
the primers shown in Supplementary Table 2.

The nucleotide sequences were analyzed for ORFs, and
the ORFs were translated into amino acid sequences using
GENETYX version 9 software (GENETYX, Japan). We also
used GENETYX to perform protein similarity searches. Multiple
alignments based on the putative amino acid sequences
were obtained by performing a series of pairwise alignments
using CLUSTAL_X version 2.0 (Thompson et al., 1997;
Larkin et al., 2007) and MEGA6 software (Tamura et al.,
2013). Phylogenetic analysis under the maximum likelihood
framework was performed using the optimal model of amino
acid substitutions selected by ProtTest 2.4 and PhyML3.1
(Guindon et al., 2010). The bootstrap test was performed with
1,000 re-samplings.

Measurement of Hyphal Growth,
Induction of Zoosporangium Formation,
and Assessment of Virus Transmission
via Monozoospores
To measure hyphal growth, mycelial disks (4 mm diameter) were
cut from the margins of precultured colonies, transferred to fresh
PDA plates, and incubated at 25◦C in the dark for 7 days. For
each isolate, average values for colony diameter were determined
by measuring three independent colonies.

To induce zoosporangium formation, sterilized 1 cm × 1 cm
filter paper pieces (Whatman 3MM) were placed on fresh
PDA medium supplemented with 25 µg/ml β-sitosterol (MP
Biomedicals, LLC, United States), and two precultured mycelial
disks were placed adjacent to each piece of paper. These were
incubated at 25◦C in the dark for 14 days (Hendrix, 1970). Three
pieces of filter paper covered with mycelia were then transferred
to 50 ml of sterile rainwater in a flask, and cultured at 18◦C under
full-light conditions for 40 h with gentle shaking. The formation
of zoosporangia and release of zoospores were confirmed under
an optical microscope (Olympus IX71; Tokyo, Japan), and the
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zoospore density was measured using a hemocytometer (Thoma).
For each isolate, the average rate of zoosporangium formation
was determined by counting the numbers of zoosporangia
formed at the edges of 9 filter paper pieces (n = 9).

To assess virus transmission in the monozoospores, the
zoospore concentrations were adjusted to 1 × 104 zoospores/ml,
and 200 µl of each zoospore suspension was spread on PDA
medium and cultured at 25◦C in the dark for 2 days. Germinating
hyphae from the monozoospores were transferred to flasks
containing 50 ml of PD broth and incubated at 25◦C in the
dark for 14 days with gentle shaking. The dsRNAs were extracted
from the resulting mycelia and visualized by gel electrophoresis
as described above. RT-PCR was also performed using specific
primers to detect PEV2 and PEV3.

Cystospore Formation and
Determination of Cystospore
Germination Rates
After zoosporangium formation was induced as described
above, cystospore formation was induced using the vibration
method with some modifications (Tokunaga and Bartnicki-
Garcia, 1971; Kliejunas and Ko, 1974; Ko and Chan, 1974).
The filter paper pieces with zoosporangia were moved from
18 to 25◦C and incubated for 0.5 to 1 h to promote indirect
germination of the zoospores (i.e., release of motile zoospores
from the zoosporangia). We confirmed that the efficiency of
indirect germination was more than 50%, which is the accepted
diagnostic check for biologically functional zoosporangia. To
induce encystment of the zoospores, 0.5 ml of the zoospore
suspension was transferred to a 1.5 ml microtube and subjected
to vibration at 1,800 rpm for 1–2 min (Deep Wellmaximizen,
Bio shaker M., BR-022up, TITEC, Japan). The concentration of
cystospores was determined using a hemocytometer and then
adjusted to about 1 × 104 cystospores/ml. An aliquot (200 µl)
of the suspension was spread on a PDA plate and incubated for
2 days at 25◦C. The visible hyphal colonies were counted under a
stereomicroscope, and the rates of cystospore hyphal germination
were calculated.

Fungicide Sensitivity Tests
We used the following four fungicides in the sensitivity
tests: benthiavalicarb-isopropyl (98.0%; FUJIFILM Wako Pure
Chemical Corp.), famoxadone (98.8%; FUJIFILM Wako Pure
Chemical Corp.), metalaxyl (98%; Toronto Research Chemicals,
Inc.), and chlorothalonil (99.9%; FUJIFILM Wako Pure Chemical
Corp.). Each chemical was dissolved in acetone (10 mg ml−1)
and stored at 5◦C in the dark until used. n-Propyl gallate
(PG; MP Biomedicals, Inc.) was used with the quinone outside
inhibitor fungicide famoxadone to inhibit the activity of cyanide-
insensitive alternative oxidase (AOX) (Hollomon et al., 2005;
Ishii et al., 2009). The PG was dissolved in dimethyl sulfoxide to
prepare a stock solution (1 M).

Mycelial disks (4 mm diameter) were cut from the margins
of precultured colonies and transferred to fresh PDA media
containing various concentrations of each fungicide. The final
concentrations of the fungicides were as follows: 0, 0.003, 0.03,

0.3, 3, 30, and 150 µg ml−1 for benthiavalicarb-isopropyl; 0,
0.0015, 0.015, 0.15, 1.5, 15, 150, and 300 µg ml−1 for famoxadone;
0, 0.001, 0.01, 0.1, 1, 10, 100, and 500 µg ml−1 for metalaxyl; and
0, 0.004, 0.04, 0.4, 4, 40, 400, and 800 µg ml−1 for chlorothalonil.
The media containing famoxadone, including the 0 µg ml−1

famoxadone plates, also contained 1 mM PG. Each fungicide was
added aseptically to the molten PDA medium after sterilization
at 120◦C for 15 min. Colony diameters were measured after
incubating for 14 days at 25◦C. The rates of inhibition of mycelial
growth were calculated as follows.

Inhibition (%) =

1− (colony diameter on fungicide−
amended PDA − 4 mm)

Colony diameter on unamended
PDA − 4 mm

× 100

(1)

The mean rates were based on measurements of 3 colonies
for each fungicide concentration. The minimum inhibitory
concentration (MIC) for each fungicide was determined as the
minimum concentration that would result in 100% inhibition
of hyphal growth.

RESULTS

Screening for Viral dsRNAs in Asparagus
Phytophthora Rot
We screened 68 Phytophthora isolates and 2 Pythium
isolates for the presence of viral dsRNAs. Sixty-one of the
Phytophthora isolates represented 7 known species (P. nicotianae,
Phytophthora cactorum, Phytophthora citrophthora, Phytophthora
cryptogea, Phytophthora palmivora, Phytophthora citricola, and
Phytophthora cinnamomi) that were found in a variety of plants
including fruit trees, ornamentals, and vegetable crops, collected
from multiple locations in Japan (Supplementary Table 1).
The remaining 7 Phytophthora sp. isolates have not yet been
classified. They were collected from asparagus (A. officinalis)
displaying phytophthora rot disease (Table 1 and Supplementary
Table 1). We did not detect dsRNAs in any isolate except the
7 Phytophthora sp. isolates from asparagus. Each of these
contained high molecular weight dsRNAs of approximately 14
kb, which were visually detected by ethidium bromide staining
(Table 1 and Figure 1A). Four of these dsRNA-infected isolates,
CH98ASP051, CH98ASP059, CH98ASP060, and CH98ASP066
(Figure 1A, lanes 1, 3, 4, and 6), were collected in Toyama
prefecture in central Japan near the Sea of Japan coast. The
other three isolates, Ku-1, Ak-6-1, and Fk-3 (Figure 1A, lanes
7, 8, and 9) were collected in Hokkaido, Akita, and Fukushima
prefectures, respectively.

During the subculture of isolate CH98ASP060 on PDA
medium, we noticed several sectors of mycelium with an altered
phenotype. We subcultured the two phenotypes separately
to create the sub-isolate CH98ASP060-a. The original isolate,
CH98ASP060, displayed severely impaired hyphal growth,
while CH98ASP060-a showed partially recovered hyphal

Frontiers in Microbiology | www.frontiersin.org 4 February 2021 | Volume 12 | Article 633502

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-633502 January 28, 2021 Time: 17:57 # 5

Uchida et al. Endornaviruses in Phytophthora sp. Modulate the Host Growth

FIGURE 1 | Detection of the dsRNA genomes of PEV2 and PEV3 in Phytophthora sp. isolates. (A) Agarose gel electrophoresis of dsRNAs purified from each of the
isolates. Lane designation: M, DNA marker (250 ng of λ DNA digested with EcoT14I); 1, CH98ASP060; 2, CH98ASP060-a; 3, CH98ASP051; 4, CH98ASP059; 5,
CH98ASP059-L; 6, CH98ASP066; 7, Ku-1; 8, Ak-6-1; and 9, Fk-3. The dsRNAs derived from each of the isolates (0.1 g dry weight) were electrophoresed on a
0.8% agarose gel for 18 h at 20 V and stained with ethidium bromide (0.5 µg/ml). Arrows indicate the positions of the 14.3 kb dsRNAs. (B) Hyphal morphologies of
four isolates. The original isolate CH98ASP060 and its derivative, CH98ASP060-a, the original isolate CH98ASP059 and its derivative CH98ASP059-L were grown
on PDA plates at 25◦C for 14 days. (C) Results of one-step duplex RT-PCR amplification using PEV2 and PEV3-specific primers (Supplementary Table 2). Lane
designation: M, DNA size markers; 1, CH98ASP060; 2, CH98ASP060-a; 3, CH98ASP051; 4, CH98ASP059; 5, CH98ASP059-L; 6, CH98ASP066; 7, Ku-1; 8,
Ak-6-1; and 9, Fk-3.

growth (Figure 1B). The 14 kb dsRNA was also detected in
CH98ASP060-a (Figure 1A, lane 2). After electrophoresis for
an extended period in a 0.6% agarose gel, we realized that
the original CH98ASP060 had two closely sized dsRNAs of
approximately 13.8 and 14.3 kb (Supplementary Figure 1).
In sub-isolate CH98ASP060-a, the 14.3 kb dsRNA band was
clearly visible whereas the 13.8 kb band was only faintly visible
(Supplementary Figure 1).

As described in more detail below, we designated the 14.3 kb
dsRNA as PEV2 and the 13.8 kb dsRNA as PEV3, and created
PCR primers specific for each of these dsRNAs (Supplementary
Table 2). We performed duplex RT-PCR using both sets of
primers and found that all but one of the Phytophthora sp. isolates
from asparagus carried easily-detected levels of both the PEV2
and PEV3 dsRNAs (Table 1 and Figure 1C). These included the
sub-isolate CH98ASP060-a (Figure 1C, lane 2). The isolate Ku-1

showed only faint amplification products (Figure 1C, lane 7),
suggesting that this isolate may carry viral sequences that are
similar, but not identical, to PEV2 and PEV3.

We also observed mycelium sectoring in the isolate
CH98ASP059, and separated the sectors to create the sub-isolate
CH98ASP059-L. The original isolate (CH98ASP059) showed
impaired hyphal growth while the sub-isolate (CH98ASP059-L)
displayed vigorous hyphal growth (Figure 1B). The dsRNA bands
of approximately 14 kb were not detectable by gel electrophoresis
of RNA isolated from CH98ASP059-L (Figure 1A, lane 5).
However, when we performed duplex RT-PCR using the primers
specific for PEV2 and PEV3, both dsRNAs were detected in
CH98ASP059-L (Table 1 and Figure 1C, lane 5). Thus, we
found that isolates containing high titers of the 14 kb dsRNAs
showed attenuated growth (CH98ASP060, CH98ASP060-a,
and CH98ASP059; Figure 1B) while the low-titer isolate
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FIGURE 2 | Properties of the Phytophthora endornavirus (PEV) genomes. The total nucleotide length of each dsRNA genomes is shown below the virus name. The
predicted amino acid numbers are shown. The boxes represent the large ORFs, whereas lines depict UTRs. Hel-1, viral helicase 1; UGT, UDP-glycosyltransferase;
RdRp, viral RNA dependent RNA polymerase. (A) Genome organization of PEV2. The viral genome is 14,345 nt in length. (B) Genome organization of PEV3. The
viral genome is 13,810 nt in length. (C) Genome organization of PEV1. The viral genome is 13,883 nt in length.

(CH98ASP059-L) showed vigorous hyphal growth. This
suggested that the attenuated growth may be caused by high
levels of the PEV2 and PEV3 viruses in the hyphal cells.

Nucleotide Sequence Analysis of PEV2
and PEV3
We created cDNA clones and sequenced the 14.3 and 13.8 kb viral
dsRNAs from isolate CH98ASP060. Based on their genome size,
genome organization, and similarity to other endornaviruses,
we tentatively designated the 14.3 kb dsRNA as Phytophthora
endornavirus 2 (PEV2) and the 13.8 kb dsRNA as Phytophthora
endornavirus 3 (PEV3). The complete sequences were deposited
in the Genbank (NCBI) database with accession numbers
LC586217 (PEV2; 14,345 nt) and LC586218 (PEV3, 13,810 nt).
The genome organizations of PEV2, PEV3, and PEV1 (Hacker
et al., 2005) are illustrated in Figure 2. The PEV2 genome consists
of a 379 bp 5′ untranslated region (UTR), a single ORF of 4,640
codons, and a 46 bp 3′ UTR, ending with 8 cytosine residues. The
PEV3 genome has a 181 bp 5′ UTR, an ORF with 4,591 codons,
and a 37 bp 3′ UTR, which also ends with 8 cytosine residues.

These structures are very similar to that of PEV1. PEV1, and
PEV3 are each also characterized by the lack of a stop codon in
the 5′ UTR (Figures 2B,C).

The polyproteins encoded by the ORFs of PEV2 and PEV3
contain conserved protein domains, which we identified by
searching the NCBI Conserved Domain Database (CDD;
Marchler-Bauer et al., 2017). These conserved domains in
the polyproteins of both viruses include a viral helicase
(Superfamily 1; CDD accession pfam01443), a UDP:flavonoid
glycosyltransferase (YjiC, YdhE family; CDD accession
COG1819), a UDP glycosyltransferase (GT1_Gtf-like; CDD
accession cd03784), and an RNA-dependent RNA polymerase
2 (RdRp 2; CDD accession pfam00978). The positions of the
helicase (Hel-1), the UDP glycosyltransferase (UGT), and
the RdRp in PEV1, PEV2, and PEV3 are shown in Figure 2.
The conserved UDP:flavonoid glycosyltransferase domains
were located at amino acid position 3,100–3,260 in PEV2
and position 2,991–3,108 in PEV3. The E-values indicating
similarity to the conserved domains in the database were as
follows: Hel-1, 1.97E-05 for PEV2 and 1.24E-08 for PEV3;
UGT, 3.91E-04 for PEV2 and 1.73E-04 for PEV3; RdRp,
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5.78 E-20 for PEV2 and 2.66E-14 for PEV3; and for the
UDP:flavonoid glycosyltransferase, 1.14E-06 for PEV2 and
3.17E-06 for PEV3.

We found low levels of identity (11.2%) and similarity
(51.8%) between the complete amino acid sequences of the
polyproteins encoded by PEV2 and PEV3. The polyprotein
of PEV3 shares 40% amino acid identity with that of PEV1,
which infects Phytophthora taxon douglasfir (Genbank accession
YP_241110.1; Hacker et al., 2005). The identities between
the Hel-1, UGT, and RdRp 2 domains of PEV2 and PEV3
are 42, 21, and 53%, respectively. The RdRp and Hel-
1 regions of PEV2 and PEV3 show 25–75% identity with
the RdRp and Hel-1 domains of other endornaviruses from
plants, fungi, and oomycetes (Supplementary Tables 3, 4). On
the other hand, we found no similarity between the UGT
regions of PEV2 and PEV3 and those of other previously

reported endornaviruses. Their UGT regions show 20–40%
similarity with the reported UGT regions of bacteria and fungi
(data not shown).

Phylogenetic Analysis of the Putative
RdRps Encoded by the PEV2 and PEV3
dsRNAs
We constructed a maximum likelihood-based phylogenic
tree using the putative RdRp regions of PEV2, PEV3,
and 36 related endornaviruses, with Grapevine leafroll-
associated virus 1 as the outgroup. The Genbank accession
numbers of the viral-encoded sequences used in the
analysis are listed in Supplementary Table 5. The tree
was constructed using MEGA v. 6.0 (Tamura et al.,
2013) and the bootstrap test was performed with 1,000

FIGURE 3 | A phylogenic tree based on the putative RdRp regions of PEV2, PEV3, and related endornaviruses. The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le_Gascuel_2008 model (Le and Gascuel, 2008). A discrete Gamma distribution was used to model evolutionary rate
differences among sites [5 categories (+G, parameter = 1.2113)]. The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 4.0463% sites).
Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). Support for nodes was assessed by a reliability percentage after 1,000 bootstrap iterations.
Branches with less than 50% bootstrap values were collapsed with TreeGraph 2 ver. 2.14.0-771 beta (Stöver and Müller, 2010). The GenBank accession numbers of
the analyzed genes are provided in Supplementary Table 5. Grapevine leafroll-associated virus 1 is an ampelovirus in the family Closteroviridae and was used as
an outgroup. Undefined virus names are shown in italics.
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resamplings (Figure 3). The tree indicated that the
endornaviruses could be divided in two clades representing
the genera Alphaendornavirus and Betaendornavirus.
PEV2 and PEV3 (along with PEV1) fell within the genus
Alphaendornavirus. PEV1, PEV2, and PEV3 belong to different
virus species. Thus, the phylogenetic analysis supported the
classification of PEV2 and PEV3 as new members of the
family Endornaviridae.

Transmission of PEV2 and PEV3 via
Monozoospores
To investigate the transmission efficiency of PEV2 and PEV3
via monozoospores, zoosporangia were induced to form on
the edges of inoculated filter paper pieces that were incubated
on PDA medium containing a low concentration of β-
sitosterol (25 µg/ml). Release of the monozoospores was
induced by incubating the paper pieces at 18◦C in rainwater
with gentle shaking. The zoospore suspensions were spread
on fresh PDA medium, and after germination, individual
germinating hyphae were transferred to flasks, and the mycelia
were grown for dsRNA extraction. We cultivated mycelia
from 102, 68, and 20 monozoospores derived from isolates
CH98ASP060, CH98ASP060-a, and CH98ASP059, respectively.
We then used both gel electrophoresis and RT-PCR with
specific primers to tested for the presence of the PEV2 and
PEV3 dsRNAs in each mycelial clone. All of the mycelial
clones contained both the PEV2 and PEV3 dsRNAs. The
results indicated that the two dsRNAs were stably transmissible
via monozoospores at nearly 100% efficiency, and that no
virus-free clones were formed during either zoosporangium
formation or zoospore germination. Representative data are
shown in Figure 4.

Effects of the Presence of PEV2 and
PEV3 in the Host Vegetative Growth and
Developmental Stages
Five of the original Phytophthora sp. isolates from
asparagus, along with the sub-isolates CH98ASP060-a
and CH98ASP059-L, were grown on PDA medium to
compare their hyphal growth, zoosporangium formation,
and cystospore germination rates (Table 2). Among the
isolates examined, CH98ASP059-L exhibited extremely
low titers of PEV2 and PEV3 (Figure 1A) and produced
larger mycelial colonies when compared with CH98ASP060,
CH98ASP060-a, CH98ASP059, Ku-1, Ak-6-1, and Fk-3
(Table 2 and Figure 1B). Aside from the hyphal growth
rates, the most profound differences between these seven
isolates were observed in the zoosporangium numbers. Isolate
CH98ASP059, which exhibited high titers of PEV2 and
PEV3, produced abundant zoosporangia whereas the low-titer
isolate CH98ASP059-L formed no zoosporangia (Table 2
and Figure 5). The cystospore germination rates were not
significantly different among the six isolates that produced
zoosporangia. These results imply that accumulation of high
PEV2 and PEV3 levels contributes to reduced hyphal growth

and elevated zoosporangium formation in Phytophthora sp.
infecting asparagus.

PEV2 and PEV3 Modulated the Fungicide
Sensitivities of the Host Oomycetes
We investigated the potential effects of PEV2 and PEV3
infection on the fungicide sensitivities of the asparagus
Phytophthora rot pathogens. We used the following four
commercially available fungicides: benthiavalicarb-isopropyl
(an inhibitor of cellulose synthase), famoxadone (a quinone
outside inhibitor that inhibits cytochrome bc1 by binding
the quinone binding site), metalaxyl (an inhibitor of RNA
polymerase I), and chlorothalonil (an inhibitor of multi-site
contact activity). We used serial dilutions of the fungicides
in PDA plates and determined the levels of growth inhibition
of isolates CH98ASP060, CH98ASP060-a, CH98ASP059, and
CH98ASP059-L when compared with their growth on plates
containing no fungicide (Tables 3–6). The data were used
to determine the minimum inhibitory concentration (MIC)
values for each isolate with each fungicide (Supplementary
Table 6). Figures 6–9 show hyphal colonies from each
isolate, grown on plates containing each fungicide at the
MIC for the high-titer isolates, CH98ASP060, CH98ASP060-
a, and CH98ASP059.

The high-titer isolates (CH98ASP060, CH98ASP060-a, and
CH98ASP059) were highly sensitive to benthiavalicarb-isopropyl
and exhibited almost 100% growth inhibition at the
concentration of 0.03 µg ml−1 (Figure 6 and Table 3).
On the other hand, the MIC value for the low-titer isolate
(CH98ASP059-L) was 0.3 µg ml−1 (Table 3 and Supplementary
Table 6). A similar trend was observed with famoxadone:
the high-titer isolates had MIC values of 1.5 µg ml−1

while the MIC for CH98ASP059-L was more than 150 µg
ml−1 (Figure 7, Table 4, and Supplementary Table 6).
Therefore, the high-titer isolates CH98ASP060, CH98ASP060-a,
and CH98ASP059 showed higher susceptibility to both
benthiavalicarb-isopropyl and famoxadone, suggesting that
the presence of high levels of PEV2 and PEV3 in the host
oomycetes increased their sensitivity to these fungicides. The
data for chlorothalonil showed a similar, though less dramatic
trend. At the recommended concentration for commercial
use (400 µg ml−1), the high-titer isolates CH98ASP060,
CH98ASP060-a, and CH98ASP059 showed growth inhibition
rates of 90.7, 90.2, and 81.1%, respectively (Table 6, Figure 9,
and Supplementary Table 6). The growth inhibition for
CH98ASP059-L was about half of these rates, at 47.1% (Table 6
and Figure 9). Therefore, the presence of high amounts of PEV2
and PEV3 may also increase the sensitivity of these oomycetes
to chlorothalonil.

In contrast, the low-titer isolate CH98ASP059-L was more
sensitive to metalaxyl than the three high-titer isolates. At
the recommended concentration for commercial use (100 µg
ml−1), the high-titer isolates CH98ASP060, CH98ASP060-a, and
CH98ASP059 showed growth inhibition rates of 26.4, 20.7, and
68.0%, respectively (Figure 8 and Table 5). On the other hand,
the MIC for CH98ASP059-L was only 10 µg ml−1 metalaxyl
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FIGURE 4 | Detection of the PEV2, PEV3 dsRNAs in monozoospore isolates. (A–C) Agarose gel electrophoresis of the dsRNA genomes of PEV2 and PEV3 in
CH98ASP060 (A), CH98ASP060-a (B), and CH98ASP059 (C). The dsRNAs derived from 0.1 g dry weight of each isolate were electrophoresed in 0.8% agarose
gels for 16 h at 20 V and stained with ethidium bromide (0.5 µg/ml). Arrows indicate the positions of the PEV2 and PEV3 dsRNAs. (D–F) RT-PCR detection of the
PEV2 and PEV3 dsRNA genomes in CH98ASP060 (D), CH98APS060-a (E), and CH98ASP059 (F). RT-PCR was performed using specific primers to amplify the
PEV2 and PEV3 dsRNA genomes. The amplified DNA fragments were subjected to electrophoresis in 1% agarose gels for 0.5 h at 100 V. Lane M, 100 bp DNA
ladder. Lanes 1–10, individual monozoospore isolates designated numbers 1–10.

(Figure 8, Table 5, and Supplementary Table 6). Therefore,
the higher amounts of PEV2 and PEV3 in the host oomycetes
appear to have reduced their sensitivity to metalaxyl, which is an
inhibitor of RNA polymerase I.

DsRNA Contents of PEV2 and PEV3 in
the Host Oomycete Exposed to Metalaxyl
The continuous use of one fungicide or a group of fungicides
with similar chemical properties can result in reduced sensitivity
in the target organisms. In our fungicide sensitivity tests,
the high-titer isolates showed reduced sensitivity to metalaxyl

when compared with the low-titer isolate. We conducted an
experiment to investigate whether the levels of PEV2 and PEV3
changed in the presence of metalaxyl (Supplementary Figure 2).
The three high-titer isolates CH98ASP060, CH98ASP060-a, and
CH98ASP059 were sub-cultured five times on PDA plates
supplemented with either 0 or 100 µg ml−1 metalaxyl. We
then grew the mycelia in liquid culture, isolated the dsRNAs,
and examined them by gel electrophoresis and RT-PCR.
A semiquantitative image system (Ez-Capture MG ATTO,
Japan) was used to estimate the amounts of dsRNA in the
agarose gels (see the Supplementary Figure 2 legend). The
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TABLE 2 | Biological effects of PEV2 and PEV3 on vegetative and developmental growths of Phytophthora sp.

isolate (dsRNA) Hyphal growth (mm)a Zoosporangium formationb Cystospore suspension hyphal germination
from cystospore (%)c

CH98ASP060 (PEV2&PEV3) 14.8 21.7 ± 7.6 1 × 104 75.0

CH98ASP060-a (PEV2&PEV3#)d 21.5 193.0 ± 32.5** 2 × 104 76.0

CH98ASP059 (PEV2&PEV3) 21.9 193.0 ± 37.6** 1 × 104 100.0

CH98ASP059-L (PEV2#&PEV3#)d 33.0 0.0 – –

Ku-1 (14 kb-dsRNAs) 20.3 214.0 ± 103.0** 2 × 104 93.0

Ak-6-1 (PEV2&PEV3) 22.2 23.7 ± 7.5 1 × 104 80.0

Fk-3 (PEV2&PEV3) 19.0 134.0 ± 28.1* 2 × 104 83.0

aThe diameter was measured after 7 days of culture on PDA medium (n = 3). bThe number of zoosporangia occurring around the four edges of a filter paper (1 cm × 1 cm)
after 40 h of incubation in rainwater at 18◦C. Data are means ± SD from nine filter papers (n = 9). cSuspension including 1 × 104 cystospores was spread on PDA
medium and grown at 25◦C for 5 days. d# Invisible by EtBr staining (0.5 mg/ml) but detected by RT-PCR. PEV2; 14.3 kb, PEV3;13.8 kb. * and ** indicate p-values of
<0.05 and 0.01, respectively (the Tukey–Kramer range test).

FIGURE 5 | The presence of PEV2 and PEV3 stimulates sporangium production in Phytophthora sp. Images show zoosporangium formation by the high-titer
isolates CH98ASP060 (A), CH98ASP060-a (B), and CH98ASP059 (C) and the low-titer isolate CH98ASP059-L (D). Inserts show hyphal growth on PDA after
incubation at 25◦C for 7 days. Bars show 50 µm. The # in the dsRNA label under the isolate name is not visible by EtBr staining (0.5 mg/ml) but is detected by
RT-PCR. PEV2; 14.3 kb, PEV3; 13.8 kb. This is used in the same mean for the subsequent Figures 6–9.
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TABLE 3 | Sensitivity of Phytophthora sp. isolates to benthiavalicarb-isopropyl.

Isolate Endornaviruses Mycelial growth inhibition (%) at

Benthiavalicarb-isopropyl (µg ml−1)

0.003 0.03 0.3 3 30a 150b

CH98APS060 PEV2&PEV3 34.8 100.0 100.0 100.0 100.0 100.0

CH98APS060-a PEV2&PEV3#c 8.8 100.0 100.0 100.0 100.0 100.0

CH98ASP059 PEV2&PEV3 0.0 95.4 100.0 100.0 100.0 100.0

CH98ASP059-L PEV2#&PEV3#c 3.8 81.8* 100.0 100.0 100.0 100.0

aThe recommended concentration for commercial use. bFive times the recommended concentration for commercial use. c# Invisible by EtBr staining (0.5 mg/ml) but
detected by RT-PCR. PEV2; 14.3 kb, PEV3;13.8 kb * indicate groups that differ significantly (p < 0.05) according to the Tukey–Kramer range test.

TABLE 4 | Sensitivity of Phytophthora sp. isolates to famoxadone.

Isolate Endornaviruses Mycelial growth inhibition (%) at

Famoxadone (µg ml−1) + 1 mM PG

0.0015 0.015 0.15 1.5 15 150a 300b

CH98APS060 PEV2&PEV3 23.5 18.5 18.5 100.0 100.0 100.0 100.0

CH98APS060-a PEV2&PEV3#c 0.0 15.8 12.6 100.0 100.0 100.0 100.0

CH98ASP059 PEV2&PEV3 0.0 0.0 2.1 100.0 100.0 100.0 100.0

CH98ASP059-L PEV2#&PEV3#c 0.0 0.0 0.0 14.1* 21.5 32.3* 27.9*

aThe recommended concentration for commercial use.bTwo times the recommended concentration for commercial use. c# Invisible by EtBr staining (0.5 mg/ml) but
detected by RT-PCR. PEV2; 14.3 kb, PEV3;13.8 kb. * indicate groups that differ significantly (p < 0.05) according to the Tukey–Kramer range test.

TABLE 5 | Sensitivity of Phytophthora sp. isolates to metalaxyl.

Isolate Endornaviruses Mycelial growth inhibition (%) at

Metalaxyl (µg ml−1)

0.001 0.01 0.1 1 10 100a 500b

CH98APS060 PEV2&PEV3 0.0 9.4 6.6 17.9 23.6* 26.4 92.1

CH98APS060-a PEV2&PEV3# 0.0 8.0 8.0 11.5 19.5* 20.7 97.7*

CH98ASP059 PEV2&PEV3 0.0 21.0 24.0 43.0 28.9* 68.0* 93.2

CH98ASP059-L PEV2#&PEV3# 0.0 11.1 62.1 92.2 100.0* 100.0* 100.0*

aThe recommended concentration for commercial use. bFive times the recommended concentration for commercial use. * indicate groups that differ significantly (p < 0.05)
according to the Tukey–Kramer range test.

TABLE 6 | Sensitivity of Phytophthora sp. isolates to chlorothalonil.

Isolate Endornaviruses Mycelial growth inhibition (%) at

Chlorothalonil (µg ml−1)

0.004 0.04 0.4 4 40 400a 800b

CH98APS060 PEV2&PEV3 0.0 1.2 27.9 48.2 82.6 90.7 92.7

CH98APS060-a PEV2&PEV3# 0.0 0.0 25.2 74.4 68.3 90.2 93.5

CH98ASP059 PEV2&PEV3 0.0 0.0 20.5 50.8 73.8 81.1 82.8

CH98ASP059-L PEV2#&PEV3# 2.2 1.4 0.8 10.6 28.6* 47.1* 64.4*

aThe recommended concentration for commercial use. bTwo times the recommended concentration for commercial use. * indicate groups that differ significantly (p < 0.05)
according to the Tukey–Kramer range test.
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FIGURE 6 | Hyphal growth in on media containing benthiavalicarb-isopropyl (0.03 µg ml−1). CH98ASP060, CH98ASP060-a, CH98ASP059, and CH98ASP059-L
were grown in the presence (right) or absence (left) of the fungicide. The minimum inhibitory concentration (MIC) for the high-titer isolates (CH98ASP060,
CH98ASP060-a, and CH98ASP059) was used.

results indicated that under the recommended concentration
of 100 µg ml−1 metalaxyl, the levels of dsRNA were not
significantly different between mycelia sub-cultured in the
presence or absence of metalaxyl (Supplementary Figure 2A).
The RT-PCR results showed that PEV2 and PEV3 were retained
during culture in the presence and absence of metalaxyl
(Supplementary Figure 2B).

Effects of PEV2 and PEV3 on Mycelial
Growth in the Presence of n-Propyl
Gallate
Generally, n-propyl gallate (PG) is used in fungicide sensitivity
tests with quinone outside inhibitors such as famoxadone, to

inhibit the activity of cyanide-insensitive alternative oxidase
(AOX) (Hollomon et al., 2005; Ishii et al., 2009). In our
sensitivity tests with famoxadone, we included 1 mM PG in all
media, including the control medium containing 0 µg ml−1

famoxadone. We found that the high-titer isolates appeared
to show some growth inhibition in presence of PG when
compared with growth in non-supplemented media (compare
Figure 7 with Figures, 6, 8, 9). Therefore, we performed
sensitivity tests with famoxadone in the absence of PG to
determine the effect of famoxadone alone. Interestingly, in these
tests the low-titer isolate showed no growth inhibition, even
at the maximum concentration of 300 µg ml−1 famoxadone.
The high-titer isolates showed some growth inhibition, but
the inhibition was lower than when PG was included in the
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FIGURE 7 | Hyphal growth on media containing famoxadone (1.5 µg ml−1). CH98ASP060, CH98ASP060-a, CH98ASP059, and CH98ASP059-L were grown in the
presence (right) or absence (left) of the fungicide. The MIC for the high-titer isolates was used. PG (1 mM) was included in all media.

media (compare Table 4 with Supplementary Table 7). We
then determined the effect of PG alone on hyphal growth. In
the presence of 1 mM PG, the high-titer isolates CH98ASP060,
CH98ASP060-a, and CH98ASP059 showed growth inhibition
rates of 59.5, 77.1, and 57.6%, respectively, compared with
their growth on non-supplemented medium. The low-titer
isolate showed a lower rate of growth inhibition (25.0%;
Supplementary Table 8). Therefore, the presence of PEV2
and PEV3 at relatively high levels appears to confer increased
sensitivity to PG.

DISCUSSION

In this study, we screened Phytophthora sp. collected in Japan
for infection by mycoviruses, by looking for dsRNA molecules in
their mycelia. We found two novel endornaviruses, Phytophthora
endornavirus 2 (PEV2, 14,345 nt) and Phytophthora
endornavirus 3 (PEV3, 13,810 nt). Phylogenetic analysis of
these and other endornaviruses, based on their encoded RdRp
sequences, showed that PEV2 and PEV3 are closely related to
Phytophthora endornavirus 1 (PEV1) from Phytophthora sp.
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FIGURE 8 | Hyphal growth on media containing metalaxyl (10 µg ml−1). CH98ASP060, CH98ASP060-a, CH98ASP059, and CH98ASP059-L were grown in the
presence (right) or absence (left) of the fungicide. The MIC for the low-titer isolate (CH98ASP059-L) was used.

isolates found in Douglas fir (Hacker et al., 2005) (Figure 3).
A case in which three different endornaviruses were found
in host organisms belonging to the same genus has also been
reported in common bean, P. vulgaris (Okada et al., 2013,
2018). RT-PCR analysis of the dsRNA from isolate Ku-1,
using PEV2- and PEV3-specific primers, resulted in only faint
amplification products (Figure 1C). This suggested that the
Ku-1 endornaviruses may have sequences that are similar

to, but not identical to those of PEV2 and PEV3. This may
indicate that the Phytophthora endornaviruses have other
similar sister viruses. Interestingly, the phylogenetic analysis
revealed that PEV2 and PEV3 are evolutionarily close to
Vicia faba endornavirus (VfEV) (Figure 3, Pfeiffer, 1998).
VfEV is the only plant endornavirus that causes significant
damage to the host plant (Grill and Garger, 1981). When
VfEV was present at a high titer, the anther of the broad bean
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FIGURE 9 | Hyphal growth on media containing chlorothalonil (400 µg ml−1). CH98ASP060, CH98ASP060-a, CH98ASP059, and CH98ASP059-L were grown in
the presence (right) or absence (left) of the fungicide. All four isolates had MIC values >400 µg ml−1.

V. faba exhibited an abnormal shape and was male sterile
(Turpen et al., 1988).

When we compared hyphal growth rates between the
high-titer isolate CH98ASP059 and its low-titer derivative
CH98ASP059-L, we found that the high-titer isolate showed a
lower growth rate and reduced hyphal density (Figure 1B and
Table 2). Similarly, Plasmopara halstedii virus (PhV), which
infects downy mildew, inhibited the growth of host hyphae

(Grasse et al., 2013). It is possible that the suppression of
vegetative hyphal growth by viruses may prevent the spread of
oomycete pathogens in the field.

Interestingly, the high-titer isolate CH98ASP059 produced
abundant zoosporangia, while the low-titer isolate CH98ASP059-
L showed vigorous hyphal growth but produced extraordinarily
few zoosporangia. These results suggest that the high
accumulation of PEV2 and PEV3 in the host stimulated
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zoosporangium production (Figure 5 and Table 2). Similarly,
Phytophthora infestans RNA virus 2 (PiRV-2) has been reported
to stimulate zoosporangium formation (Cai et al., 2019).
Zoosporangium formation requires plant sterols such as β-
sitosterol. Sterols taken up into oomycete cells are transported
from the Golgi apparatus via blastocoel spores, and are thought
to play essential roles as materials for constructing zoospore
cell membranes (Hendrix, 1970). The high levels of PEV2 and
PEV3 in the host oomycetes may contribute to sterol uptake by
the host oomycetes.

Phytophthora species are mainly transmitted in the soil, so
fungicide management is not easy. Furthermore, the period
from infection to spread is very short, and fungicide use has
become more frequent over time, leading to reduced efficacy
of the fungicides. Therefore, we investigated the sensitivities of
our high- and low-titer isolates to four different fungicides. The
high titers of PEV2 and PEV3 resulted in high sensitivity to the
carboxylic acid amide fungicide, benthiavalicarb-isopropyl (an
inhibitor of cellulose synthase). It is known that benthiavalicarb-
isopropyl strongly suppresses hyphal growth, direct sporangia
germination, cyst germination, and zoosporangium formation
(Gisi and Sierotzki, 2015). Assuming that the biosynthesis of
the cell wall of the host oomycete is weakened by infection
with PEV2 and PEV3, it is possible that the fungicide
sensitivity was increased due to increased uptake of the
fungicide from the media.

In contrast, high titers of PEV2 and PEV3 resulted in lower
sensitivity to metalaxyl (Figure 8, Table 5, and Supplementary
Table 6). Metalaxyl is an acylalanine fungicide that functions
systemically. It inhibits RNA polymerase I, the uptake of uridine
into RNA, and the synthesis of RNA, DNA, and lipids. It affects
all developmental stages of the host oomycete including hyphal
growth, haustorium formation, and zoosporangium formation
(Gisi and Sierotzki, 2015). A possible explanation for the
decreased sensitivity to metalaxyl in the high-titer isolates is
that the RdRp activities of PEV2 and PEV3 complemented
the RNA polymerase I activity of the host during metalaxyl
treatment. Suppression of ribosomal RNA synthesis in the host
oomycete may make it easier for these endornaviruses to use
the RNA substrates. Alternatively, it is also possible that these
endornaviruses may autolyze to supply substrates for RNA
synthesis by the host oomycete.

It is rare to find such contrasting effects of different
fungicides, and it will be interesting to unveil the mechanisms
that explain the differences in our results between metalaxyl
and the other three fungicides used in this study. To date,
few studies have investigated the effects of mycoviruses on
host sensitivity to fungicides. It was reported that when
Penicillium digitatum polymycovirus 1 (PdPmV1) and
Penicillium digitatum Narna-like virus 1 (PdNLV1) co-infected
Penicillium digitatum, the host showed increased sensitivity to
prochloraz (Niu et al., 2018). It may be necessary to consider
the presence of viruses in host organisms when examining
fungicide sensitivities.

Similar to the case with benthiavalicarb-isopropyl, the high
titers of PEV2 and PEV3 resulted in higher sensitivity to
famoxadone, an inhibitor of mitochondrial respiration (Figure 7

and Table 4). In this experiment, PG, an inhibitor of cyanide-
insensitive alternative oxidase (AOX), was added to the media
(Hollomon et al., 2005; Ishii et al., 2009). We found that the high-
titer infection of PEV2 and PEV3 conferred increased sensitivity
to PG alone (Figure 7 left panels and Supplementary Table 8).
AOX is a ubiquinol oxidase that exists on the matrix side of the
inner mitochondrial membrane. It is generally present in plants
and has also been found broadly in fungi, protozoa, and other
lower eukaryotes (Moore et al., 2013). In the future, we would like
to investigate the potential mechanisms by which endornaviruses
affect the PG sensitivity of AOX in host oomycetes.

In this study, we compared high- and low-titer isolates to
evaluate the effects of PEV2 and PEV3 infection on the growth,
development, and fungicide sensitivities of the Phytophthora
sp. isolates from asparagus. Ideally, an isolate with no virus
present would have been a better control than the low-
titer isolate, however, complete curing of PEV2 and PEV3
appears to be difficult. In addition to the monozoospore
isolations described here, we attempted to obtain endornavirus-
free clones derived from the low-titer isolate CH98ASP059-L
by using the hyphal breakage method (Kim et al., 2012). We
assessed 102 single zoospore isolates and 30 colony isolates
but found no virus-free clones (data not shown). We also
investigated about 30 colony isolates after protoplastization
but again, endornaviruses-free hyphae were not obtained (data
not shown). The highly efficient vertical transmission of
PEV2 and PEV3 via zoospores is reminiscent of the high
efficiency of seed transmission of the plant endornaviruses.
For example, Oryza sativa endornavirus (OsEV) is mostly
localized in the cytoplasm, but seed transmission rates through
eggs or pollen were almost 100% (Moriyama et al., 1996).
The highly efficient transmission of the endornaviruses during
vegetative growth seems to be related to the intracellular
localization of the endornaviruses. In interspecific hybrids
between OsEV-infected Oryza sativa and Oryza rufipogon,
or in hybrids between the japonica and indica varieties of
O. sativa, some F2 individuals were OsEV-free, and this
was inherited in a non-Mendelian fashion (Moriyama et al.,
1999a,b; Horiuchi et al., 2003). Given these findings with plant
endornaviruses, it may be possible to isolate virus-free variants
of the Phytophthora sp. isolates from asparagus by creating
interspecific hybrid cells. This may be achieved by hyphal or
protoplast fusion.
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