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Abstract

Persistent viruses include members of the family Endornavirus that cause no apparent disease and are transmitted exclusively
via seed or pollen. It is speculated that these RNA viruses may be mutualists that enhance plant resilience to biotic and abi-
otic stresses. Using reverse transcription coupled polymerase chain reactions, we investigated if common bean (Phaseolus
vulgaris L.) varieties popular in east Africa were hosts for Phaseolus vulgaris endornavirus (PvEV) 1, 2 or 3. Out of 26
bean varieties examined, four were infected with PvEV1, three were infected with both PvEV1 and PvEV2 and three had
infections of all three (PvEV) 1, 2 and 3. Notably, this was the first identification of PVEV3 in common bean from Africa.
Using high-throughput sequencing of two east African bean varieties (KK022 and KK072), we confirmed the presence of
these viruses and generated their genomes. Intra- and inter-species sequence comparisons of these genomes with compara-
tor sequences from GenBank revealed clear species demarcation. In addition, phylogenetic analyses based on sequences
generated from the helicase domains showed that geographical distribution does not correlate to genetic relatedness or the
occurrence of endornaviruses. These findings are an important first step towards future investigations to determine if these

viruses engender positive effects in common bean, a vital crop in east Africa.
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Introduction

The so-called plant ‘persistent viruses’ (PVs) do not typi-
cally cause disease and are exclusively vertically inherited.
Examples of PVs have been found in at least five ICTV-
recognized families, specifically, the Amalgaviridae,
Chrysoviridae, Endornaviridae, Partitiviridae and Toti-
viridae [1-3]. Endornaviridae are classified into two gen-
era: Alphaendornavirus, members of which infect plants,
fungi and oomycetes, and Betaendornavirus, members of
which have been found only in ascomycete fungi [4]. The
endornaviruses Phaseolus vulgaris endornavirus (PvEV) 1,
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PvEV2 and PvEV3 that occur in some lines of common bean
(Phaseolus vulgaris) are assigned to the Alphaendornavirus
genus by the ICTV [5, 6].

Endornavirus genomic RNAs vary in length between 9.6
and 17.6 kb and accumulate in planta as double-stranded
RNA molecules associated with the viral RNA-dependent
RNA polymerase (RdRp) [5, 7, 8]. However, they are now
thought to be positive-sense single-stranded RNA viruses
that accumulate predominantly in the form of the double-
stranded replicative intermediate [9, 10]. The single open
reading frame of an endornavirus is inferred to encode a
polyprotein, which contains the RdRp sequence in the
C-terminal domain, together with other putative func-
tional domains encoded by some but not all endornaviruses
[11-13]. These additional domains include sequences with
homology to a viral RNA helicase, to a bacterial capsular
polysaccharide synthase, to a UDP-glycosyltransferase,
and a methyltransferase [7]. Endornavirus genomes do not
encode a coat protein and, in contrast to other PVs, these
viruses do not form true virions [7].
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Endornaviruses and other PVs occur widely amongst wild
plants and in crops, including common bean, pepper, rice
and barley [12, 14-17]. The presence of PVs in many wild
and cultivated plants is consistent with the theory that endor-
navirus infection confers a benefit to the host plant [18]. For
example, the output of plant volatile organic compounds is
altered in bell pepper (Capsicum annuum) plants infected
with the partitivirus pepper cryptic virus 1 and this repels
aphids (Myzus persicae). This is thought to protect plants
from aphid damage and may provide indirect protection
from infection by aphid-transmitted pathogenic viruses [19].
Also, it has been shown that plants of North American com-
mon bean varieties harbouring PvEV1 and PvEV?2 yielded
longer pods and a greater mass of seeds than those without
[20]. Furthermore, when a coat protein gene sequence of the
white clover cryptic virus (WCCV) isolated from a Trifolium
repens (white clover) cDNA library was expressed in Lotus
Jjaponicus plants, formation of nitrogen-fixing root nod-
ules by symbiotic bacteria was inhibited in an abscisic acid
signalling-dependent manner. It was inferred that in white
clover, WCCYV plays a beneficial role in preventing the over-
production of nodules [21]. However, there are counterex-
amples. For example, an inherited double-stranded RNA in
a line of broad bean (Vicia faba), later identified as an endor-
navirus, was associated with a male sterility phenotype [11].
More recently, the persistent virus southern tomato virus
(STV: a double-stranded RNA virus classified in the Amal-
gaviridae) was suggested to influence the interactions of
tomato (Solanum lycopersicum) with the infectious viruses
pepino mosaic virus (PepMV) and cucumber mosaic virus
(CMV) [22]. It was contended that the presence of STV
increased the titre of CMV transiently in the early stages of
infection and data suggested that STV increases the severity
of synergistic symptoms caused by CMV-PepMV coinfec-
tion [22]. However, STV also enhances seed production in
tomato, i.e. a beneficial effect [23]. Indeed, on balance, most
of the literature on the effects of PVs on plant fitness suggest
that these viruses have neutral or beneficial effects.

Common bean originated in central Mexico and was
domesticated in Mesoamerica and the Andean region of
South America [24]. In east and central Africa, common
bean provides the second and third most important sources
of dietary protein and calories, respectively, for over 100
million people [25, 26]. Bean’s zinc and iron content help
alleviate anaemia, which affects approximately 50% of
children <5 years old, 25% of children 5-15 years old and
30% of women [27]. Additionally, common bean plant
roots harbour nitrogen-fixing bacteria and when grown as
intercrops with staples, such as maize, cassava and banana,
bean plants enrich soils with nitrogen. Despite the release
of many improved common bean varieties, productivity is
constrained by pests and diseases, including insect-trans-
mitted viruses [28]. New means to increase the resilience
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of common bean to such attacks are needed, and PVs such
as bean endornaviruses may in the future help with this.
To further our understanding of endornavirus occurrence
in common bean in east and central Africa crop species,
we screened for PvEV1, PvEV2 and PVEV 3 in 26 bean
cultivars grown in Kenya, Rwanda and Uganda. The pres-
ence of PVEV1 or PVEV2 in common bean is determined,
to some extent, by a variety’s pedigree, with PVEV1 and
PvEV2 more common in cultivars originating in Mesoa-
merica than in the Andes [29]. Indeed, a starting hypothesis
for this work was that the complement of endornaviruses
carried by a common bean line might reflect which breeding
programme gave rise to the line. In this study, we detected
PvEV1, PvEV2 and PvEV3. Though PvEV1 and PvEV2
have been detected in African common bean cultivars before
[30, 31], our detection of PVEV3 in some varieties is a first
for Africa.

Materials and methods

Plant growth, nucleic acid extraction and reverse
transcription coupled polymerase chain reaction
(RT-PCR) analyses

Seeds of 26 different common bean varieties were sourced
through the bean research programmes of the Kenya Agri-
cultural and Livestock Research Organization (KALRO) in
Kenya and the International Centre for Tropical Agriculture
(CIAT) in Uganda. The ultimate provenances of the different
varieties, where known, were noted (Table 1). Bean seeds
were germinated at 25 °C for 5 days in a Petri dish lined with
moistened filter paper similar to methods described earlier
for growing bean plants [32]. Once germinated, the radicle
was excised, and total RNA was extracted using the Norgen
Total RNA kit (Norgen Biotek, Thorold, Ontario, Canada).
The quality and quantity of RNA were determined using a
Nanodrop spectrophotometer (Thermo Scientific, Waltham,
MA, USA). RNA was reverse transcribed with GoScript™
(Promega, Madison, Wisconsin, USA) following the manu-
facturer’s instructions to obtain the templates for polymerase
chains reactions (PCRs) using previously described methods
[32].

Initial PCR was done using previously described primers
targeting the Helicase and RdRp domains and using meth-
ods already described and a decision taken to proceed using
the helicase gene sequences [31]. Further, two primer pairs
for PVEV2 and PVEV3 helicase regions were designed using
SnapGene and the NCBI primer design tool. The sequences
used to design primers were PVEV2—GenBank No:
AB719398.1 and for PvEV3—GenBank No: NC_040558.1.
Details of all primers used and expected product size are pro-
vided in the supplementary information (Table S1). PCR was
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Table1 Detection of PVEVL, 2 44, Origin PVEV1 PVEV2 PVEV3
and 3 in 26 cultivars of common
bean Cultivars with no PvEVs detected
KANYEBWA CIAT—Uganda - - -
MASINDI YELLOW CIAT—Uganda - - -
CAB2 CIAT—Rwanda - - -
CAB96 CIAT—Rwanda - - -
MAC44 CIAT—Rwanda - - -
GLP585 (Wairimu Dwarf) KALRO—Thika, Kenya - - -
GLP2 (Rosecoco) KALRO—Thika, Kenya - — -
GLP24 (Canadian Wonder) KALRO—Thika, Kenya - - -
GLP92 (Mwitemania) KALRO—Thika, Kenya - - -
KATB1 KALRO—Katumani, Kenya - - -
KATB9 KALRO—Katumani, Kenya - - -
KATX56 KALRO—Katumani, Kenya - - -
GASILIDA RAB—Kigali, Rwanda - - -
RWV1129 RAB—Kigali, Rwanda - - -
RWV3316 RAB—Kigali, Rwanda - - -
BLACK VALENTINE USA (commercially sourced) - - -
Cultivars with PvEV1
G2333* CIAT + - -
RED40 KALRO—Kakamega, Kenya + - -
GLP1127 KALRO—Thika, Kenya + - -
RWR1668 RAB—Kigali, Rwanda + - -
Cultivars with PVEV1 and PvEV2
KKO022 KALRO—Kakamega, Kenya + + -
RWR2245 RAB—Kigali, Rwanda + + -
SER16 RAB—Kigali, Rwanda + + -
Cultivars with PvEV1, PvEV2 and PvEV3
MCM2001 CIAT—Uganda + + +
KK072 KALRO—Kakamega, Kenya + + +
RWR2075 RAB—Kigali, Rwanda + + +

Identification of endornavirus RNA using RT-PCR is indicated by +, and — indicates no endornavirus

present

RAB Rwanda Agriculture Board, KALRO Kenya Agriculture and Livestock Research Organization, CIAT
Centro Internacional de Agricultura Tropical/International Center for Tropical Agriculture

%G2333 is a Mexican landrace [46] that has been distributed internationally and assigned different names in
Rwanda (Umubano), Kenya and Tanzania (Lyamungu 85), and Uganda (NABE10)

done using the BioMix Red (Bioline, Hessel, UK) reagent
mix, and PCR products were resolved electrophoretically
using a 1% w/v agarose gel stained with ethidium bromide
and visualized in a gel documentation system. Amplicons of
the expected product size were excised, purified, diluted to the
appropriate concentration and submitted for semi-automated
Sanger sequencing [33, 34] at Source BioScience, UK Ltd
(Cambridge, UK).

High-throughput sequencing (HTS)
for endornaviruses

RNA was extracted from germinated seeds of the cultivars
KK022 and KK072 (from which RT-PCR detected PVEV)
using Norgen’s Total RNA kit (Norgen Biotek, Thorold,
Ontario, Canada) and used to make sequencing libraries with
the Zymo-Seq RiboFree Total RNA Library Kit. Librar-
ies were sequenced on the Illumina NextSeq sequencer
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(IIlumina, San Diego, USA) at Cambridge Genomic Ser-
vices, Pathology Department, Cambridge University. Bio-
informatic analyses for de novo virus detection were done
using VirFind with default settings using the FastQ files
as the input [35]. In summary, FastQ files for KK072 and
KKO022 were uploaded to the VirFind ftp server. Files were
converted to Fasta format, and de novo sequence assembly
done by Trinity [36] and SPAdes [37]. The assembled con-
tigs were subjected to Basic Local Alignment Search Tool
(BLAST) [38] analysis. Specifically, the BLASTn database
was used, with the e-value left at the fault 0.01. This analysis
annotated contigs that were the most likely ‘virus’ hits.

To generate whole-genome information, paired-end
reads were bioinformatically analysed using the Geneious
Prime 2020 version (Biomatters, Auckland, New Zealand).
For each sample, the paired-end reads generated from Illu-
mina sequencing were merged using the BB Merge function
[39] and then mapped to reference genomes from GenBank
using Geneious read mapper, all implemented in Geneious
Prime. For PvEV1, reads from KK022 and KK072 were
mapped to PVEV1 sequence MF375892. PVEV2 reads
from KKO022 and KK072 were mapped to a PVEV isolate
AB719398. Lastly, for PVEV3, reads from KKO072 were
mapped to PvEV3 sequence NC_040558. Contigs mapping
to the reference genomes were used to generate consensus
sequences for endornaviruses from each of the samples using
the Geneious Prime software.

Sequence analysis and phylogenetics

BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) searches
were performed for each of the Sanger generated sequences
to confirm the virus nature of the sequences and to obtain
corresponding sequences to include in the phylogenetic
analysis. Appropriate comparator sequences for the helicase
domains of other endornaviruses were downloaded from
GenBank. Sequence alignments were conducted in Muscle
alignment tool in MEGA X software [40]. The Maximum
Likelihood model was used to construct the phylogenetic
trees using the GTR + G + I model determined in the ‘Find
best’ model (ML) option in MEGA 11 [40, 41]. In all phy-
logenies, node significance was evaluated with 1000 boot-
strap replications. Pairwise sequence comparisons were
made using the Sequence Demarcation Tool software [42].
For the five near-complete genomes, which were consen-
sus sequences from mapping in Geneious Prime, phyloge-
netic analyses were conducted using appropriate compara-
tor sequences downloaded from GenBank using methods
similar to those described above. Additionally, the sequences
were subjected to a search for predicted open reading frames
(ORFs) for annotation using the ORF finder tool (https://
www.ncbi.nlm.nih.gov/orffinder/).
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The putative polyprotein sequences encoded by the ORFs
were further analysed for putative domains by querying the
conserved domains search database in NCBI (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?).

Results

Screening for Phaseolus vulgaris endornaviruses
1, 2 and 3 in bean varieties from Kenya, Rwanda
and Uganda

RT-PCR with primers designed to amplify the helicase
domains of PvEV1, PvEV2 and PvEV3 was used to gener-
ate amplicons for Sanger sequencing. In this study, 26 com-
mon bean cultivars and landraces were investigated. PvEV 1,
PvEV2 and PvEV3 helicase sequences were identified in,
respectively, ten, six and three common bean cultivars of the
26 tested (Table 1). Single infections of PVEV1 were identi-
fied in the four cultivars RED40, RWR1668, GLP1127 and
G2333. PvEV1 and PvEV2 double infections were identi-
fied in the three cultivars KK022, SER16 and RWR2245.
Combined infections of PVEV1, PvEV2 and PVEV3 were
identified in lines KK072, RWR2075 and MCM?2001. In the
lines containing mixed infections, none harboured PvEV?2
without also containing PvEV 1, and no cultivar was infected
with PvEV3 without containing both PvEV1 and PvEV2
(Table 1).

Phylogenetic and pairwise identity analyses based
on regions encoding helicase sequences revealed
clear species demarcations

Phylogenetic analyses carried out using nucleotide
sequences generated by Sanger sequencing of the helicase
coding regions of our test varieties revealed three clades
that corresponded to the endornaviruses PvEV1, PvEV2
and PvEV3 (Fig. 1). Further, pairwise comparisons were
conducted using the Sequence Demarcation Tool. In this
analysis, we downloaded from GenBank comparator nucleo-
tide sequences for the helicase region for PvEV1 (GenBank
accession numbers: MH567335 and MH567346) and PVEV2
(GenBank accession numbers: MW534366, MH567336.1
and MH567339.1). These sequences of known species
identity were used to confirm the accuracy of the sequence
demarcation analyses. We did not include any helicase
sequences for PVEV3 from GenBank as there were none
available. We observed for intraspecies nucleotide-level
comparisons, our PvEV1 sequences were 95.7-100% similar
to the comparator sequences from GenBank. Comparatively,
PvEV2 had 96.4-99.3% similarity with the comparator
sequences from GenBank (Fig. 2, Table S2). For inter-spe-
cies sequence comparisons, the nucleotide-level similarity
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ranged from 54.4 to 64.7% between PvEV1 and PvEV?2;
59.4-67 between PvEV1 and PvEV3 and 53.6-70.5%
between PvEV2 and PvEV3 (Fig. 2, Table S2). The results
confirmed clear sequence demarcation even when the
sequences had been derived from varieties containing mixed
endornavirus infections.

High-throughput sequencing of the bean cultivars
KK022 and KK072 revealed near-complete genomes
of PvEV1, PvEV2 and PvVEV3

The bean cultivars KK022 and KK072, shown by RT-PCR
to be, doubly infected with PvEV1 and PvEV2 and triply
infected with PvEV1, PvEV2 and PvEV3, respectively,
were chosen for further analysis by HTS. The sequences
derived from HTS using Illumina NextSeq were analysed
with VirFind for de novo assembly of contigs. Multiple con-
tigs were assembled from the KK022 sequences and were
taxonomically annotated as either PvEV1 or PVEV2. Results
for KK072 showed multiple contigs annotated as PvEV1,
PvEV2, and PvEV3 (Table S3). These results were consist-
ent with our findings by RT-PCR for these samples.

The contigs with sequence similarity to PvEVs were
mapped to reference genomes and five consensus sequences
were generated. The genomes of both PVEV1 isolates
(from samples KK022 and KK072) were 14,071 nucleo-
tides long which was one nucleotide shorter than the ref-
erence genome. The assembled genomes of PVEV2 from
KKO022 and KK072 were 14,820 nucleotides in length which
was comparable in length to the reference sequence. The
genome of the sequenced isolate of PVEV3 spanned 15,204

nucleotides and was one nucleotide shorter than the refer-
ence genome. Although 3'-5' RACE was not carried out,
we considered our sequences near-complete genomes given
that their lengths were comparable to those in GenBank. The
sequences were submitted to GenBank for the assignment of
accession numbers (Table S4).

Sequence analyses and phylogenies of PVvEV1,
PvEV2 and PvEV3

For this analysis, we conducted a comparison of nucleo-
tide sequences between the consensus sequences and the
reference sequence used for mapping. The near-complete
genome sequences of PVEV1 KK022 and KK072 exhibited
97.98% and 94.69% similarity, respectively, with the PVEV1
sequence (MF375892) from GenBank. Utilizing the ORF
finder tool and the near-complete genome sequences, we
determined that sequences from both KK022 and KK072
encoded a single putative polyprotein, consistent with other
PvEV1 genomes available in GenBank. However, there
was a disparity in the predicted ORF length between our
sequences and the reference genome. Whilst the reference
genome’s ORF consisted of 4618 amino acids, our sequences
exhibited an ORF of 4619 amino acids, with an additional
serine residue at position 3499. When comparing the ORF
sequences of PVEV1 KK022 and KK072 with the protein
sequence AVD68677 from GenBank derived from the ref-
erence sequence we used, we observed amino acid-level
similarities of 98.55% and 96.38%, respectively. Similar to
other PVEV1 genomes in GenBank, our sequences possessed
four conserved domains. These included a helicase domain
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RWR2075_PvEV1
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Fig.2 Pairwise sequence comparisons of PVEV1, 2 and 3 using
sequences derived from the helicase region. Comparisons conducted
in Sequence Demarcation Tool revealed clear demarcation between
the three species. In this analysis, two comparator sequences (PVEV1
Nairobi MH567335 and PvEV1 Kirinyaga MH567348) previously
identified as PvEV1 [31] and three PvEV2 sequences PVEV2 Nai-
robi 1 MH567336 and PvEV2 Nairobi 2 MH567339 [31] and PVEV2

(nucleotides 4643 to 5372), a domain resembling a bacterial
capsular polysaccharide synthase (CPS) (nucleotides 8492
to 9008), a glycosyltransferase domain (nucleotides 9476 to
10499) and an RdRp domain near the 5’ end (nucleotides
13088 to 13661) of the assembled genomic RNA sequence
(Fig. 3a).

The consensus sequences of PVEV2 KK022 and KK072
had 98.27% and 99.03% nucleotide-level similarity with
sequence PvEV2 sequence AB719398 from GenBank.
Using the ORF Finder tool in GenBank, we determined that
the sequence for PVEV2 ORF encoded a putative polypro-
tein of 4920 amino acids. This was similar in length to that
of isolate KT456288 in GenBank. However, compared to
the reference genome (AB719398), the ORF we identified
was 69 aa longer. On analysing the reference sequence, we
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Zambia MW534366 (downloaded from GenBank) were used to con-
firm the accuracy of the demarcation. Intraspecies sequence compari-
sons (Red) were PVEV1 95.7-100%, PVEV2 96.4-99.3%, and PvEV3
95.5-100%. Interspecies similarity (Blue) ranged between 54.4
and 64.7% when PVEV1 and PVEV2 were compared, 59.4-67.4%
between PVEVI1 and PVEV3 and 53.6-70.5% between PVEV2 and
PvEV3

ascertained that the ‘additional’ 69 aa was present when
the nucleotide sequence of isolate AB719398 was virtually
translated into a polyprotein in the same software. How-
ever, the authors truncated the ORF from the second ‘AUG’
(methionine), which resulted in a polyprotein 4851 aa long,
similar with earlier convention in published sequences
[14, 43]. Therefore, in keeping with this convention, we
annotated similarly (Fig. 3b). The ORF protein sequence
PvEV2 KKO022 and KK072 had 98.52% and 99.28% amino
acid-level similarity with sequence PVEV2 sequence
BAMG68540.1 from GenBank derived from the reference
sequence we used. In further analyses, we observed that the
putative polyprotein of our PVEV2 sequences contained a
methyltransferase domain encoded by nucleotides at posi-
tions 1086 to 1398, as well as a helicase domain (encoded
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Fig.3 Inferred genome organization of Phaseolus vulgaris endorna-
virus (PvEV)1, PvEV2 and PvEV3 isolates detected in this study. The
boxes (A—C) represent the three endornaviruses detected in this study.
Key nucleotide references for the 3’ and 5' untranslated regions are
listed, and the predicted positions for the domains are identified. The
lengths of the three species were 14,071 (PvEV1), 14,820 (PvEV2)
and 15,204 (PvEV3) nucleotides long. These sequences, individually
translated into protein, formed a single open reading frame (ORF).
The lengths of the ORFs are indicated in parentheses above each box.

by nucleotides at position 4257-4977), a glycosyltransferase
domain (encoded by nucleotides at position 9345-10392),
and an RdRp domain at the 5’ end (encoded by nucleotides
at positions 13833-14484) (Fig. 3b). These findings were
similar to those reported in other sequences in GenBank,
such as AB719398, which we used in our analyses.

The consensus sequence of PVEV3 had 93% similarity
with PvEV3 isolate NC_040558 from GenBank. The protein
sequence of the PVEV3 ORF had 95.32% similarity with
sequence PvEV3 sequence YP_009551959.1 from GenBank
derived from the reference sequence we used. Our polypro-
tein sequence was 4932 aa, similar to the one reported in
GenBank (accession number NC_040558) (Fig. 3c). Three
potential functional domains were identified: helicase
(encoded by nucleotides 4566—5337), glycosyltransferase
(encoded by nucleotides 10218-11331), and RdRp (encoded
by nucleotides 13833-14739) (Fig. 3c).

The phylogenetic analyses conducted using complete and
near-complete genome sequences of PVEV1, PvEV2 and
PvEV3 from GenBank, including sequences from our study
and comparator sequences from other plant species, revealed
distinct patterns. Two primary clades were identified, with
PvEV1 and PvEV3 forming a separate clade from PvEV2.
Specifically, PVEV1 sequences formed a distinct subclade,
whilst PVEV3 clustered within a subclade that also included
a sequence detected in Geranium carolinianum. PvEV?2, on
the other hand, formed a separate clade, with its sequences

The nucleotide positions from which the ORFs begin and end are
indicated above the solid black bars at the ends of each box. The hori-
zontal lines at each box 3’ and 5’ represent the untranslated regions
(UTRs). The dark grey boxes with nucleotide positions indicated
above short vertical lines within the larger box represent where the
putative domains were identified in the Conserved Domain database.
Hel-1 Helicase, CPS capsular polysaccharide synthase, GTF glyco-
syltransferase, MET methyltransferase, RdRp RNA-dependent RNA
polymerase

clustering together (Fig. 4). Notably, these clades demon-
strated clear demarcation based on the respective host plants.

Discussion

Two main forms of common bean (P. vulgaris) are grown
around the world: the snap bean (green pods harvested), and
the dry bean (seeds harvested). In sub-Saharan Africa, dry
beans (also referred to as grain) account for 95% of beans
grown and are used for local consumption, whilst the snap
bean variety, a horticultural crop accounts for 3% and is
grown mainly for export [44]. The remaining 2% is Tepary
bean (Phaseolus acutifolius) which is localized in different
parts of sub-Saharan Africa [44]. Consequently, the region
is highly dependent on dry bean cultivation for its protein
needs [25]. Most of the common bean varieties used in our
study are primarily grown for grain and seed by smallholder
farmers with less than 5 acres of land. An earlier metagen-
omic study had detected the presence of endornaviruses
(PvEV1 and PVEV2) in common bean plants sampled in
smallholder farms in peri-urban and rural Kenyan fields
[31]. However, that study did not identify the specific com-
mon bean varieties harbouring these Endornaviruses.

Our study systematically screened common bean varie-
ties from the east African region to determine if endorna-
viruses were widespread in popular lines. Using RT-PCR,
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Fig.4 Whole-genome phylogeny of PvEV1, 2 and 3 and Endorna-
viruses from other plant hosts. Two major clades (‘1” and ‘2’) were
revealed by phylogenetic analysis using the Maximum Likelihood
method. PvEV1 (‘a’; purple bar) and 3 (‘b’; green bar) were in a
separate clade from PvEV2 (‘c’; red bar). Whilst PVEV1 sequences
clustered on their own in their subclade, PvEV3 sequences shared a

we detected all three endornaviruses. A key finding was
the first detection of PvEV3 in African-grown lines.
PvEV3 had previously only been identified in a few North
American cultivars [12]. The occurrence of endornavi-
ruses was not linked to geographical location, and it is
therefore likely that in East Africa, bean endornaviruses
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Hydrocotyle umbellata EV MT040194
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subclade with an endornavirus sequence isolated from Geranium car-
olinianum. PVEV2 shared a subclade closest to endornaviruses found
in wild and domesticated chili pepper (Capsicum frutescens and Cap-
sicum annuum). The branch structure is labelled with the percentage
of bootstrap replicates supporting the outcome. Node significance
was evaluated with 1000 bootstrap replicates

are spread by imports of germplasm from elsewhere and
not due to local varietal preferences or inadvertent selec-
tion by local plant breeders.

We observed single infections of PVEV1 in six varie-
ties. However, we did not observe any single infections of
PvEV2, which was consistent with results reported earlier by
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Okada and colleagues when they screened 50 bean varieties,
including wild relatives, in their seminal report on the detec-
tion of PvEV3 [12]. We did not observe any single infection
of PVEV3, which contrasts with the findings of Okada and
colleagues, who observed single PvEV3 infection in two
domesticated varieties of bean, ‘Clouseau’ and ‘PI 209488’
of Andean and Mesoamerican origins, respectively, and in
four wild bean varieties, all of Mesoamerican origin [12].

We observed mixed infection in six bean varieties.
KK022, RWR2245 and SER16 had double infection with
PvEV1 and PVvEV2 and another three varieties, KK072,
MCM 2001 and RWR 2073 of Kenyan, Ugandan and Rwan-
dan provenance, respectively, had mixed infections of all
three endornaviruses. Okada and colleagues have reported
mixed infections, either double or triple, for endornaviruses
[12]. We did not observe any double infections involving
either PvEV1-PvEV3 or PvEV2-PvVEV3 combinations. This
was different from the findings of Okada and colleagues,
who reported detecting PVEV2-PvEV3 infection in variety
‘Red Rover’, an Andean variety and PvEV1-PvEV3 infec-
tion in two landraces (W6 12107 and PI 309885) of Mes-
oamerican origins [12]. Our screening of 26 popular varie-
ties makes for a modest start. Should screening other bean
varieties within the East Africa region for endornaviruses be
required, we may likely encounter similar results. According
to the Pan African Bean Research Alliance, a bean research
network active in 32 African countries, over 400 improved
varieties adapted to different agroecological zones have been
released for use in sub-Saharan Africa [44].

RNAseq analysis performed using near-isogenic lines of
the cultivar Black Turtle Soup found 132 genes differentially
expressed between plants doubly infected with PvEV1 and
PvEV2 compared with control plants that were not infected
with either of the endornaviruses [45]. Plants harbouring
PvEV1 and PvEV?2 yielded faster germinating seeds that
gave rise to seedlings with longer radicles, had a lower
chlorophyll content, but higher carotene content, produced
longer pods, and yielded seeds with a greater average mass
than control plants [20]. It is possible that the effects on
gene expression [45] explain many, if not all, of the changes
in plant physiology [20]. Arguably some of these virus-
associated traits are beneficial to the plants and could be
agronomically valuable. However, some traits conferred by
other PVs, such as the amalgavirus STV, which appears to
increase susceptibility to infection by other viruses [22], are
not.

Using high-throughput sequencing and mapping to con-
sensus sequences, we generated near-complete genomes
for the three endornaviruses. Okada and colleagues [14]
reported the length for PVEV1 to be 13,908 nucleotides and
that for PvEV2 as 14,820 nucleotides. The sequences we
generated were longer for PVEV1 (14,071 nucleotides) but
similar for PvEV2 (14,820 nucleotides). Meanwhile, our

PvEV3 genome length at 15,204 nucleotides was shorter
than that reported by Okada and colleagues [12] by a sin-
gle nucleotide in length (15,205 nucleotides). These differ-
ences in length could be attributed to the methods used to
generate the genome information. Pairwise comparisons of
nucleotide and protein sequences showed that our reported
sequences had sufficient inter-species differences for defini-
tive sequence demarcation along species lines. As noted
by the ICTYV, in outlining the species demarcation criteria
in the genus, members of different species have an overall
nucleotide sequence identity below 75% [6]. Phylogenetic
analyses of the whole genomes and helicase regions further
evidenced this.

Common bean is susceptible to a range of plant patho-
gens, including viruses [28, 46—48]. Breeding for resistance
has offered protection against some viral diseases. For exam-
ple, the I gene protects against some strains of bean common
mosaic virus, although it renders plants carrying this domi-
nant resistance allele vulnerable to systemic necrosis induc-
tion by bean common mosaic necrosis virus [28]. However,
for some pathogenic viruses detected in bean, such as CMV
[31], there is no effective genetic resistance. Therefore, tools
that enhance protection must be found. As noted earlier,
research into endornaviruses shows a mixed record of what
their presence can cause to plants [18]. Therefore, depend-
ing on whether or not these inherited viruses are considered
beneficial, their presence could be helpful for bean breeders
to ensure or avoid the incorporation of endornaviruses or
other PVs into new plant lines. Future studies should deter-
mine whether bean endornaviruses confer advantages to the
host plant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11262-023-02026-7.

Acknowledgements We thank Dr. Warren Arinaitwe (CIAT) for pro-
viding bean varieties and informative discussions on the bean varie-
ties from Kenya and elsewhere in East and Central Africa. We also
thank Dr. J. Musembi Mutuku formerly at the International Livestock
Research Institute Nairobi and Dr. David Karanja and colleagues at the
Kenya Agricultural and Livestock Research Organization for provid-
ing seed varieties and for insightful discussions on the bean systems
in East Africa.

Author contributions FOW and JPC conceived and designed the exper-
iments. TIB, SC, AM, AP and FOW conducted the experiments. TJB,
AMM and FOW analysed the data. All participated in writing the paper
and internal review. All authors have read and agreed to the published
version of the manuscript.

Funding FOW was supported by a Royal Society Future Lead-
ers—African Independent Research (FLAIR) Fellowship (FLR/
R1/190462) and a Royal Society FLAIR Collaboration Grant 2020
(FCG/R1/201005), with funding by grants from the UK Biotechnologi-
cal and Biological Sciences Research Council (SCPRID grant number
BB/J011762/1, GCRF grant number BB/P023223/1, and 21ROMITI-
GATIONFUND CAMBRIDGE BB/W510609/1) and The Leverhulme

@ Springer


https://doi.org/10.1007/s11262-023-02026-7

750

Virus Genes (2023) 59:741-751

Trust (RPG-2022-134). TIB was supported by the British Society for
Plant Pathology (BSPP).

Data availability All near-complete genome sequences described in
this report are uploaded to GenBank. However, we have also made
these sequences, their ORF sequences and Helicase sequences used
on phylogeny and pairwise comparisons available as supplementary
information (Table S5). The dataset in this study is available in the
Sequence Read Archive (SRA) repository with accession numbers
PRINAS885619.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Adams MJ, Lefkowitz EJ, King AMQ, Carstens EB (2014) Ratifi-
cation vote on taxonomic proposals to the International Commit-
tee on Taxonomy of Viruses (2014). Arch Virol 159:2831-2841.
https://doi.org/10.1007/s00705-014-2114-3

2. Roossinck MJ (2010) Lifestyles of plant viruses. Philos Trans R
Soc B 365:1899-1905. https://doi.org/10.1098/rstb.2010.0057

3. Roossinck MJ (2013) Plant virus ecology. PLoS Pathog 9:9-11.
https://doi.org/10.1371/journal.ppat.1003304

4. Adams MJ, Lefkowitz EJ, King AMQ et al (2017) Changes to
taxonomy and the International Code of Virus Classification and
Nomenclature ratified by the International Committee on Tax-
onomy of Viruses (2017). Arch Virol 162:2505-2538. https://doi.
org/10.1007/s00705-017-3358-5

5. Fukuhara T, Gibbs MJ (2012) Endornaviridae. In: King AMQ,
Adams MJ, Carstens EB, Lefkowitz EJ (eds) Ninth Report of
the International Committee on Taxonomy of Viruses. Elsevier,
Amsterdam, pp 519-521. https://doi.org/10.1016/b978-0-12-
384684-6.00048-3

6. Valverde RA, Khalifa ME, Okada R et al (2019) ICTV virus
taxonomy profile: Endornaviridae. J Gen Virol 100:1024-1025.
https://doi.org/10.1099/jgv.0.001277

7. Fukuhara T, Moriyama H (2008) Endornavirus. In: Mahy BWJ,
Van Regenmortel MHV (eds) Encyclopedia of virology, vol 17,
3rd edn. Elsevier, Oxford, pp 109-116

8. Stielow B, Klenk HP, Menzel W (2011) Complete genome
sequence of the first endornavirus from the ascocarp of the ecto-
mycorrhizal fungus Tuber aestivum Vittad. Arch Virol 156:343—
345. https://doi.org/10.1007/s00705-010-0875-x

9. Fukuhara T, Koga R, Aoki N et al (2006) The wide distribution
of endornaviruses, large double-stranded RNA replicons with
plasmid-like properties. Arch Virol 151:995-1002. https://doi.
org/10.1007/s00705-005-0688-5

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

Gibbs MJ, Koga R, Moriyama H et al (2000) Phylogenetic
analysis of some large double-stranded RNA replicons from
plants suggests they evolved from a defective single-stranded
RNA virus. J Gen Virol 81:227-233. https://doi.org/10.1099/
0022-1317-81-1-227

Pfeiffer P (1998) Nucleotide sequence, genetic organization
and expression strategy of the double-stranded RNA associ-
ated with the “447” cytoplasmic male sterility trait in Vicia
faba. J Gen Virol 79:2349-2358. https://doi.org/10.1099/
0022-1317-79-10-2349

Okada R, Alcala-Brisefio RI, Escalante C et al (2018) Genomic
sequence of a novel endornavirus from Phaseolus vulgaris and
occurrence in mixed infections with two other endornaviruses.
Virus Res 257:63—67. https://doi.org/10.1016/j.virusres.2018.
09.005

Yaegashi H, Kanematsu S (2015) Natural infection of the soil-
borne fungus Rosellinia necatrix with novel mycoviruses under
greenhouse conditions. Virus Res 219:1-9. https://doi.org/10.
1016/j.virusres.2015.11.004

Okada R, Yong CK, Valverde RA et al (2013) Molecular
characterization of two evolutionarily distinct endornaviruses
co-infecting common bean (Phaseolus vulgaris). J Gen Virol
94:220-229. https://doi.org/10.1099/vir.0.044487-0

Okada R, Kiyota E, Sabanadzovic S et al (2011) Bell pepper
endornavirus: molecular and biological properties, and occur-
rence in the genus Capsicum. J Gen Virol 92:2664-2673.
https://doi.org/10.1099/vir.0.034686-0

Candresse T, Marais A, Sorrentino R et al (2016) Complete
genomic sequence of barley (Hordeum vulgare) endornavirus
(HvEV) determined by next-generation sequencing. Arch Virol
161:741-743. https://doi.org/10.1007/s00705-015-2709-3
Horiuchi H, Udagawa T, Koga R et al (2001) RNA-dependent
RNA polymerase activity associated with endogenous double-
stranded RNA in rice. Plant Cell Physiol 42:197-203. https://
doi.org/10.1093/pcp/pce025

Fukuhara T (2019) Endornaviruses: persistent dSRNA viruses
with symbiotic properties in diverse eukaryotes. Virus Genes
55:165-173. https://doi.org/10.1007/s11262-019-01635-5

. Safari M, Roossinck MJ (2018) Coevolution of a persistent

plant virus and its pepper hosts. Mol Plant-Microbe Interact
31:766-776. https://doi.org/10.1094/MPMI-12-17-0312-R
Khankhum S, Valverde RA (2018) Physiological traits of endor-
navirus-infected and endornavirus-free common bean (Phaseo-
lus vulgaris) cv Black Turtle Soup. Arch Virol 163:1051-1056.
https://doi.org/10.1007/s00705-018-3702-4
Nakatsukasa-Akune M, Yamashita K, Shimoda Y et al (2005)
Suppression of root nodule formation by artificial expression of
the TrEnodDR1 (coat protein of White clover cryptic virus 1)
gene in Lotus japonicus. Mol Plant Microbe Interact 18:1069—
1080. https://doi.org/10.1094/MPMI-18-1069

Gonzalez LE, Peirdé R, Rubio L, Galipienso L (2021) Persistent
southern tomato virus (STV) interacts with cucumber mosaic
and/or pepino mosaic virus in mixed-infections modifying plant
symptoms, viral titer and small RNA accumulation. Microor-
ganisms 9:689. https://doi.org/10.3390/microorganisms9040689
Fukuhara T, Tabara M, Koiwa H, Takahashi H (2020) Effect
of asymptomatic infection with southern tomato virus on
tomato plants. Arch Virol 165:11-20. https://doi.org/10.1007/
500705-019-04436-1

Morales FJ (2006) Common bean. In: Loebenstein G, Carr
JP (eds) Natural resistance mechanisms of plants to viruses.
Springer Netherlands, Dordrecht, pp 367-381. https://doi.org/
10.1007/1-4020-3780-5_16

Katungi E, Farrow A, Chianu J et al (2009) Common bean in
Eastern and Southern Africa: a situation and outlook analy-
sis. ICRISAT Publication. http://tropicallegumes.icrisat.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00705-014-2114-3
https://doi.org/10.1098/rstb.2010.0057
https://doi.org/10.1371/journal.ppat.1003304
https://doi.org/10.1007/s00705-017-3358-5
https://doi.org/10.1007/s00705-017-3358-5
https://doi.org/10.1016/b978-0-12-384684-6.00048-3
https://doi.org/10.1016/b978-0-12-384684-6.00048-3
https://doi.org/10.1099/jgv.0.001277
https://doi.org/10.1007/s00705-010-0875-x
https://doi.org/10.1007/s00705-005-0688-5
https://doi.org/10.1007/s00705-005-0688-5
https://doi.org/10.1099/0022-1317-81-1-227
https://doi.org/10.1099/0022-1317-81-1-227
https://doi.org/10.1099/0022-1317-79-10-2349
https://doi.org/10.1099/0022-1317-79-10-2349
https://doi.org/10.1016/j.virusres.2018.09.005
https://doi.org/10.1016/j.virusres.2018.09.005
https://doi.org/10.1016/j.virusres.2015.11.004
https://doi.org/10.1016/j.virusres.2015.11.004
https://doi.org/10.1099/vir.0.044487-0
https://doi.org/10.1099/vir.0.034686-0
https://doi.org/10.1007/s00705-015-2709-3
https://doi.org/10.1093/pcp/pce025
https://doi.org/10.1093/pcp/pce025
https://doi.org/10.1007/s11262-019-01635-5
https://doi.org/10.1094/MPMI-12-17-0312-R
https://doi.org/10.1007/s00705-018-3702-4
https://doi.org/10.1094/MPMI-18-1069
https://doi.org/10.3390/microorganisms9040689
https://doi.org/10.1007/s00705-019-04436-1
https://doi.org/10.1007/s00705-019-04436-1
https://doi.org/10.1007/1-4020-3780-5_16
https://doi.org/10.1007/1-4020-3780-5_16
http://tropicallegumes.icrisat.org/wp-content/uploads/2016/02/rso-common-bean-esa.pdf

Virus Genes (2023) 59:741-751

751

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

org/wp-content/uploads/2016/02/rso-common-bean-esa.pdf.
Accessed 30 Nov 2022

Broughton WJ, Hernandez G, Blair M et al (2003) Beans (Pha-
seolus spp.)—model food legumes. Plant Soil 252:55-128.
https://doi.org/10.1023/A:1024146710611

De Benoist B, McLean E, Egli I, Cogswell M (2008) Worldwide
prevalence of anaemia 1993-2005. WHO Publication. https://
apps.who.int/iris/handle/10665/43894. Accessed 30 Nov 2022
Worrall EA, Wamonje FO, Mukeshimana G et al (2015) Bean
common mosaic virus and bean common mosaic necrosis virus:
relationships, biology, and prospects for control. Adv Virus Res
93:1-46. https://doi.org/10.1016/bs.aivir.2015.04.002
Khankhum S, Valverde RA, Pastor-Corrales MA et al (2015) Two
endornaviruses show differential infection patterns between gene
pools of Phaseolus vulgaris. Arch Virol 160:1131-1137. https://
doi.org/10.1007/s00705-015-2335-0

Nordenstedt N, Marcenaro D, Chilagane D et al (2017) Pathogenic
seedborne viruses are rare but Phaseolus vulgaris endornaviruses
are common in bean varieties grown in Nicaragua and Tanzania.
PLoS One 12:e0178242. https://doi.org/10.1371/journal.pone.
0178242

Mutuku JM, Wamonje FO, Mukeshimana G et al (2018) Metagen-
omic analysis of plant virus occurrence in common bean (Phaseo-
lus vulgaris) in central Kenya. Front Microbiol 9:2939. https://doi.
org/10.3389/fmicb.2018.02939

Wamonje FO, Donnelly R, Tungadi TD et al (2020) Different
plant viruses induce changes in feeding behavior of specialist and
generalist aphids on common bean that are likely to enhance virus
transmission. Front Plant Sci 10:1811. https://doi.org/10.3389/
fpls.2019.01811

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA 74:5463—
5467. https://doi.org/10.1073/pnas.74.12.5463

Smith LM, Sanders JZ, Kaiser RJ et al (1986) Fluorescence detec-
tion in automated DNA sequence analysis. Nature 321:674—679.
https://doi.org/10.1038/321674a0

Ho T, Tzanetakis IE (2014) Development of a virus detection and
discovery pipeline using next generation sequencing. Virology
471-473:54-60. https://doi.org/10.1016/j.virol.2014.09.019
Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA,
Amit I et al (2011) Full-length transcriptome assembly from
RNA-Seq data without a reference genome. Nat Biotechnol
29:644-652. https://doi.org/10.1038/nbt.1883

Bankevich A, Nurk S, Antipov D, Gurevich A et al (2012)
SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J Comput Biol 19:455-477. https://doi.
org/10.1089/cmb.2012.0021

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Altschul SF, Gish W, Miller W et al (1990) Basic local alignment
search tool. J] Mol Biol 215:403-410. https://doi.org/10.1016/
50022-2836(05)80360-2

Bushnell B, Rood J, Singer E (2017) BBMerge—accurate paired
shotgun read merging via overlap. PLoS One 12:e0185056.
https://doi.org/10.1371/journal.pone.0185056

Kumar S, Stecher G, Li M et al (2018) MEGA X: molecular evo-
lutionary genetics analysis across computing platforms. Mol Biol
Evol 35:1547-1549. https://doi.org/10.1093/molbev/msy096
Tamura K (1992) Estimation of the number of nucleotide substi-
tutions when there are strong transition-transversion and G+C-
content biases. Mol Biol Evol 9:678-687. https://doi.org/10.1093/
oxfordjournals.molbev.a040752

Muhire BM, Varsani A, Martin DP (2014) SDT: A virus clas-
sification tool based on pairwise sequence alignment and identity
calculation. PLoS One 9:¢108277. https://doi.org/10.1371/journ
al.pone.0108277

Liitcke HA, Chow KC, Mickel FS et al (1987) Selection of AUG
initiation codons differs in plants and animals. EMBO J 6:43-48.
https://doi.org/10.1002/j.1460-2075.1987.tb04716.x

Farrow A, Muthoni-Andriatsitohaina R (eds) (2020) Atlas of
common bean production in Africa, 2nd edn. Pan-Africa Bean
Research Alliance (PABRA); International Center for Tropical
Agriculture (CIAT), Nairobi

Khankhum S, Sela N, Osorno JM, Valverde RA (2016) RNAseq
analysis of endornavirus-free common bean (Phaseolus vulgaris)
cultivar Black Turtle Soup. Front Microbiol 7:10-13. https://doi.
org/10.3389/fmicb.2016.01905

Omunyin ME, Gathuru EM, Mukunya DM (1995) Pathogenicity
groups of bean common mosaic virus isolates in Kenya. Plant Dis
79:985-989

Sengooba TN, Spence NJ, Walkey DGA et al (1997) The occur-
rence of bean common mosaic necrosis virus in wild and forage
legumes in Uganda. Plant Pathol 46:95-103. https://doi.org/10.
1046/j.1365-3059.1997.d01-12.x

Spence NJ, Walkey DGA (1995) Variation for pathogenicity
among isolates of bean common mosaic virus in Africa and a
reinterpretation of the genetic relationship between cultivars
of Phaseolus vulgaris and pathotypes of BCMV. Plant Pathol
44:527-546. https://doi.org/10.1111/j.1365-3059.1995.tb01675.x

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://tropicallegumes.icrisat.org/wp-content/uploads/2016/02/rso-common-bean-esa.pdf
https://doi.org/10.1023/A:1024146710611
https://apps.who.int/iris/handle/10665/43894
https://apps.who.int/iris/handle/10665/43894
https://doi.org/10.1016/bs.aivir.2015.04.002
https://doi.org/10.1007/s00705-015-2335-0
https://doi.org/10.1007/s00705-015-2335-0
https://doi.org/10.1371/journal.pone.0178242
https://doi.org/10.1371/journal.pone.0178242
https://doi.org/10.3389/fmicb.2018.02939
https://doi.org/10.3389/fmicb.2018.02939
https://doi.org/10.3389/fpls.2019.01811
https://doi.org/10.3389/fpls.2019.01811
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1038/321674a0
https://doi.org/10.1016/j.virol.2014.09.019
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/oxfordjournals.molbev.a040752
https://doi.org/10.1093/oxfordjournals.molbev.a040752
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1002/j.1460-2075.1987.tb04716.x
https://doi.org/10.3389/fmicb.2016.01905
https://doi.org/10.3389/fmicb.2016.01905
https://doi.org/10.1046/j.1365-3059.1997.d01-12.x
https://doi.org/10.1046/j.1365-3059.1997.d01-12.x
https://doi.org/10.1111/j.1365-3059.1995.tb01675.x

	Identification and characterization of Phaseolus vulgaris endornavirus 1, 2 and 3 in common bean cultivars of East Africa
	Abstract
	Introduction
	Materials and methods
	Plant growth, nucleic acid extraction and reverse transcription coupled polymerase chain reaction (RT-PCR) analyses
	High-throughput sequencing (HTS) for endornaviruses
	Sequence analysis and phylogenetics

	Results
	Screening for Phaseolus vulgaris endornaviruses 1, 2 and 3 in bean varieties from Kenya, Rwanda and Uganda
	Phylogenetic and pairwise identity analyses based on regions encoding helicase sequences revealed clear species demarcations
	High-throughput sequencing of the bean cultivars KK022 and KK072 revealed near-complete genomes of PvEV1, PvEV2 and PvEV3
	Sequence analyses and phylogenies of PvEV1, PvEV2 and PvEV3

	Discussion
	Anchor 14
	Acknowledgements 
	References




