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Abstract

Background Plant viruses of the genus Alphaendornavirus are transmitted solely via seed and pollen and generally
cause no apparent disease. It has been conjectured that certain plant endornaviruses may confer advantages on their
hosts through improved performance (e.g, seed yield) or resilience to abiotic or biotic insult. We recently character-
ised nine common bean (Phaseolus vulgaris L) varieties that harboured either Phaseolus vulgaris endornavirus (PvEV1)
alone, or PvEV1 in combination with PvEV2 or PvEV1 in combination with PvEV2 and PVEV3. Here, we investigated

the interactions of these endornaviruses with each other, and with three infectious pathogenic viruses: cucumber
mosaic virus (CMV), bean common mosaic virus (BCMV), and bean common mosaic necrosis virus (BCMNV).

Results In lines harbouring PVvEV1, PVvEV1 and PVEV2, or PVEV1, PVEV2 plus PVEV3, the levels of PvEV1 and PVEV3 RNA
were very similar between lines, although there were variations in PvEV2 RNA accumulation. In plants inoculated

with infectious viruses, CMV, BCMV and BCMNV levels varied between lines, but this was most likely due to host geno-
type differences rather than to the presence or absence of endornaviruses. We tested the effects of endornaviruses

on seed production and seedborne transmission of infectious pathogenic viruses but found no consistent relation-
ship between the presence of endornaviruses and seed yield or protection from seedborne transmission of infectious
pathogenic viruses.

Conclusions [t was concluded that endornaviruses do not interfere with each other's accumulation. There

appears to be no direct synergy or competition between infectious pathogenic viruses and endornaviruses, how-
ever, the effects of host genotype may obscure interactions between endornaviruses and infectious viruses. There
is no consistent effect of endornaviruses on seed yield or susceptibility to seedborne transmission of other viruses.
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RNA-dependent RNA polymerase and RNA helicase
enzymes, as well as a variety of domains that occur in
some but not all endornaviruses. Plant endornaviruses
are classified, along with certain others infecting fungi
and oomycetes, in the genus Alphaendornavirus [2].
Plant endornaviruses are only transmitted vertically via
seed and pollen; they are not horizontally transmissible
by vectors or wounding [2]. Plant endornaviruses, as well
as certain other viruses exclusively transmitted through
seed and pollen (partitiviruses, for example) are some-
times referred to as ‘persistent’ viruses to distinguish
them from the better understood ‘acute’ viruses, i.e.,
infectious viruses that cause obvious disease symptoms
[3].

Endornaviruses occur in certain lineages of many wild
and cultivated plant species including, among others,
members of the family Fabaceae (e.g., Vicia faba, Phaseo-
lus vulgaris), species of Capsicum, and cereals including
rice and barley [2, 4-11]. In common bean (2 vulgaris),
the endornaviruses Phaseolus vulgaris endornavirus
(PVEV) 1, PVEV2 and PvEV3 can occur singly or in com-
bination in various lines, but they are not present in all
lineages [4, 8, 11, 12].

It has been proposed that endornaviruses may provide
benefits to their hosts [13], giving an example of virus-
host mutualism [14]. This may perhaps explain why
these inherited viruses are so widespread and persist
over many generations. The demonstration that common
bean plants of the Black Turtle Soup type carrying PvEV1
and PvEV2 yielded longer pods and produced a greater
mass of seeds than non-carriers [15], supports the idea
that plant endornaviruses may be mutualistic. However,
in broad bean (V. faba), a double-stranded RNA (later
confirmed to be an endornavirus) conferred a male ste-
rility phenotype [16], which argues against a beneficial
role. A recent survey of common bean varieties, that are
popular in East Africa, identified lines of plants contain-
ing PvEV1, PvEV1 and PvEV2, and PvEV1, PvEV2 plus
PvEV3 [4]. However, it is not known if or how these
endornaviruses modify the phenotypes of plants of these
common bean lines.

Common bean is an important crop in East and Central
Africa, where it is an essential source of dietary protein
and carbohydrates. Common bean is also rich in iron and
zinc, which are of vital importance in this region, which
has a high incidence of anaemia [17-19]. Mixed crop-
ping systems in East and Central Africa often include
common bean or other legumes as intercrops. This is
because it enriches the soil with fixed nitrogen to sup-
port cultivation of other crops including, among others,
maize, banana, and potato [20]. Acute viruses, including
the potyviruses bean common mosaic virus (BCMV) and
bean common mosaic necrosis virus (BCMNYV) as well as
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cucumber mosaic virus (CMV), a cucumovirus, cause a
range of disease symptoms including stunting, develop-
mental abnormalities, and can decreases in crop yield
[21-24]. In contrast to the endornaviruses, which induce
no obvious disease symptoms and that are not horizon-
tally transmissible, BCMV, BCMNV and CMV are effi-
ciently transmitted horizontally by aphid vectors and
wounding, as well as vertically through seed [21, 24, 25].
In previous work we characterised endornaviruses pre-
sent in a range of common bean lines that are grown as
crops in east Africa [4]. In this work we investigated how
these persistent viruses interact with each other, with
acute viruses, if endornaviruses affect seed number and
weight, and if seedborne transmission of BCMV or CMV
is affected by endornaviruses.

Methods

Plant materials and growth conditions

The common bean varieties used in this study were
described in a previous paper and sourced through the
bean research programmes of the Kenya Agricultural
and Livestock Research Organisation (KALRO) in Kenya
and the International Centre for Tropical Agriculture
(CIAT) in Uganda [4]. A list of lines not carrying endor-
naviruses and lines that do harbour endornaviruses,
together with their complements of PvEV1, PvEV2 or
PvEV3, is provided in Additional file 1: Table S1. Seeds
were germinated as previously described and seedlings
transplanted to pots filled with a 6:1 mixture of Leving-
ton M3 compost (ICL Professional Agriculture, Ipswich,
UK) and horticultural shard sand (Melcourt, Tetbury,
UK). Plants for most experiments were grown in a Con-
viron (Winnipeg, Manitoba, Canada) controlled environ-
ment room at 22 °C, 60% humidity, under illumination
with 200 uE m™2 s~! photosynthetically active radiation
for 16 h per day. Plants used for measurement of the rate
of viral seedborne transmission were grown in a glass-
house maintained at approximately 18 °C during the
day and 15 °C at night, with supplementary lights acti-
vated between 04.00 and 20.00 when ambient light levels
dropped below 150 W/m?.

Inoculation of common bean plants with CMV, BCMV

and BCMNV and measurement of seed production

The infectious viruses bean common mosaic virus (poty-
virus, BCMYV) isolate PV-0915, bean common mosaic
necrosis virus (potyvirus, BCMNYV) isolate PV-0413,
and cucumber mosaic virus (cucumovirus, CMV) isolate
PV-0473 were obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ: https://www.
dsmz.de/collection/catalogue). Mechanical inoculation
using infected plant sap (or mock inoculation with sterile
water) onto the first two true leaves of bean plants has
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been described by Wamonje and colleagues [26]. Sys-
temic infection of plants with CMV, BCMV and BCMNV
was authenticated by double-antibody sandwich enzyme-
linked immunosorbent assays (DAS-ELISA), using sera
corresponding to the coat proteins of each of the viruses
(Bio-Reba, Reinach, Switzerland).

Seeds were collected from plants between two to three
months post inoculation when seed pods had fully dried
out, and they were weighed (20 seeds per cultivar per
treatment) using a Mettler Toledo AX105 Analytical
SemiMicro balance (Columbus, OH, USA). Seeds were
germinated and the first true leaves of the seedlings were
sampled and used for DAS-ELISA to detect CMV and
BCMYV infections. Measurements of seed mass and num-
bers were analysed using R v.4.2.1in Rstudio (Rstudio,
PBC, Boston, MA, USA) [27], using one-way ANOVA
and unpaired samples t-tests. Pairwise comparisons fol-
lowing a significant test result from one-way ANOVA
were performed using Tukey’s Honest Significant Differ-
ence post hoc test. Data for seedborne transmission for
infectious viruses was analysed using binomial regression
models in Rstudio, with p-values <0.05 considered to be
statistically significant.

Determination of viral RNA steady-state levels by reverse
transcription coupled quantitative polymerase chain
reaction (RT-qPCR) assays

RNA extractions were performed on samples of approxi-
mately 50 mg of trifoliate leaf tissue using the NORGEN
Total RNA Purification Plus Kit (NORGEN Biotek, Thor-
old, Ontario, Canada). The concentrations and purity of
RNA extracts were determined spectrophotometrically
using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Total plant RNA was
heated to 90 °C and rapidly cooled on ice before being
reverse transcribed using GoScript (Promega) with ran-
dom primers. The cDNA samples were used for quanti-
tative polymerase chain reaction (QPCR) assays using the
BioLine SensiMix SYBR No-ROX kit in a CFX Connect
Real-Time PCR System (Bio-Rad, CA, USA) using appro-
priate primers (Additional file 1: Table S2). The Ct values
for the three technical replicates were averaged to give
a mean Ct value. Mean relative PVEV RNA steady-state
accumulation was calculated from these mean Ct values
using the Pfaffl method [28]. PVEV RNA accumulation
data was calculated relative to transcripts of two com-
mon bean ‘housekeeping’ genes, PvActin 11 and PvlUn-
known 1 (NCBI GI 187435357), using primers designed
specifically for RT-qPCR [29]. These were identified by
Borges et al. [29] as suitably stable control transcripts
in common bean plants exposed to biotic and abiotic
stresses. Primers used for amplification of viral RNA
sequences and host housekeeping transcripts are listed in
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Additional file 1: Table S2. Experiments were carried out
at least three times.

Results

Endornavirus RNA accumulation varies between host
backgrounds

We examined the relative accumulation of endornavi-
rus RNAs in nine cultivars of common bean containing
PvEV1. Single PVEV1 infections are known to be present
in lines RED40, RWR1668 and GLP1127; lines KK022,
SER16 and RWR2245 contain both PvEV1 and PvEV2,
and PvEV1, PvEV2 and PvEV3 are present in the lines
KK072, RWR2075 and MCM2001 (Additional file 1:
Table S1) [4]. The steady state accumulation of endor-
navirus RNAs was measured, relative to accumulation
of two housekeeping gene transcripts, PvActin 11 and
PvlUnknown 1, using RT-qPCR assays (Additional file 1:
Table S2), the expression of which was stable across treat-
ments (see raw RT-qPCR data presented in Additional
file 2: Spreadsheet S1).

The accumulation of PVEV1 RNA did not vary signifi-
cantly between the nine varieties, which harboured this
endornavirus (Kruskal-Wallis test, x>=9.2722, df=S8,
p=0.3199, n=90), including in lines that also harboured
PvEV2 (KKO022, SER16 and RWR2245) or PvEV2 plus
PvEV3 (KK072, RWR2075 and MCM2001) (Table 1). Six
cultivars contained PVEV2, together with PvEV1 (KK022,
SER16 and RWR2245) or with PvEV1 and PvEV3 also
present (KK072, RWR2075 and MCM2001). There were
differences in accumulation of PVEV2 RNA accumula-
tion across the six cultivars analysed (x>=45.511, df=5,
p=1.142e-08, n=60) (Table 1). The pattern of relatively
higher or lower steady state accumulation for PVEV2
RNA did not appear to reflect any clear relationship to
the presence of either PVEV1 or PvEV3. In the PvEV1
containing cultivars, PvEV2 RNA accumulation was sim-
ilar in cultivars KK022 and RWR2245 but significantly
lower in line SER16. In the lines harbouring all three of
the endornaviruses, PvEV2 RNA accumulation was simi-
lar in lines KK072 and RWR2075 (although lower than
in lines KK022 and RWR2245) and markedly lower in
the line MCM2001 (Table 1). In plants of lines KK072,
RWR2075 and MCM2001 there were no significant dif-
ferences in PvEV3 RNA accumulation (Table 1).

Acute virus infection can alter the accumulation

of endornavirus RNAs

We investigated if accumulation of the RNAs of PVEV1,
PvEV2 or PvEV3 is increased or decreased in leaf tis-
sue systemically infected with CMV, BCMV or BCMNV.
Systemic infection with these three acute viruses was
confirmed using DAS-ELISA. Most of this work was car-
ried out using CMYV, since the lines RWR1668, GLP1127,
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Table 1 The relative steady-state RNA accumulation for the
endornaviruses PvEV1, PVEV2 and PvEV3 in nine P wulgaris
cultivars

Plant Line Mean relative endornavirus RNA
accumulation + SEM*
PVEV1 PVvEV2 PVvEV3
RED40 4.28+0.96 n/a n/a
RWR1668 501+£1.31 n/a n/a
GLP1127 2.73+0.96 n/a n/a
KK022 4.13+134 040+0.15° n/a
SER16 7.38+2.78 0.0052+0.0035° n/a
RWR2245 4544157 032+0.12° n/a
KK072 243+1.26 0.049+0.016¢ 0.028+0.0086
RWR2075 7.08+2.29 0.064+0.016° 0.024+0.0062
MCM2001 897+239 0.0018+0.00054° 0.013+0.0026

* Reverse transcription-quantitative polymerase chain reaction assays

with appropriate primers (Additional file 1: Table S2) were used to measure
endornavirus RNA accumulation in nine cultivars of Phaseolus vulgaris
(Additional file 1: Table S1), relative to accumulation of two housekeeping
gene transcripts, PvActin 11 and PvUnknown 1 [29]. There were no statistically
significant differences (p <0.05) in relative RNA steady-state accumulation
across the cultivars for PVEV1 as determined by Kruskal-Wallis (x>=9.2722,
df=8, p=0.3199, n=90), or for PVEV3 (x>=2.0004, df=2, p = 0.3678, n=30).
Statistically significant differences (p <0.05) in PVEV2 RNA accumulation as
determined by Kruskal-Wallis (x=45.511, df=5, p = 1.142e-08, n=60) are
indicated by different lower-case letters. Pairwise comparisons were performed
using a Wilcoxon rank sum test with Benjamini-Hochberg p-value correction.
RNA samples were isolated from 10 individual plants of each line to assay for
each endornavirus (i.e., n=10 plants per line per endornavirus). n/a’indicates
not assayed, i.e., plant line does not contain the indicated endornavirus

KK022, SER16, KK072, RWR2075 and MCM2001 carry
immunity to BCMV and BCMNV conferred by the
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recessive resistance gene bc-3 in combination with the
dominant / gene [30, 31].

The effects of CMV infection on accumulation of
PvEV1, 2 and 3 RNA varied between lines. In plants of
five lines (RED40, RWR1668, GLP1127, KK072 and
RWR2075) CMV did not induce changes in PvEV1 RNA
accumulation (W =30, p-value=0.1321, n=21; W =66,
p-value=0.2475, n=20; W =66, p-value=0.4679, n=21;
W =23, p-value=0.2698, n=17; W =30, p-value=0.1431,
n=20; respectively), whilst CMV induced decreases in
PvEV1 RNA levels in KK022 (W =89, p-value=0.001643,
n=20), SER16 (W =58, p-value=0.02499, n=17) and
MCM2001 (W=94, p-value=0.0003248, n=20), and
an increase in PVEV1 RNA levels in RWR2245 (W =20,
p-value=0.04347, n=19) (Table 2). The effect of CMV
infection on PvEV2 RNA accumulation was analysed
in six cultivars containing PVEV2. In plants of SER16,
RWR2245, KK072 and RWR2075 there were no sig-
nificant changes in PVEV2 RNA accumulation following
CMV infection (W =43, p-value=0.4747, n=17; W =38,
p-value=0.6038, n=19; W =20, p-value=0.1613, n=17;
W =44, p-value=0.6842, n=20; respectively). However,
PvEV2 RNA accumulation was diminished in CMV-
infected KK022 (W =89, p-value=0.001643, n=20)
and MCM2001 (W =100, p-value=1.083x 107>, n=20)
plants (Table 2). The effect of CMV on PvEV3 RNA
accumulation was analysed in three lines, of which two
(KK072 and RWR2075) showed no changes in PvEV3
RNA accumulation (W=17, p-value=0.08782, n=17;
W =56, p-value=0.6842, n=20; respectively), whilst
plants of MCM2001 exhibited a decline in PvEV3 RNA
accumulation (W =100, p-value=1.083X% 107°, n=20)

Table 2 The effects of cucumber mosaic virus infection on the accumulation of endornavirus RNAs

Plant Line Mean relative endornavirus RNA accumulation + SEM*

PVEV1 PvEV2 PvEV3

Mock cmv Mock cmv Mock cMmv
RED40 1.20+0.23 451+1.39 n/a n/a n/a n/a
RWR1668 1314030 0.88+0.24 n/a n/a n/a n/a
GLP1127 1.37+0.28 1.33+0.51 n/a n/a n/a n/a
KK022 1.91+0.89° 0.25+0.056" 1.77+067° 032+0.18° n/a n/a
SER16 1.11+0.20° 043+0.20° 1.93+0.88 4174267 n/a n/a
RWR2245 1.22+0.26° 5.98+297° 1.15+0.20 7314343 n/a n/a
KK072 1.50+0.55 528+150 1.18+0.29 0.48+3.86 1.56+0.59 6.37+173
RWR2075 1.76+0.61 2.70£0.53 1.11+0.17 1.16+£0.16 1.06+0.13 1.33+£0.33
MCM2001 165+0.52° 0.11+0.026° 1174022 0.11+0012° 248+058° 0.28+0.062°

" Reverse transcription-quantitative polymerase chain reaction assays with appropriate primers (Table S2) were used to measure endornavirus RNA accumulation

in nine cultivars of Phaseolus vulgaris (Table S1), relative to accumulation of two housekeeping gene transcripts, PvActin 11 and PvUnknown 1 [29]. Plants were

either infected with cucumber mosaic virus (CMV) or mock inoculated. Statistically significant differences (p <0.05) in PvEV1, 2 and 3 RNA accumulation between
mock-inoculated and infected with CMV, as determined by Wilcoxon Rank sum test, are indicated by different lower-case letters. RNA samples were isolated from 10
individual plants of each line to assay for each endornavirus (i.e., n=10 plants per line per endornavirus) with the following exceptions: RED40 CMV infected (n=11);
GLP1127 mock-inoculated (n=11); KK022 mock-inoculated (n=9); KK022 CMV infected (n=11); SER16 mock-inoculated (n=7); RWR2245 mock-inoculated (n=9);
KK072 mock-inoculated (n=7).’n/a’indicates not assayed, i.e., plant line does not contain the indicated endornavirus
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(Table 2). Only in plants of line MCM2001 was CMV
seen to induce decreases in the accumulation of all three
endornaviruses.

The effects of BCMV and BCMNV on PvEV1 RNA
accumulation were analysed in plants of the RED40 line
(which harbours only one endornavirus, PvEV1) and of
line RWR2245, which contains PvEV1 and PvEV2. In
RED40 plants, neither BCMV nor BCMNYV affected
PvEV1 RNA accumulation (W=42, p-value=0.5787,
n=20; W=53, p-value=0.8534, n=20; respectively)
(Tables 3; 4), while in RWR2245 plants BCMV induced
a significant increase in PvEV1 RNA accumulation
(W=9, p-value=0.0021, n=19) (Table 3), but BCMNV
infection resulted in a significant decrease (W =90,
p-value=2.165x107°, n=19) (Table 4). With this col-
lection of lines, it was only possible to analyse the effects
of BCMV and BCMNYV on accumulation of PvEV2 RNA
in the line RWR2245. Interestingly, these two, closely
related potyviruses induced contrasting effects, with
BCMV inducing an increase in PVEV2 RNA accumu-
lation (W=9, p-value=0.0021, n=19) (Table 3), and
BCMNV inducing a significant decrease in the level
of PVEV2 RNA (W =90, p-value=2.165x107°, n=19)
(Table 4).

Accumulation of acute virus RNA is affected more by host
background than by the presence of endornaviruses
Fourteen days following mock-inoculation or inocula-
tion of plants on lower leaves, RNA was extracted from
upper, non-inoculated leaves and used for RT-qPCR for
CMYV, BCMYV, or BCMNV. Viral RNA accumulation was
normalized to the accumulation of the host housekeep-
ing transcripts PvActin 11 and PvUnknown 1 [29]. CMV
RNA accumulation in systemically infected leaves varied

Table 3 The effects of bean common mosaic virus infection on
the accumulation of endornavirus RNAs

Plant Line Mean relative endornavirus RNA accumulation + SEM*
PVEV1 PVEV2
Mock BCMV Mock BCMV
RED40 1.20+0.23 1.98+0.61 n/a n/a
RWR2245 1224026°  552+156°  1.15+020°  308+081°

" Reverse transcription-quantitative polymerase chain reaction assays

with appropriate primers (Additional file 1:Table S2) were used to measure
endornavirus RNA accumulation in two cultivars of Phaseolus vulgaris
(Additional file 1:Table S1), relative to accumulation of two housekeeping

gene transcripts, PvActin 11 and PvUnknown 1 [29]. Plants were either infected
with bean common mosaic virus (BCMV) or mock inoculated. Statistically
significant differences (p <0.05) in PVEV1 and 2 RNA accumulation between
mock-inoculated and infected with BCMV, as determined by Wilcoxon Rank sum
test, are indicated by different lower-case letters. RNA samples were isolated
from 10 individual plants of each line to assay for each endornavirus (i.e, n=10
plants per line per endornavirus) with the following exception: RWR2245 mock-
inoculated (n=9)
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Table 4 The effects of bean common mosaic necrosis virus
infection on the accumulation of endornavirus RNAs

PlantLine Mean relative endornavirus RNA accumulation + SEM*

PVEV1 PVEV2
Mock BCMNV Mock BCMNV

RED40 1204023  1.64+064 n/a n/a

RWR2245  1.22+026* 0.018+0.0048° 1.15+020° 0.017+0.0031°

" Reverse transcription-quantitative polymerase chain reaction assays

with appropriate primers (Additional file 1:Table S2) were used to measure
endornavirus RNA accumulation in two cultivars of Phaseolus vulgaris
(Additional file 1:Table S1), relative to accumulation of two housekeeping gene
transcripts, PvActin 11 and PvUnknown 1 [29]. Plants were either infected with
bean common mosaic necrosis virus (BCMNV) or mock inoculated. Statistically
significant differences (p <0.05) in PvEV1 and 2 RNA accumulation between
mock-inoculated and infected with BCMNYV, as determined by Wilcoxon Rank
sum test, are indicated by different lower-case letters. RNA samples were
isolated from 10 individual plants of each line to assay for each endornavirus
(i.e., n=10 plants per line per endornavirus) with the following exception:
RWR2245 mock-inoculated (n=9)

by up to an order of magnitude between plants of the
nine common bean lines (Table 5). There were statisti-
cally significant differences (p<0.05) in relative CMV
RNA steady-state accumulation across the cultivars
as determined by the Kruskal-Wallis test (x>=33.018,
df=11, p=0.0005226, n=120). However, when plant
lines were grouped 1 to 3 in increasing order of CMV
RNA accumulation (Table 5), it was found that despite
an overall significant Kruskal-Wallis test result, pairwise
comparisons performed using a Wilcoxon rank sum test
with Benjamini-Hochberg p-value correction did not
reveal any significant differences in relative CMV RNA
accumulation between groups. The p-values from the
post hoc Wilcoxon rank sum test are presented in Table 6
and, in some instances, there were statistically significant
pairwise between-line differences in CMV RNA accu-
mulation. These between-line variations in CMV RNA
accumulation, including those that were statistically sig-
nificant, did not relate to the absence or presence of the
endornaviruses, since the three endornavirus-free lines
(GLP24, KATX56 and Wairimu Dwarf) also varied in
CMYV accumulation (Tables 5, 6).

Measurements of BCMV RNA accumulation car-
ried out in plants of three lines of common bean, none
of which contain endornaviruses (GLP24, KATX56, and
Wairimu Dwarf), showed statistically significant differ-
ences between mean values for all three, with the mean
value being an order of magnitude greater in Wairimu
Dwarf, than in GLP24 (Table 7). The levels of BCMV
accumulation in plants of lines RED40 (which con-
tains PvEV1) and RWR2245 (which contains PvEV1
and PVEV2) were not significantly different to levels in
Wairimu Dwarf (Table 7). Using the same plant lines,
BCMNYV RNA accumulated to similar levels in GLP24,
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Table 5 The effects of Phaseolus vulgaris endornavirus (PvEV) 1,
PVEV2 and PvEV3 on the accumulation of cucumber mosaic virus
RNA accumulation

Endornavirus Content PlantLine Mean relative Group
CMV RNA
accumulation £ SEM*
No endornavirus GLP24 9.95+5.11 2
KATX56 3.19+£137 1
Wairimu 2148+13.19 3
PVEV1 RED40 1048+3.03 2
RWR1668  3242+9.90 3
GLP1127 21.67+7.88 3
PVEVT & PVEV2 KK022 3.60+2.75 1
SER16 223+0.89 1
RWR2245  30.50+10.72 3
PVEV1, PVEV2 & PVEV3 KK072 8.63+4.52 2
RWR2075  17.16+7.93 3
MCM2001 3.18+2.60 1

*Reverse transcription-quantitative polymerase chain reaction assays with
appropriate primers (Table S2) were used to measure endornavirus RNA
accumulation in twelve cultivars of Phaseolus vulgaris (Table S1), relative to
accumulation of two housekeeping gene transcripts, PvActin 11 and PvUnknown
1[29]. Plants were infected with cucumber mosaic virus (CMV). Plant lines were
assigned to groups of low (1), medium (2) or high (3) CMV RNA accumulation
based on inspection of mean values and p-values but were not statistically
significantly different at a 95% confidence interval. RNA was isolated from 10
individual plants of each line to assay for each endornavirus (i.e., n=10 plants
per line per endornavirus) with the following exceptions: KATX56 and KK022
(n=11). Wairimu =Wairimu Dwarf

KATX56 and Wairimu Dwarf (which contain no endor-
naviruses), as well as in RED40 (which contains PvEV1),
with KATX56 showing the lowest mean accumulation
that was lower to a statistically significant extent than
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in GLP24 and RED40 (Table 8). Notably, the accumula-
tion of BCMNV RNA in systemically infected leaves of
RWR2245 plants was two orders of magnitude lower
than in comparable tissues of plants of the other four
lines tested (Table 8).

Seedborne transmission of BCMV and CMV appears to be
unaffected by endornaviruses
Seedborne transmission of acute viruses can occur at
high frequencies in many common bean varieties [21]
and previous work indicated that endornaviruses influ-
ence seed production [15]. We investigated if seed-
borne transmission of two important seed-transmitted
acute viruses of common bean, CMV and BCMV, was
affected by the presence of endornaviruses using the
Wairimu Dwarf line, which contains no endornaviruses,
and RED40, which carries PvEV1, and lines RWR2245
(contains PvEV1 and PvEV2), and RWR2075 (contains
PvEV1, PVEV2 and PvEV3). Seeds were collected from
plants infected with CMV or BCMYV, germinated and
seedling leaf tissue tested by DAS-ELISA for the presence
of these viruses (Table 9; Additional file 3: Spreadsheet
S2). The seed transmission data was fitted to binomial
regression models. The analysis indicated that the rate
of seedborne transmission did not vary significantly
between the different common bean lines (p = 0.0892).
Plants of line RED40 (which carries PvEV1) produced
the highest numbers of seeds, compared to the other
lines tested, and BCMV and CMV infection caused
marked decreases in the number but not the mass of
seeds (Table 10; Additional file 3: Spreadsheet S2). Nei-
ther BCMV nor CMV caused notable changes in the

Table 6 Summary of pairwise comparisons of relative steady-state accumulation of cucumber mosaic virus RNA in common bean

lines showing p-values

Endornavirus content Endornavirus-free PVEV1

PVvEV1 & PVEV2 PvEV1, PVEV2 &

PVEV3

RWR1668 GLP1127 KK022 SER16 RWR2245 KK072 RWR2075

PlantLine GLP24 KATX56 Wairimu RED40
Endornavirus-free KATX56 0.564
Wairimu 0.671  0.281
PVEV1 RED40 0540 0.142 0.818
RWR1668 0.183  0.038 0.286 0.218
GLP1127 0284  0.070 0.506 0.682
PVEV1 & PVEV2 KK022 0506  0.682 0218 0.089
SER16 0940 0700 0419 0.089
RWR2245 0207 0.037  0.506 0419
PVEV1, PVEV2 & PVEV3  KK072 1.000  0.531 0.564 0.506
RWR2075 0369 0.124 0.847 0.940
MCM2001 0419 0818 0.286 0.058

0.623

0.037 0.048

0.038 0.045 0.506

0.985 0.717 0.037 0.069

0.183 0.218 0281 0682 0.183

0.399 0.682 0.081 0058 0506 0.506

0.037 0.037 0818 0.280 0.037 0399 0.037

The p-values generated from multiple Wilcoxon rank sum tests with Benjamini-Hochberg p-value corrections. Data highlighted bold denote statistically significant
differences in relative steady-state accumulation of cucumber mosaic virus RNA between common bean lines
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Table 7 The effects of Phaseolus vulgaris Endornaviruses 1 and
2 on the accumulation of bean common mosaic virus RNA
accumulation

Endornavirus Content Plant Line Mean relative
BCMV RNA
accumulation £ SEM*
Endornavirus-free GLP24 041+0.071°
KATX56 0.77+0.11°
Wairimu 6.03+1.44¢
PVEV1 RED40 442+155
PVEV1 & PVEV2 RWR2245 7.29+2.22°

" Reverse transcription-quantitative polymerase chain reaction assays with
appropriate primers (Table S2) were used to measure endornavirus RNA
accumulation in twelve cultivars of Phaseolus vulgaris (Table S1), relative to
accumulation of two housekeeping gene transcripts, PvActin 11 and PvUnknown
1[29] in plants of indicated lines infected with BCMV. There were statistically
significant differences (p <0.05) in relative BCMV RNA steady-state accumulation
across the cultivars as determined by Kruskal-Wallis (x*=28.334, df =4,
p=0.00001067, n=>50). Pairwise comparisons were performed using a Wilcoxon
rank sum test with Benjamini-Hochberg p-value correction, with significant
differences indicated by different lower-case letters. RNA samples were isolated
from 10 individual plants of each line to assay for each endornavirus (i.e., n=10
plants per line per endornavirus). Wairimu =Wairimu Dwarf

Table 8 The effects of Phaseolus vulgaris Endornaviruses 1 and
2 on the accumulation of bean common mosaic necrosis virus
(BCMNV) RNA accumulation

Endornavirus Content Plant Line Mean relative
BCMNV RNA
accumulation £ SEM*

Endornavirus-free GLP24 2.70+0.85°

KATX56 0.67+0.14°

Wairimu 155+053%
PVEV1 RED40 3.15+1.32°
PVEV1 & PVEV2 RWR2245 0.022+0.0029¢

“ Reverse transcription-quantitative polymerase chain reaction assays with
appropriate primers (Additional file 1: Table S2) were used to measure
endornavirus RNA accumulation in twelve cultivars of Phaseolus vulgaris
(Additional file 1: Table S1), relative to accumulation of two housekeeping gene
transcripts, PvActin 11 and PvUnknown 1 [29] in plants of the indicated common
bean lines infected with BCMNV. There were statistically significant differences
(p<0.05) in relative BCMNV RNA steady-state accumulation across the cultivars
as determined by Kruskal-Wallis (x*=29.275, df =4, p = 0.000006873, n = 50).
Pairwise comparisons were performed using a Wilcoxon rank sum test with
Benjamini-Hochberg p-value correction, with statistically significant differences
indicated by different lower-case letters. RNA samples were isolated from 10
individual plants of each line to assay for each endornavirus (i.e, n=10 plants
per line per endornavirus). Wairimu =Wairimu Dwarf

number or mass of seeds produced by the endornavi-
rus-free line Wairimu Dwarf (Table 10). CMV infection
decreased seed number but not seed mass in plants of
line RWR2245 (which harbours PvEV1 and PvEV2).
Remarkably, CMV infection appeared to increase seed
number and mass in RWR2075, which carries PvEVI,
PvEV2 and PvEV3, and which in the absence of CMV
infection, produced the lowest number of seeds of the
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lines tested (Table 10). The results imply that the endor-
navirus complement of a common bean line does not
appear to influence in a consistent manner either its seed
production, or its susceptibility to the seedborne trans-
mission of acute viruses.

Discussion

PvEV1 and PVEV3 levels were similar in all lines harbour-
ing these endornaviruses, with PVEV2 being variable in
its accumulation. The levels of RNA accumulation for
PvEV1, PvEV2 and PvEV3 do not appear to be controlled
by interactions with each other. Thus, one of our start-
ing hypotheses, i.e., that synergy or interference occurs
between endornaviruses appears not to be correct. This
was surprising, since the RNA sequences of these viruses
have extensive regions of similarity, which we thought
might trigger RNA silencing [32, 33], and the similarity
of the viruses also suggested that they might compete
for the same host factors. Silencing and competition can
act as underlying mechanisms for protection of the host
from virus infection by viral cross-protection, some-
times referred to as superinfection exclusion [34, 35]. The
most likely conclusion is that in common bean, variation
in PVEV2 accumulation is regulated by host factors, but
it is puzzling why neither PvEV1 nor PvEV3 levels vary
between lines.

Synergism occurs in plants infected by two or more dis-
similar viruses, leading to increased titres for at least one
of the viruses, especially if one of the viruses possesses
a strong RNA silencing suppressor [33]. CMV encodes a
strong viral suppressor of RNA silencing, the 2b protein
[33], as do the potyviruses BCMV and BCMNYV, which
encode P1/HCPro proteins [24]. However, in most lines
acute viruses induced no statistically significant changes
in endornavirus RNA accumulation, although in a few
there were decreases and, less frequently, increases. For
example, in the line RWR2245 CMV and BCMV induced
increases in PVvEV1 and PvVEV2 accumulation, whilst in
BCMNV-infected plants these endornaviruses dropped
to a hundredth of their normal levels. MCM2001 was the
only line in which CMV induced decreases in the accu-
mulation of all three endornaviruses. Measurement of the
accumulation of the RNAs of acute viruses in the pres-
ence or absence of endornaviruses also yielded complex
results, with no consistent relationship to the presence
of the endornaviruses. This suggested that differences in
CMYV, BCMV and BCMNV titres reflected host proper-
ties. We conclude that, in common bean, little or no syn-
ergy or interference occurs between endornaviruses and
acute viruses.

Plant host developmental stage profoundly influences
viral infection cycles [36]. Our investigations of endor-
navirus-endornavirus and endornavirus-acute virus
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Table 9 The rates of seedborne transmission of the acute viruses bean common mosaic virus (BCMV) and cucumber mosaic virus

(CMV) in bean lines with or without endornavirus infection

Common bean Line*

Acute Viral Infection Number of progeny
seedlings tested

Rate of seedborne
transmission (%)

Number of progeny testing
positive in ELISA

Wairimu Dwarf (@YY 53
BCMV 57
RED40 @Y\ 17
BCMV 43
RWR2245 [aY\Y 39
RWR2075" Y\ 20

0.000
7018
5.882
13.953
7.692
0 0.000

w o = ~ O

" Endornavirus content: Wairimu Dwarf, no endornaviruses present; RED40, PVEV1; RWR2245, PVEV1 and PVEV2; RWR2075, PVEV1, PVEV2 and PVEV3
T RWR2075 seed production occurred at a very low rate for both mock-inoculated and CMV-infected plants

Table 10 The effects of cucumber mosaic virus (CMV) and bean
common mosaic virus (BCMV) infection on seed vyield in bean
varieties carrying different complements of Phaseolus vulgaris
endornaviruses 1,2 and 3

Common bean line*  Acuteviral Mean numberof Mean seed
infection seeds per plant mass (g)
Wairimu Dwarf Mock 6.93 0.366
[@\Y\% 7.07 0439
BCMV 792 0373
RED40 Mock 29.73 0.282
[@Y\% 127 0233
BCMV 6.13 0.232
RWR2245 Mock 7.80 0.245
[@\Y\% 4.27 0.251
RWR2075" Mock 0.60 0.031
(@Y% 2.00 0.349

" Endornavirus content: Wairimu Dwarf, no endornaviruses present; RED40,
PVEV1; RWR2245, PvEV1 and PvEV2; RWR2075, PvEV1, PVEV2 and PVEV3

T RWR2075 seed production occurred at a very low rate for both mock-
inoculated (Mock) and CMV-infected plants

interactions focused on leaves, but it cannot be ruled out
that in other tissues, or at different developmental stages,
there would have been more virus-virus interactivity. In
most mature plant leaf cells, endornaviruses are unlikely
to be replicating actively and so may be less likely to com-
pete with or synergise other viruses. A study of Oryza
sativa endornavirus (OsEV) in rice (Oryza sativa) showed
that this virus accumulated to similar levels (c. 100 copies
per cell) in various tissues. However, OSEV RNA levels
were far higher (c. 1000 copies per cell) in actively divid-
ing suspension cell cultures derived from these plants
[37]. It appears that endornavirus replication is tied to
active cell division. Other work with OsEV indicated that
endornavirus RNA is not subject to turnover by RNA-
degrading mechanisms. Paradoxically, in rice plants engi-
neered to suppress expression of Dicer-Like 2 (DCL2), an
endonuclease component of the antiviral RNA silencing

system, OsEV accumulation was diminished or abolished
[38]. In rice, DCL2 is expressed at its highest levels in
egg cells [39], when endornavirus replication is likely to
be active. Thus, it seems that endornaviruses somehow
exploit RNA silencing to accumulate.

All the viruses included in this investigation can be
seed-transmitted. For the endornaviruses the rate is vir-
tually 100% [2], while BCMV and BCMNYV seed trans-
mission rates are in the range 10-30% [40], and for CMV
reported rates in common bean are highly variable with
some studies detecting<1% and others up to 100% [25].
Using relatively low numbers of seeds, we found no
marked effects of endornaviruses on CMV or BCMV
transmission. However, using larger numbers of seeds
from a wider range of lines might detect subtle effects.
Investigation of the effects of CMV and BCMYV infection
on seed yield revealed variable outcomes in different bean
lines. In Wairimu Dwarf plants, which harbour no endor-
naviruses, neither CMV nor BCMV engendered marked
decreases in seed number or seed mass but, in plants
of the line RED40 which harbours PvEV1, both viruses
caused decreases in seed number (but not seed mass)
and CMV had a similar effect in plants of RWR2245,
which harbours PvEV1 and PvEV2. The most curious
results were obtained for the line RWR2075, which con-
tains PvEV1, PvEV2, and PvEV3. We noted that plants of
RWR2075 yielded comparatively few seeds, but it is pos-
sible that growth conditions in the UK are not well suited
for this African variety. Interestingly, RWR2075 plants
infected with CMYV yielded more and heavier seeds. It
would be interesting to see if such results, in which CMV
appears to be beneficial, occur under this line’s normal
cultivation conditions, or if this is related to the stress of
growing under glasshouse conditions in the UK. Overall,
our investigation found no consistent effects of endorna-
viruses or acute viruses on seed production.

Our data on the effects of endornaviruses on seed yield
contrast with the clear-cut results obtained by Khankhum
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and Valverde [15]. These workers investigated how vari-
ous traits differ between plants of two nearly isogenic
lines belonging to the Black Turtle Soup common bean
variety; one line was endornavirus-free and the other
harboured both PvEV1 and PvEV2. Plants of both lines
produced similar numbers of pods that contained similar
numbers of seeds, however, they found that plants har-
bouring PvEV1 and PvEV2 produced heavier seeds [15].
The Black Turtle Soup variety comprises a wide variety of
North American lineages including heirloom breeds [41].
However, careful breeding of certain Black Turtle Soup
lineages has produced sets of nearly isogenic lines. These
include plants with and without endornaviruses, and
lines with genotypic differences, such as pairs of nearly
isogenic lines with the partly dominant / locus for BCMV
resistance or lacking this locus [42, 43]. We suggest two
possible reasons that may explain the contrast between
our findings, which suggest that the effects of endorna-
viruses are variable between common bean lines, and
the observations with Black Turtle Soup-derived lines
suggesting a beneficial effect of PvEV1 and PvEV2 [15].
Firstly, the benefit of producing larger seeds conferred on
plants of Black Turtle Soup by PvEV1 and PvEV2, might
be a specific response of this variety to endornaviruses,
but may not be conserved in all common bean lineages.
Secondly, perhaps the positive effects of endornaviruses
on host traits are subtle, and undetectable unless experi-
ments use plant genotypes that are as near identical as
possible, as is the case with nearly isogenic lines.

If the second possibility is correct, it may be possible to
investigate it further by generating a set of nearly isogenic
lines containing various combinations of PvEV1, PvEV2
and PvEV3 for every common bean variety. However,
conventional crossing and back-crossing for so many dif-
ferent lines would be time-consuming and impractical. In
contrast, by using virus-induced gene silencing it should
be feasible to obtain perfectly isogenic lines; for exam-
ple, by expressing endornavirus-specific RNA silencing
sequences using bean pod mottle virus (BPMV) vectors
[44]. BPMV would be ideal for producing virus-free seeds
since its own seed transmission rate is very low (<0.1%)
[45]. Therefore, a virus-induced gene silencing approach
could generate plants and seeds ‘cured’ of endornaviruses
to allow phenotypic comparisons between otherwise
genetically identical plants with or without endornavi-
ruses present.

Conclusions

In common bean the endornaviruses PvEV1, PvEV2 and
PvEV3 appear not to inhibit or synergize each other,
and only PvEV2 RNA showed distinct inter-line varia-
tion in its titre. It is likely that differences in accumula-
tion of the acute viruses CMV, BCMV and BCMNV
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between lines were due to host genotype rather than to
the presence of endornaviruses, and there seemed to be
no direct synergy or competition between acute viruses
and endornaviruses. Endornaviruses appeared to have no
consistent effects on seed numbers or seed mass, or seed-
borne transmission of acute viruses.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512985-023-02184-y.

Additional file 1. Table S1 Lines used in this study, with information on
their complement of endornaviruses. Table S2. Oligonucleotide primer
pairs used for reverse transcription-could polymerase chain reactions for
the quantification of viral RNA steady-state levels.

Additional file 2. Spreadsheet S1 Raw Ct data.
Additional file 3. Spreadsheet S2 Seed weight.

Acknowledgements

We thank Dr Warren Arinaitwe (CIAT) and Dr David Karanja (KALRO, Kenya) for
providing bean varieties and useful discussions. We also thank Dr J. Musembi
Mutuku for insightful discussions.

Author contributions

TJB, FOW, and JPC conceived and designed the experiments. TJB SVB, AMM,
AEP conducted experiments. TJB, FOW, and JPC analysed the data. All par-
ticipated 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 Leaders — African Independent
Research (FLAIR) Fellowship (FLR\R1\190462) and a Royal Society FLAIR Col-
laboration Grant 2020 (FCG\R1\201005) and grants from the UK Biotechno-
logical and Biological Sciences Research Council (SCPRID grant number BB/
J011762/1, GCRF grant number BB/P023223/1, and 21ROMITIGATIONFUND
CAMBRIDGE BB/W510609/1) and The Leverhulme Trust (RPG-2022-134). TJB
was supported by a Masters Studentship from the British Society for Plant
Pathology, and SVB by a studentship from the Cambridge Trusts.

Availability of data and materials

All relevant data are within the paper and its Additional files. Upon request
plant lines will be made available in a timely manner for noncommercial
research purposes but lines may be subject to a materials transfer agreement.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Received: 17 July 2023 Accepted: 13 September 2023
Published online: 22 September 2023

References
1. Gibbs MJ, Koga R, Moriyama H, Pfeiffer P, Fukuhara T. Phylogenetic analy-
sis of some large double-stranded RNA replicons from plants suggests


https://doi.org/10.1186/s12985-023-02184-y
https://doi.org/10.1186/s12985-023-02184-y

Brine et al. Virology Journal

20.

21

22.

(2023) 20:216

they evolved from a defective single-stranded RNA virus. J Gen Virol.
2000;81:227-33.

Valverde RA, Khalifa ME, Okada R, Fukuhara T, Sabanadzovic S. ICTV report
consortium. ICTV virus taxonomy profile: endornaviridae. J Gen Virol.
2019;100(8):1204-5. https://doi.org/10.1099/jgv.0.001277.

Roossinck MJ. Lifestyles of plant viruses. Philos Trans R Soc Lond B Biol Sci.
2010;365(1548):1899-905. https://doi.org/10.1098/rstb.2010.0057.

Brine TJ, Crawshaw S, Murphy AM, Pate AE, Carr JP, Wamonje FO. Identi-
fication and characterisation of Phaseolus vulgaris endornavirus 1,2 and

3 in common bean cultivars of East Africa. Virus Genes. 2023. https://doi.
0rg/10.1007/511262-023-02026-7.

Candresse T, et al. Complete genomic sequence of barley (Hordeum vul-
gare) endornavirus (HvEV) determined by next-generation sequencing.
Arch Virol. 2016;161(3):741-3. https://doi.org/10.1007/500705-015-2709-3.
Herschlag R, et al. Occurrence of putative endornaviruses in non-culti-
vated plant species in South Louisiana. Arch Virol. 2019;164(7):1863-8.
https://doi.org/10.1007/500705-019-04270-5.

Horiuchi H, et al. RNA-dependent RNA polymerase activity associ-

ated with endogenous double-stranded RNA in rice. Plant Cell Physiol.
2001;42:197-203. https://doi.org/10.1093/pcp/pce025.

Mutuku JM, et al. Metagenomic analysis of plant virus occurrence in
common bean (Phaseolus vulgaris) in central Kenya. Front Microbiol.
2018;9:2939. https://doi.org/10.3389/fmicb.2018.02939.

Nordenstedt N, et al. Pathogenic seedborne viruses are rare but Phaseolus
vulgaris endornaviruses are common in bean varieties grown in Nicara-
gua and Tanzania. PLoS ONE. 2017;12:e0178242. https://doi.org/10.1371/
journal.pone.0178242.

Okada R, et al. Bell pepper endornavirus: Molecular and biological proper-
ties, and occurrence in the genus Capsicum. J Gen Virol. 2011,92:2664-73.
https://doi.org/10.1099/vir.0.034686-0.

. Okada R, et al. Molecular characterization of two evolutionarily distinct

endornaviruses co-infecting common bean (Phaseolus vulgaris). J Gen
Virol. 2013;94:220-9. https://doi.org/10.1099/vir.0.044487-0.

Mrkvové M, Achs A, Alaxin P, Subr Z, Predajia L, Zetochova E, Hauptvogel
P. Soltys K, Candresse T, Glasa M. Phaseolus vulgaris alphaendornavirus-1
is frequent in bean germplasm in Slovakia and shows low molecular vari-
ability. Acta Virol. 2023;67:11484. https://doi.org/10.3389/av.2023.11484.
Fukuhara T. Endornaviruses: persistent dsRNA viruses with symbiotic
properties in diverse eukaryotes. Virus Genes. 2019;55(2):165-73. https://
doi.org/10.1007/511262-019-01635-5.

Roossinck MJ. The good viruses: viral mutualistic symbioses. Nat Rev
Microbiol. 2011;9(2):99-108. https://doi.org/10.1038/nrmicro2491.
Khankhum S, Valverde RA. Physiological traits of endornavirus-infected
and endornavirus-free common bean (Phaseolus vulgaris) cv Black

Turtle Soup. Arch Virol. 2018;163:1051-6. https://doi.org/10.1007/
s00705-018-3702-4.

Pfeiffer P. Nucleotide sequence, genetic organization and expression
strategy of the double-stranded RNA associated with the “447" cytoplas-
mic male sterility trait in Vicia faba. J Gen Virol. 1998;79:2349-58. https://
doi.org/10.1099/0022-1317-79-10-2349.

Broughton WJ, et al. Beans (Phaseolus spp.)—model food legumes. Plant
Soil. 2003;252:55-128. https://doi.org/10.1023/A:1024146710611.

De Benoist B, McLean E, Egli |, Cogswell M (2008) Worldwide prevalence
of anaemia 1993-2005. WHO Publication available via https://apps.who.
int/iris/handle/10665/43894 Accessed: 2 May 2023

Katungi E et al. Common bean in Eastern and Southern Africa: a situation
and outlook analysis. ICRISAT Publication Available via https://www.resea
rchgate.net/publication/228601612_Common_bean_in_Eastern_and_
Southern_Africa_a_situation_and_outlook_analysis#fullTextFileContent.
Accessed 2 May 2023 (2009)

Brooker RW, et al. Improving intercropping: a synthesis of research in
agronomy, plant physiology and ecology. New Phytol. 2015;206(1):107—
17. https://doi.org/10.1111/nph.13132.

Morales FJ. Common bean. In: Loebenstein G, Carr JP, editors. Natural
resistance mechanisms of plants to viruses. Dordrecht: Springer; 2006. p.
367-81. https://doi.org/10.1007/1-4020-3780-5_16.

Mwaipopo B, Nchimbi-Msolla S, Njau PJR, Mark D, Mbanzibwa DR.
Comprehensive surveys of Bean common mosaic virus and Bean common
mosaic necrosis virus and molecular evidence for occurrence of other
Phaseolus vulgaris viruses in Tanzania. Plant Dis. 2018;102(11):2361-70.
https://doi.org/10.1094/PDIS-01-18-0198-RE.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10 of 11

Thompson JR, Langenhan JL, Fuchs M, Perry KL. Genotyping of Cucumber
mosaic virus isolates in western New York State during epidemic years:
characterization of an emergent plant virus population. Virus Res.
2015;210:169-77. https://doi.org/10.1016/j.virusres.2015.07.028.

Worrall EA, et al. Bean common mosaic virus and bean common mosaic
necrosis virus: relationships, biology, and prospects for control. Adv Virus
Res. 2015;93:1-46. https://doi.org/10.1016/bs.aivir.2015.04.002.

Pagén |. Chapter 16: Movement between plants: vertical transmission.

In: Palukaitis P, Garcia-Arenal F, editors. Cucumber mosaic virus. St Paul:
American Phytopathological Society; 2019. p. 185-98.

Wamonje FO, et al. 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. 2020;10:1811. https://
doi.org/10.3389/fpls.2019.01811.

R Studio Team. 2020. RStudio: Integrated Development for R. RStudio,
PBC, Boston, MA URL http://www.rstudio.com/. Last accessed May 6
(2023).

Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 2001;29(9):e45. https://doi.org/10.1093/
nar/29.9.e45.

Borges A, Tsai SM, Caldas DGG. Validation of reference genes for

RT-gPCR normalization in common bean during biotic and abiotic
stresses. Plant Cell Rep. 2012;2012(31):827-38. https://doi.org/10.1007/
S00299-011-1204-X.

Mukeshimana G, Pafieda A, Rodriguez-Sudrez C, Ferreira JJ, Giraldez R,
Kelly JD. Markers linked to the bc-3 gene conditioning resistance to bean
common mosaic potyviruses in common bean. Euphytica. 2005;144:291-
9. https://doi.org/10.1007/510681-005-7397-8.

Mukoko OZ, Galwey NW, Allen DJ. Developing cultivars of the common
bean (Phaseolus vulgaris L.) for southern Africa: bean common mosaic
virus resistance, consumer preferences and agronomic requirements.
Field Crops Res. 1995;40:165-77. https://doi.org/10.1016/0378-4290(94)
00101-H.

Akbarimotlagh M, Azizi A, Shams-Bakhsh M, Jafari M, Ghasemzadeh A,
Palukaitis P. Critical points for the design and application of RNA silencing
constructs for plant virus resistance. Adv Virus Res. 2023;115:159-203.
https://doi.org/10.1016/bs.aivir.2023.02.001.

Ding SW. Transgene silencing, RNA interference, and the antiviral
defense mechanism directed by small interfering RNAs. Phytopathology.
2023;113(4):616-25. https://doi.org/10.1094/PHYTO-10-22-0358-IA.
Ziebell H, Carr JP. Cross-protection: A century of mystery. Adv Virus Res.
2010;76:211. https://doi.org/10.1016/S0065-3527(10)76006-1.

Perdoncini Carvalho C, Ren R, Han J, Qu F. Natural selection, intracellular
bottlenecks of virus populations, and viral superinfection exclusion.
Annu Rev Virol. 2022;9(1):121-37. https://doi.org/10.1146/annurev-virol
0gy-100520-114758,

Melero I, Gonzalez R, Elena SF. Host developmental stages shape

the evolution of a plant RNA virus. Philos Trans R Soc Lond B Biol Sci.
1873;2023(378):20220005. https://doi.org/10.1098/rstb.2022.0005.
Moriyama H, Kanaya K, Wang JZ, Nitta T, Fukuhara T. Stringently and
developmentally regulated levels of a cytoplasmic double-stranded RNA
and its high-efficiency transmission via egg and pollen in rice. Plant Mol
Biol. 1996;31(4):713-9. https://doi.org/10.1007/BFO0019459.

Urayama S, Moriyama H, Aoki N, et al. Knock-down of OsDCL2 in rice
negatively affects maintenance of the endogenous dsRNA virus, Oryza
sativa endornavirus. Plant Cell Physiol. 2010;51(1):58-67. https://doi.org/
10.1093/pcp/pcp167.

Takanashi H, Ohnishi T, Mogi M, Hirata Y, Tsutsumi N. DCL2 is highly
expressed in the egg cell in both rice and Arabidopsis. Plant Signal Behav.
2011,6(4):604-6. https://doi.org/10.4161/psh.6.4.14650.

Galvez G, Morales F. Aphid-transmitted viruses. In: Schwartz HF, Pastor-
Corrales MA, editors. Bean production problems in the tropics. 2nd ed.
Cali: Centro Internacional de Agricultura Tropical; 1989. p. 211-40.
McClean P, Myers J.1990. Pedigrees of dry bean cultivars, lines and Pls.

In Reports of bean improvement cooperative and national dry bean council
research conference. United States Department of Agriculture Publications
https://handle.nal.usda.gov/10113/IND43786226 (Accessed June 5,2023)
Collmer CW, Marston MF, Taylor JC, Jahn M. The / gene of bean: a dosage-
dependent allele conferring extreme resistance, hypersensitive resist-
ance, or spreading vascular necrosis in response to the potyvirus Bean


https://doi.org/10.1099/jgv.0.001277
https://doi.org/10.1098/rstb.2010.0057
https://doi.org/10.1007/s11262-023-02026-7
https://doi.org/10.1007/s11262-023-02026-7
https://doi.org/10.1007/s00705-015-2709-3
https://doi.org/10.1007/s00705-019-04270-5
https://doi.org/10.1093/pcp/pce025
https://doi.org/10.3389/fmicb.2018.02939
https://doi.org/10.1371/journal.pone.0178242
https://doi.org/10.1371/journal.pone.0178242
https://doi.org/10.1099/vir.0.034686-0
https://doi.org/10.1099/vir.0.044487-0
https://doi.org/10.3389/av.2023.11484
https://doi.org/10.1007/s11262-019-01635-5
https://doi.org/10.1007/s11262-019-01635-5
https://doi.org/10.1038/nrmicro2491
https://doi.org/10.1007/s00705-018-3702-4
https://doi.org/10.1007/s00705-018-3702-4
https://doi.org/10.1099/0022-1317-79-10-2349
https://doi.org/10.1099/0022-1317-79-10-2349
https://doi.org/10.1023/A:1024146710611
https://apps.who.int/iris/handle/10665/43894
https://apps.who.int/iris/handle/10665/43894
https://www.researchgate.net/publication/228601612_Common_bean_in_Eastern_and_Southern_Africa_a_situation_and_outlook_analysis#fullTextFileContent
https://www.researchgate.net/publication/228601612_Common_bean_in_Eastern_and_Southern_Africa_a_situation_and_outlook_analysis#fullTextFileContent
https://www.researchgate.net/publication/228601612_Common_bean_in_Eastern_and_Southern_Africa_a_situation_and_outlook_analysis#fullTextFileContent
https://doi.org/10.1111/nph.13132
https://doi.org/10.1007/1-4020-3780-5_16
https://doi.org/10.1094/PDIS-01-18-0198-RE
https://doi.org/10.1016/j.virusres.2015.07.028
https://doi.org/10.1016/bs.aivir.2015.04.002
https://doi.org/10.3389/fpls.2019.01811
https://doi.org/10.3389/fpls.2019.01811
http://www.rstudio.com/
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1007/S00299-011-1204-X
https://doi.org/10.1007/S00299-011-1204-X
https://doi.org/10.1007/s10681-005-7397-8
https://doi.org/10.1016/0378-4290(94)00101-H
https://doi.org/10.1016/0378-4290(94)00101-H
https://doi.org/10.1016/bs.aivir.2023.02.001
https://doi.org/10.1094/PHYTO-10-22-0358-IA
https://doi.org/10.1016/S0065-3527(10)76006-1
https://doi.org/10.1146/annurev-virology-100520-114758
https://doi.org/10.1146/annurev-virology-100520-114758
https://doi.org/10.1098/rstb.2022.0005
https://doi.org/10.1007/BF00019459
https://doi.org/10.1093/pcp/pcp167
https://doi.org/10.1093/pcp/pcp167
https://doi.org/10.4161/psb.6.4.14650
https://handle.nal.usda.gov/10113/IND43786226

Brine et al. Virology Journal

43.

44,

45.

(2023) 20:216

common mosaic virus. Mol Plant Microbe Interact. 2000;13(11):1266-70.
https://doi.org/10.1094/MPMI.2000.13.11.1266.

Cadle-Davidson M, Jahn MM. Differential gene expression in Pha-
seolus vulgaris I locus NILs challenged with Bean common mosaic

virus. Theor Appl Genet. 2006;112(8):1452-7. https://doi.org/10.1007/
500122-006-0247-9.

Zhang C, Bradshaw JD, Whitham SA, Hill JH. The development of an
efficient multipurpose bean pod mottle virus viral vector set for foreign
gene expression and RNA silencing. Plant Physiol. 2010;153(1):52-65.
https://doi.org/10.1104/pp.109.151639.

Rodriguez RG, Thiessen L. 2020. Bean pod mottle virus. North Carolina
University IPM Factsheet https://content.ces.ncsu.edu/bean-pod-mottle-
virus# (Accessed September 10, 2023)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1094/MPMI.2000.13.11.1266
https://doi.org/10.1007/s00122-006-0247-9
https://doi.org/10.1007/s00122-006-0247-9
https://doi.org/10.1104/pp.109.151639
https://content.ces.ncsu.edu/bean-pod-mottle-virus#
https://content.ces.ncsu.edu/bean-pod-mottle-virus#

	Investigating the interactions of endornaviruses with each other and with other viruses in common bean, Phaseolus vulgaris
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Plant materials and growth conditions
	Inoculation of common bean plants with CMV, BCMV and BCMNV and measurement of seed production
	Determination of viral RNA steady-state levels by reverse transcription coupled quantitative polymerase chain reaction (RT-qPCR) assays

	Results
	Endornavirus RNA accumulation varies between host backgrounds
	Acute virus infection can alter the accumulation of endornavirus RNAs
	Accumulation of acute virus RNA is affected more by host background than by the presence of endornaviruses
	Seedborne transmission of BCMV and CMV appears to be unaffected by endornaviruses

	Discussion
	Conclusions
	Anchor 18
	Acknowledgements
	References


