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Phaseolus vulgaris alphaendornavirus-1 (PvEV-1, family Endornaviridae) was

identified by ribodepleted total RNA high-throughput sequencing in the virome

of two bean plants (Phaseouls vulgaris L.) grown in a garden in western Slovakia.

Two nearly complete PvEV-1 genomes (ca. 14.06 kb, named PV1 and PV2) were

assembled, showing 99.9% nucleotide identity, while their nucleotide identity

with the reference PvEV-1 genome (NC_039217) reached 98.4%. Two primer

pairs spanning the viral helicase encoding region and sequence upstream of the

RNA-dependent RNA polymerase were designed and used to confirm the

presence of the virus in the original bean samples by RT-PCR. A subsequent

search for PvEV-1 presence in Slovakia was focused on two groups of samples:

1) bean plants grown under open field conditions and sampled during the

vegetation period and 2) bean accessions grown from seeds obtained from a

Slovak and French bean germplasm collection. Based on RT-PCR results, 4 out

of 15 bean samples from open fields and 12 out of 21 bean accessions from the

curated germplasm collection tested PvEV-1-positive. Interestingly,

sequencing of RT-PCR products revealed that all amplified isolates are

identical in the two amplified genomic portion which is also identical to

those of the PV1 and PV2 isolates. These results suggest a relatively high

incidence of PvEV-1 in bean in Slovakia. This is the first evidence and

characterization of PvEV-1 from bean plants in Europe.
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Introduction

Plant viruses are generally considered to be pathogens,

i.e., agents whose infection damages the fitness, yield or

quality of their hosts (Malmstrom et al., 2011). In recent

years, however, reports have been accumulating of infections

involving plant viruses with no apparent detrimental effects on

their hosts, referred to as latent, cryptic or persistent viruses

(Roossinck, 2010). There has also been a suggestion that some

viruses might even be beneficial to their plant hosts (Roossinck,

2015). Asymptomatic infections can result from tolerance, in

which plants do not suffer from wild-type (high-titer) levels of

virus replication, or from viral persistence, in which virus titers

are reduced to avoid cytopathic effects and host damage

(Takahashi et al., 2019).

The commonly occurring persistent viruses in plants include

viruses from the Endornaviridae family. These viruses have been

suggested to have very long evolutionary relationships with their

plant hosts and are characterized by efficient seed and pollen

(vertical) transmission (Okada et al., 2013; Candresse et al., 2016;

Nordenstedt et al., 2017). With the single possible exception of

the endornavirus associated with the 447 cytoplasmic male

sterility in Vicia faba (broadbean) (Lefebvre et al., 1990;

Pfeiffer et al., 1993; Pfeiffer, 1998), endornaviruses are not

reported to cause any obvious symptoms or pathogenic

effects. On the contrary, some observations suggest a

beneficial effect of endornavirus infection on the host

phenotype (Roossinck, 2010). It should however been noted

that some fungi-infecting endornaviruses have tentatively been

associated with hypovirulence phenotypes (Osaki et al., 2006;

Yang et al., 2018; Zheng et al., 2019; Wang et al., 2020; Luo et al.,

2022).

The Endornaviridae genome consists of a linear, single-

stranded RNA molecule ranging from 9.8–17.6 kb in size

depending on the particular endornavirus species (Roossinck

et al., 2011; Valverde et al., 2019). Because of the lack of a coat

protein gene, the RNA molecules are not encapsidated and the

double-stranded replicative intermediates are commonly found

in cytoplasmic membraneous vesicles in infected plant cells

(Fukuhara, 2019).

Taxonomically, the Endornaviridae family comprises two

genera, i.e., Alphaendornavirus and Betaendornavirus. While

alphaendornaviruses are associated with the infection of

plants, fungi and oomycetes, betaendornaviruses are to date

only known from ascomycete fungi (Valverde et al., 2019).

Genomes of alphaendornaviruses contain a single open

reading frame encoding a large polyprotein that possess

several functional domains. While the RNA-dependent RNA

polymerase (RdRp) domain is conserved and common among all

known endornaviruses, other functional domains, such as

helicase, methyltransferase, or glycosyltransferase, are found in

some, but not all alphaendornavirus species (Li et al., 2021). To

date, the exact function of these particular domains remains

unclear. Some plant endornaviruses contain a site-specific break

(nick) in the 5′-terminal part of ORF in the coding strand of the

double-stranded replication intermediate (Roossinck et al., 2011;

Sabanadzovic et al., 2016).

Vector-mediated or mechanical transmission of

endornaviruses was not confirmed, and these viruses seem

incapable of cell-to-cell movement and lack a movement

protein. On the contrary the efficient vertical transmission of

endornaviruses occurs at a high rate through seeds, pollen or

fungal spores (Fukuhara, 2019).

The dsRNAs replicative intermediates from bean cv. Black

Turtle (Wakarchuk and Hamilton, 1990) were later identified as

Phaseolus vulgaris alphaendornavirus 1 (PvEV-1, Okada et al.,

2013). The virus was subsequently detected in many other bean

cultivars grown in several non-European locations (Khankhum

et al., 2015; Nordenstedt et al., 2017).

Besides PvEV1, the genus Alphaendornavirus contains two

other distantly related endornaviruses infecting beans,

i.e., PvEV2 and PvEV3 (Okada et al., 2013; Okada et al.,

2018). They exhibit ca 46%–47% nucleotide identity with

PvEV1 and show some differences in the presence or

organisation of polyprotein domains.

In this work, two nearly complete genomes of PvEV-1 were

obtained from bean plants grown in Slovakia and analyzed by

HTS. PvEV-1 infection was further confirmed both in additional

field-grown bean plants, and in accessions obtained from a bean

germplasm collection.

Material and methods

High-throughput sequencing (HTS)

Two bean plants (Phaseolus vulgaris, labelled as PV1 and

PV2, both cv. Maxidor) growing in a private garden in Pezinok

(western Slovakia, GPS coordinates: 48°18′11.6″N 17°16′35.6″E)
were sampled in July 2021 and subjected to HTS.

Briefly, total RNAs were extracted from leaves using the

Spectrum Plant Total RNA Kit (Sigma Aldrich, St. Louis, MO,

United States). Ribosomal RNA was removed using the Zymo-

Seq RiboFree Universal cDNA Kit (Zymo Research, Irvine, CA,

United States). The ribosomal RNA-depleted total RNA samples

were used for double-stranded cDNA synthesis using the

SuperScript II kit (Thermo Fisher Scientific, Waltham, MA,

United States). The cDNA was then purified with the 2.2 x

AMPure XP beads and quantified with a Qubit 2.0 Fluorometer

(Thermo Fisher Scientific, Waltham, MA, United States).

Subsequently, the samples were processed with the

transposon-based chemistry library preparation kit (Nextera

XT, Illumina, San Diego, CA, United States). Low-cycle PCR

andmutual indexing of the fragments was carried out. Fragments

were purified with 1.8 x AMPure XP beads (Beckman Coulter,

Brea, CA, United States) without size selection. The fragment size
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structure of the DNA library was assessed using the Agilent

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,

United States). An equimolar pool of 4 nM DNA libraries was

denatured, diluted to 10 pM and sequenced (2 × 150 bp paired

reads paired-end sequencing) on the Illumina MiSeq platform

(Illumina, San Diego, CA, United States). High-quality trimmed

reads were used for de novo assembly and contigs aligned to the

viral genomes database (ftp://ftp.ncbi.nih.gov/genomes/Viruses/

all.fna.tar.gz) using CLC Genomics Workbench 9.5.2 and

Geneious v.8.1.9 softwares. Alternatively, the reads were

mapped against selected full-length reference genome sequences

of viruses identified in the previous step. Sanger sequencing of PCR

products obtained by using PvEV-1-specific primers described

below was used to validate two portions of the genome.

The nearly complete nucleotide sequences reported in this

paper (missing 10 and 8, and 2 and 5 nucleotides, respectively, at

the 5′ and 3′extremities, for PV1 and PV2, respectively, as

compared to the reference NC_039217 genome) have been

deposited in the GenBank database under accession numbers

OQ750683 (PV1) and OQ750684 (PV2).

Plant samples

The leaf samples of 15 common bean plants of different

origin grown in open field conditions in three locations in

western Slovakia (Pezinok, Piešťany, Vrbová nad Váhom,

Table 1) were harvested during vegetation period

(July–August 2022) and tested for the PvEV-1 presence using

RT-PCR (described below).

Additionally, the seeds of 20 bean genotypes of Slovak

breeding origin (Table 2) long-term maintained in the curated

seed collection of Slovak Republic germplasm collection in

Piešťany were experimentally sown in a sterile garden soil and

grown in an insect-proof cultivation room under controlled

conditions (14 h light/10 h dark photoperiod, day/night

temperature: 25/18°C). The same procedure was applied for

the genotype Maxidor (of French origin), maintained in the

international collection of bean varieties kept in the same

germplasm collection. From each genotype, 4–6 seeds were

sown and plantlets at the 4-5-true leaves stage were tested by

RT-PCR using the apical leaves for total RNA isolation as

described below.

RT-PCR and sequence analyses

Total RNAs were extracted from bean leaves using the

Spectrum Plant Total RNA Kit (Sigma Aldrich, St. Louis, MO,

United States). Subsequently, a two-step RT-PCR protocol was

used. The first-strand cDNA was synthesized using random

hexamer primers and the Avian myeloblastosis virus (AMV)

reverse transcriptase (both from Promega Corp., Madison, WI,

United States). For subsequent PCR amplifications, two different

primer pairs targeting different genomic regions were used. A

703 bp long fragment partially spanning the viral helicase region

was amplified using primers PhV1_4934F (5′- GATATGAGC

AGTTCACCAGG—3′, forward) and PhV1_5636R (5′- CAC

CTTGTTGCTCCAAATCC—3′, reverse), corresponding to

nucleotides 4,934 to 5,636 of the full-length sequence of the

TABLE 1 Open field samples of common bean tested for the presence of PvEV-1.

Sample Genotype Locality RT-PCR detection

PhV1_4934F/PhV1_5636R PhV1_12265F/PhV1_12860R

FA1 Maxidor (supplier A) Pezinok + +

FA2 Unknown, bush type Pezinok + +

FA3 Maxidor (supplier B) Pezinok + +

FA4 Unknown, bush type Piešťany − −

FA5 Unknown, bush type Piešťany − −

FA6 Borlotto di Vigevano Pezinok − −

FA7 Borlotto di Vigevano Pezinok − −

FA8 Unknown, climbing type Pezinok − −

FA9 Unknown, bush type Pezinok − −

FA14 Unknown, bush type Vrbová nad Váhom − −

FA15 Unknown, climbing type Vrbová nad Váhom − −

FA16 Unknown, bush type Vrbová nad Váhom − −

FA17 Unknown, bush type Vrbová nad Váhom − −

FA18 Unknown, bush type Vrbová nad Váhom − −

FA19 Unknown, climbing type Vrbová nad Váhom + +
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reference PvEV-1-Brazil isolate (NC_039217). The second

primer pair PhV1_12265F (5′- CCAACCAGTTATAGACCA

TG—3′, forward) and PhV1_12860R (5′- TTGCTCTCCAAT

CACTACGG—3′, reverse) amplifies a 596-bp fragment located

upstream of the RNA polymerase region (genome positions

12265 to 12860 of NC_039217). PCRs were performed using

the proofreading TaKaRa Ex Taq™ polymerase (Takara Bio,

Shiga, Japan). For both primer pairs, PCR amplification was

performed under the following cycling conditions: initial

denaturation at 94°C for 5 min; 35 cycles of 94°C for 20 s,

56°C for 20 s, and 72°C for 30 s; final extension step at 72°C

for 10 min. As a negative control, total RNAs from Nicotiana

benthamiana or total RNAs from the PvEV-1-negative P.

vulgaris, cv. Melinda were used. The RT-PCR products were

gel purified using the Wizard SV Gel and PCR Clean-Up System

(Promega Corp., Madison, WI, United States), and directly

sequenced in both directions by priming the sequencing

reactions with the same oligonucleotides as used for PCR

amplification. As the partial nucleotide sequences obtained

from field or seed collection samples do not differ from the

PV1 and PV2 sequences, they were not deposited in Genbank.

Phylogenetic analyses and comparisons with publicly available

PvEV-1 sequences2 were performed using the MEGA v.7 (Kumar

et al., 2016) and DnaSP v.5 (Librado and Rozas, 2009) programs.

Results

Identification and characterization of PvEV-1 in
P. vulgaris from Slovakia using HTS

During an effort to assess the presence of viral pathogens

naturally infecting common bean in Slovakia, two plants of cv.

TABLE 2 Characteristics of the bean accessions from the Slovak bean germplasm collection tested by RT-PCR for PvEV-1 infection. The pedigree
information was obtained from the genetic resources information system of Slovakia.1

Accession
number

cv.
name

Pedigree Origin RT-PCR amplification

PhV1_4934F/
PhV1_5636R

PhV1_12265F/
PhV1_12860R

FA10 Melinda s.l.v. Z − −

FA11 Luna [Reflugee/Beure]/Aquilette HS − −

FA12 Helia Erfurter Speck/Declivis Remus HS − −

FA13 Petra [Gesta/Krajova Gbely]/Ultima HS + (4/5)a + (4/5)

FA20 Anka Ultima/Masai HS + (4/4) + (4/4)

FA21 Lilana s.l.v. Z − −

FA22 Nigrona s.l.v. Z + (5/5) + (5/5)

Fa23 Lolita s.l.v. Z + (5/5) + (5/5)

FA24 Kreola Erfurter Speck/Executive HS − −

FA25 Gama Br 1550/Great Northern HS − −

FA26 Ultima {[Gama/Executive]/[Krajova 1550/Greath
Northern]}/Ecexutive

HS + (4/5) + (4/5)

FA27 Sina Not known HS + (4/4) + (4/4)

FA28 Tima Not known L − −

FA29 Timea Not known Z − −

FA30 Ema Slavia/Maxidor HS + (5/5) + (5/5)

FA31 Lucka Hera/Forum HS + (4/4) + (4/4)

FA32 Marta Not known L − −

FA33 Julia Kocovska biela/Topcrop HS + (3/4) + (3/4)

FA34 Greta Slimgreen/Perlička HS + (5/5) + (5/5)

FA35 Diana [Ultima/Krajova Gbely]/[KA 805/HS 6993] HS + (5/5) + (5/5)

MD Maxidor INRAE + (6/6) + (6/6)

s.l.v., selection from the local variety; Z, Zelseed Ltd. breeding station, Slovakia; HS, Horná Streda breeding station (Slovakia); L, Lestra & Co., Ltd., Nesvady (Slovakia); INRA, National

Research Institute for Agriculture, Food and the Environment (France).
aNumber of PvEV-1-positive plants/number of plants tested.

1 https://griss.vurv.sk/

2 accessed from https://www.ncbi.nlm.nih.gov/nuccore/ on 1st
February 2023
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Maxidor were analyzed by HTS. While the PV1 plant showed no

clear symptomatology besides amild yellow chlorosis, the PV2 plant

exhibited suspicious virus-like symptoms (deformation of leaf

lamina, Supplementary Figure S1). The analysis of the HTS

sequence data obtained from these two samples (PV1,

4,332,630 reads of mean length 113.5 nucleotides and PV2,

3,933,326 reads of mean length 117.4 nucleotides) enabled to

obtain in both cases a large contig (ca. 13.02 and 11.43 kb,

respectively) corresponding to PvEV-1. The mapping at high

stringency of individual reads against the PvEV-1 reference

genome (NC_039217) allowed the reconstruction of the nearly

complete genomes for both isolates. The obtained PV1 genome

consists of 14,054 nucleotides (150,152 mapped reads, mean

coverage ×1192.4) while the PV2 one is 14,065 nucleotides long

and reconstructed from 124,377 reads (mean coverage ×1030). No

other known or novel viral agent was identified using the reads from

the PV1 and PV2 samples.

The nearly complete PV1 and PV2 genomes show 99.9%

nucleotide identity and differ only at 4 nucleotide positions

(G4825A, A9115T, C9925T and G13980A, numbered according to

NC_039217), while the encoded polyprotein sequences (4,619

amino acids) are strictly identical. PV1 and PV2 nucleotide

identity with the reference PvEV-1 genome (NC_039217)

reaches 98.4%, while the closed relative to PV1 and PV2 as

judged by BlastN analysis is the Spanish PvEV-1 isolate

MF375892 which is surprisingly reported to have been

determined from an Entoleuca sp. fungus (nucleotide identity

reaching 99.59%). Interestingly, when deduced polyprotein

amino acid sequences are aligned, the Entoleuca sp. isolate

present two highly divergent amino acid stretches as compared

to all other PvEV-1 isolates, including the PV1 and PV2 ones, i.e.,

“FVCRLLLEKK” instead of “LVCCMGMGLM” at positions

152—161 and “FFQAEDGIR-” instead of “Y(K/RN)LTEDNCSR”

at positions 3,491–3,500. The first stretch is situated in a part of

polyprotein that does not contain any conserved protein motif,

while second is located just before a conserved glycosyltransferase

motif. Surprisingly, these two divergent regions of the Entoleuca

isolate polyprotein are also related at the nucleotide sequence level

since they largely correspond to a 28 nt inverted repeat (TCGTAT

GCCGTCTTCTGCTTGAAAAAAA, positions 624–648 and

10,642–10,666 in the MF375892 genome).

A phylogenetic analysis based on the nearly complete

genome sequences revealed that all PvEV-1 isolates, including

the PV1 and PV2 ones, group a very tight clade, clearly separated

from the Phaseolus vulgaris alphaendornavirus-2 (PvEV-2) and

PvEV-3, two other endornaviruses identified from bean plants

(Figure 1). This clustering is also supported by the very low

intragroup diversity among the 15 available PvEV-1 genomes,

which reaches only 1.6% (±0.0). As expected from the Blast

analysis, the two Slovak isolates group together with the Spanish

isolate from Entoleuca (MF375892), with 100% bootstrap

support.

FIGURE 1
Phylogenetic tree generated from PvEV-1 nearly complete genome sequences. The phylogenetic tree was inferred using maximum likelihood
(ML) and the General Time Reversible (GTR) model selected as the best-fit model of nucleotide substitution based on Bayesian information criterion
(BIC) as implemented in MEGA 7. Isolates are identified by their GenBank accession numbers, host and country of origin. The Slovak isolates PV1 and
PV2 sequenced during the present study are highlighted in bold. The genomes of the reference PvEV-2 and PvEV-3 isolates were also included.
The scale bar indicates a genetic distance of 0.2. Bootstrap values higher than 70% (1,000 bootstrap resamplings) are indicated.
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Confirmation by RT-PCR amplification of the
presence of PvEV-1 in Slovakia

The initial identification of PvEV-1 in two bean plants during

2021 prompted efforts to screen additional bean plants for the

virus presence. To this purpose, two primer pairs (PhV1_4934F/

PhV1_5636R and PhV1_12265F/PhV1_12860R) were designed

from a multiple alignment of 2 Slovak and 13 Genbank

sequences. The two primer pairs were first validated using as

template the PV1 and PV2 total RNAs used from the HTS

experiment. In both cases, amplicons of the expected size

(703 and 596 bp, respectively) were obtained and their direct

sequencing confirmed the specificity of the amplification

assay, confirming the presence of PvEV-1 in the analysed

bean plants.

In a second step, a total of 15 leaf samples were obtained from

open field-grown bean plants from three different locations, all

sampled plants being asymptomatic (Table 1). Based on RT-PCR

results, 4 out of 15 samples tested positive for PvEV-1, with identical

results obtained with both primer pairs. Although two of these PvEV-

1-positive samples were from cv. Maxidor and obtained from the

same private garden in Pezinok, these two plants came from two

different commercial seed lots originating from different suppliers.

Direct dideoxy sequencing of PhV1_4934F/PhV1_5636R and PhV1_

12265F/PhV1_12860R amplicons showed that the four amplified

isolates were 100% identical with the PV1 and PV2 isolates in the two

amplified regions.

Detection of PvEV-1 in the curated Slovak bean
germplasm collection

In order to evaluate the presence of PvEV-1 in the Slovak

Republic bean germplasm collection, the seeds of 20 Slovak and 1

French genotype in long-term storage were sown and the resulting

plantlets individually tested byRT-PCR.No symptomswere observed

in any of the analysed plants. Based on the RT-PCR results, 12 out of

21 genotypes tested PvEV-1-positive. Eleven of the positive genotypes

originated from the Slovak breeding program (Petra, Anka, Nigrona,

Lolita, Ultima, Sina, Ema, Lucka, Julia, Greta, Diana) and one

genotype was of French origin (Maxidor). In most cases, the

testing of several plants of the same genotype (4–6 seeds)

provided consistent results (100% infection). However, in the case

of cv. Petra, Ultima and Julia, one of the tested plants tested PvEV-1-

negative (Table 2).

Discussion

In the last decade, HTS has become an unprecedented tool

for unbiased virome analysis and characterization (Villamor

et al., 2019; Maclot et al., 2020). Most of the studies

confirmed that plants can be simultaneously infected by

several viruses, among which are also different endornaviruses

(e.g., Okada et al., 2011; Tomašechová et al., 2020).

As part of an effort to analyse the virome of legumes, HTS

revealed the presence of PvEV-1 in two common bean plants

grown in western Slovakia. The two assembled PvEV-1 genomes

showed 99.9% sequence identity. Although the PV2 plant showed

symptoms resembling those caused by viruses (Supplementary

Figure S1), no other virus than PvEV-1 was identified from the

sequencing reads. However, the symptoms observed are most

likely not caused by PvEV-1, which has never been reported to be

pathogenic, but are rather physiological. Indeed, the symptoms

disappeared at a later stage.

To our knowledge, the PV1 and PV2 isolates are the first

European PvEV-1 isolates originating from common bean, since

the third available European PvEV-1 sequence, from Spain

(MF375892, Velasco et al., 2019) is surprisingly reported to

have been obtained from a fungus, Entoleuca sp. Interestingly,

the genome of this Entoleuca isolate contains two highly

divergent stretches as compared to all other known PvEV-1

isolates, that impact the encoded polyprotein sequence in

regions of unknown function. Although this variability is

potentially associated with the host, the confirmation of

PvEV-1 infection in Entoleuca and the analysis of further

Entoleuca isolates would be needed to confirm a direct

relationship between host and virus sequence in these two

regions. Interestingly, despite the divergence of these short

regions, MF375892 shows the highest nucleotide identity with

the PV1 and PV2 isolates among all known PvEV-1 isolates

originating from Africa and Central/South America, suggesting

that geography rather than host might structure the genetic

variability of PvEV-1. However, further characterization of

PvEV-1 isolates from different host genotypes and geographic

origin is clearly needed to better understand the structuring of

PvEV-1 genetic diversity.

The initial HTS-based identification of PvEV-1 prompted

subsequent analyses to reveal PvEV-1 presence in Slovakia. These

efforts focused on two groups of samples, i.e., field-grown bean

plants and bean genotypes from the Slovak bean germplasm

collection. In both cases, the presence of PvEV-1 infected plants

was detected using two newly designed primer pairs targeting

two different genome regions. Both primer pairs were designed to

target genomic regions conserved between the PV-1 and PV-2

isolates as well as all 13 other PvEV-1 sequences present in

GenBank. Interestingly, the sequencing of RT-PCR amplicons

revealed that similar to GenBank sequences, all the newly

detected Slovak isolates are identical in the two amplified

genomic regions, further confirming the low molecular

heterogeneity between PvEV-1 isolates possibly due to a high

selection pressure imposed to PvEV-1 populations undergoing

the vertical transmission (Butkovic and Gonzalez, 2022).

It is commonly accepted that endornaviruses rely on a kind of

neutral or symbiotic relationship with their host, being harmlessly

present within the cells in a persistent manner (Roossinck, 2010).
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Due to the vertical transmission, they are postulated to have very

long evolutionary relationships with their hosts. Bean of cv.Maxidor

(a French bean cultivar with a bushy growth) has been tested PvEV-

1-positive irrespective of the year of sampling or supplier (Tables 1,

2), suggesting the virus persistence and an apparently efficient way of

coevolution and vertical transmission. Endornaviruses have thus the

potential to be used as clues in the reconstruction of pedigrees or of

plant species evolutionary history at larger scales (Khankhum et al.,

2015).

Overall, our results suggest a relatively high incidence of

PvEV-1 in P. vulgaris in Slovakia, which is in line with other

studies from different non-European geographical regions

(Khankhum et al., 2015; Mutuku et al., 2018; Okada et al.,

2018). Especially, the PvEV-1 presence was detected in plants

germinated from seeds of more than a half of P. vulgaris

genotypes maintained in the curated Slovak Gene Bank

collection, extending the data on its common bean host range.
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