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Abstract
Australian bean common mosaic virus (BCMV) isolates were sequenced, and the sequences were compared to global BCMV 
and bean common mosaic necrosis virus (BCMNV) sequences and analysed for conserved potyviral motifs to generate in 
planta RNA-interference (RNAi) resistance. Thirty-nine out of 40 previously reported potyvirus motifs were conserved 
among all 77 BCMV/BCMNV sequences. Two RNAi target regions were selected for dsRNA construct design, covering 
920 bp of the nuclease inclusion b (NIb) protein and 461 bp of the coat protein (CP). In silico prediction of the effectiveness 
of these constructs for broad-spectrum defence against the 77 BCMV and BCMNV sequences was done via analysis of 
putative 21-nucleotide (nt) and 22-nt small-interfering RNAs (siRNAs) generated from the target regions. The effectiveness 
of both constructs for siRNA generation and BCMV RNAi-mediated resistance was validated in Nicotiana benthamiana 
transient assays.

Introduction

Bean common mosaic virus (BCMV) and bean common 
mosaic necrosis virus (BCMNV) are closely related poty-
viruses that globally infect common bean (Phaseolus vul-
garis) and a range of legumes [65]. As with potyviruses, 
BCMV and BCMNV are single-stranded positive-sense 
RNA viruses that form rod-shaped virions [65]. The genome 
is approximately 10 kb long and possesses a 3’-terminal 
poly(A) tail [6, 15]. It has an open reading frame (ORF) 
that is translated into a polyprotein that self-cleaves into 10 
functional proteins: P1, helper component-protease (HC-
Pro), P3, 6K1, cylindrical Inclusion (CI), 6K2, nuclease 
inclusion a (NIa)-viral genome-linked protein (VPg), NIa-
Pro, nuclease inclusion b (NIb) and coat protein (CP) [50, 
65]. An additional highly conserved potyvirus protein, Pretty 

Interesting Polyprotein ORF (PIPO), is produced through 
a frameshift within the P3 region and is involved in viral 
cell-to-cell movement [12]. The best characterised of these 
include HC-Pro, NIb and CP. HC-Pro is involved in polypro-
tein maturation, aphid-mediated virus transmission, and dis-
ruption of RNA silencing pathways [22, 65]. NIb is the viral 
RNA-dependent RNA polymerase responsible for genome 
replication [50, 65]. The CP is essential for virus assem-
bly and is required for viral amplification, aphid-mediated 
transmission, and systemic and cell-to-cell movement [23, 
51, 57, 61].

BCMV and BCMNV can be transmitted through seed or 
mechanical inoculation, or spread by aphids in a non-per-
sistent manner, with the aphids retaining the virus on their 
stylets for a limited time [54, 58, 65]. Infection can result in 
yield losses as high as 100% [13, 31, 53, 59, 64]. BCMV and 
BCMNV have similar symptoms in common bean, includ-
ing mosaic, leaf curling, dwarfing and chlorosis [16]. The 
most prominent difference between BCMV and BCMNV 
symptomology is observed in bean plants that contain the 
dominant I resistance gene [65]. In these plants, BCMV does 
not normally trigger black root disease, a hypersensitive sys-
temic necrotic reaction that results in the death of the plant, 
except for two strains grown at temperatures above 30 °C 
(temperature-dependent) [25, 58]. However, all BCMNV 
strains trigger black root disease in these plants indepen-
dently of temperature [58].
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Disease management for BCMV currently relies on 
breeding for genetic resistance in bean varieties using the 
dominant I resistance gene. However, these cultivars become 
susceptible to lethal black root disease upon infection with 
BCMNV [25]. BCMNV is endemic throughout central and 
east Africa [55, 60], and this limits the benefits of bean vari-
eties whose resistance to BCMV is provided by the I gene 
[65]. As a result, breeding efforts are focused on creating 
cultivars that include the dominant I gene and a pyramid 
of recessive genes linked to BCMV and BCMNV, which 
include bc-u, bc-1, bc12, bc-2, bc22 and bc-3 [25, 45, 46]. 
However, these recessive genes are virus-strain-specific, thus 
limiting the breeding of broad-scale BCMV- and BCMNV-
resistant bean cultivars based on one of the recessive genes 
alone.

As an alternative, RNA-interference (RNAi)-mediated 
crop protection is emerging as a powerful tool to combat 
plant pests and diseases, including those caused by viruses 
[14, 19, 27, 33]. RNAi is conserved across the plant and 
animal kingdoms and is crucial for growth, development, 
and host defence against viruses and transposons [4, 5, 8, 
11, 36]. In plants, the RNAi pathway is triggered by double-
stranded RNA (dsRNA), which is processed into small-inter-
fering RNA (siRNA) by DICER-like enzymes. The siRNA 
is then incorporated into a RNA-induced silencing complex, 
which degrades any complementary RNA [5]. When tar-
geted against viral RNA, these siRNAs can therefore pre-
vent virus replication and transmission. RNAi is most often 
utilized through genetic engineering, but to date, there are 
no known reports of RNAi-based transgenic resistance to 
BCMV or BCMNV. This is likely due to the recalcitrance 
of Phaseolus vulgaris to current transformation techniques, 
as well as regulatory issues surrounding GMO acceptance 
in many countries [28]. In 2011, the first GMO bean, known 
as Embrapa 5.1, targeted the AC1 viral gene of bean golden 
mosaic virus (BGMV) [7] and was approved for cultivation 
and consumption in Brazil [1].

There are currently no reports of BCMNV in Australia 
[65]; however, BCMV has caused a global epidemic and 
has been detected across Australia [42, 52, 53]. Despite this 
distribution, only one Australian BCMV isolate has been 
fully sequenced to date (GenBank accession no. EU761198, 
accessed January 2018). In 1992, two isolates of BCMV 
were collected from French bean displaying mosaic symp-
toms at the Australian Tropical Crops Genetic Resources 
Centre, Biloela, Queensland. This study represents the first 
report of the full genomic sequences of these Australian 
BCMV isolates, along with the design and validation of 
RNAi-mediated resistance to BCMV.

Materials and methods

BCMV sources and maintenance

Two Australian BCMV isolates (labelled 424 and 425) 
(family Potyviridae, genus Potyvirus, species Bean com-
mon mosaic virus) were obtained by the Department of 
Agriculture and Fisheries, Queensland, Australia, and col-
lected from symptomatic P. vulgaris at the Australian Top-
ical Crops Genetic Resources Centre, Biloela, Queensland, 
in 1992. Revival, maintenance, and propagation were con-
ducted by mechanical sap inoculation (0.01 M phosphate 
buffer [pH 7.0] with carborundum [21]) onto Nicotiana 
benthamiana grown under glasshouse conditions (average 
temperature, 25° C with natural light). N. benthamiana 
infected with isolates 424 and 425 did not show symp-
toms, but the infection was confirmed using a PathoScreen 
BCMV-specific antigen-coated plate (ACP) enzyme-linked 
immunosorbent assay (ELISA) kit (Agdia). The Australian 
BCMV isolates 424 and 425 are herein designated BCMV 
1 and BCMV 2, respectively.

BCMV 1 and BCMV 2 sequencing

Total RNA from BCMV-1- and BCMV-2-infected N. 
benthamiana was extracted using TRIzol Reagent (Life 
Technologies), and 1 µg was used as template for cDNA 
synthesis using either Invitrogen SuperScript III First-
Strand Synthesis SuperMix (Life Technologies) or a Sensi-
Fast cDNA synthesis kit (BioLine) in accordance with the 
manufacturers’ instructions. Full-length viral sequences 
were determined using the primer-walking method [56]. 
PCR primers are listed in Supplementary Table 1. PCR 
amplification was conducted with either One Taq DNA 
Polymerase (New England Biolabs) or MyTaq DNA Poly-
merase (Bioline) as per the manufacturer’s instructions. 
The One Taq thermal cycling conditions were 94 °C for 3 
min, followed by 30 cycles of 94 °C for 30 s, 45-68 °C for 
30 s, and 68 °C for 1 min, with a final extension of 68 °C 
for 5 min. The My Taq thermal cycling conditions were 
95 °C for 30 s, followed by 30 cycles of 95 °C for 15 s, 
45-68 °C for 15 s, and 72 °C for 10 s with no final exten-
sion. PCR details for BCMV 1 and BCMV 2 are shown in 
Supplementary Fig. 1 and 2. PCR amplicons were visu-
alised on a 1% TAE agarose gel and extracted using a 
QIAquick Gel Extraction Kit (QIAGEN). Purified bands 
were either sequenced directly or ligated into pGEM-T 
(Promega) and used to transform One Shot TOP10 Elec-
trocomp Escherichia coli cells (Invitrogen) with blue/
white selection. Plasmids were extracted using a QIAprep 
Spin Miniprep Kit (QIAGEN) and sequenced using M13 
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and SP6 primers. Sequencing was conducted in triplicate 
by capillary separation Sanger sequencing using the Aus-
tralian Genome Research Facility (Brisbane, Australia).

A 5’ RACE System for Rapid Amplification of cDNA 
Ends V2.0 (Invitrogen) was used as per the manufacturer’s 
instructions with primer BCMV 68 as a gene-specific primer 
(Supplementary Table 1). A 3’ RACE System for Rapid 
Amplification of cDNA Ends (Invitrogen) was used as per 
the manufacturer’s instructions with primer BCMV 33 as a 
gene-specific primer (Supplementary Table 1). The 5’UTR 
and 3’UTR were sequenced a minimum of six times. The 
full-length genomic sequences of BCMV 1 and BCMV 2 
were assembled from overlapping fragments using the Map 
to Reference tool in Geneious Pro R7 (Biomatters; default 
parameters) with the Australian BCMV full genomic 
sequence EU761198 as the reference, and they were then 
edited manually. Full genomic sequences were submitted to 
the GenBank database under accession numbers MH220847 
and MH220846.

Bioinformatic analysis

Multiple alignments of the nucleotide (nt) and translated 
amino acid (aa) sequences of BCMV 1 and BCMV 2 with 62 
available BCMV and 13 BCMNV genome sequences (Gen-
Bank, accessed January 2018) were made using the MUS-
CLE alignment tool in Geneious Pro R7 (default param-
eters; iterations set to 8). Phylogenetic analysis based on 
nt MUSCLE alignment was conducted using the Geneious 
Pro R7 tree builder using the Tamura-Nei genetic distance 
model and 100 bootstrap replicates). Three potato virus Y 
(PVY) sequences (KJ603225, HQ912911 and FJ214726) 
were included as the out-group.

The mean pairwise percent identity values for the 
alignments were calculated using a built-in feature of the 
Geneious program. All pairs of bases in the same column 
were given a score of one when identical and divided by the 
total number of pairs to give the average pairwise percent 
identity.

The conservation of potyvirus motifs identified in the 
literature (Table 2) was assessed within the aligned BCMV 
and BCMNV aa sequences. Based on the motif analysis and 
the degree of sequence conservation across all 77 sequences, 
two target regions, showing ≥84.0% average pairwise nucle-
otide sequence identity and the highest conserved motif 
abundance, were chosen for dsRNA construct design: a 920-
bp portion of the NIb region (BCMV 1 nt position 7,639 
– 8,558) and a 461-bp portion of the CP region (BCMV 1 nt 
position 9,312 – 9,772). Custom in-house scripts were used 
to identify all putative siRNA sequences of a set length (21 
nt and 22 nt) that could be generated from the two dsRNA 
targets. The number of these siRNAs that exactly matched 
the reference genome sequence of every viral isolate at least 

once was then determined and used as an additional indica-
tor to infer the effectiveness of the RNAi.

RNAi construct assembly and cloning

Double-stranded RNA constructs were designed to include 
the sense and antisense regions of the 461-bp CP dsRNA 
target or the 920-bp NIb dsRNA target (positions as above) 
separated by a 446-bp intron fragment corresponding to nt 
position 1757 to 2196 of the tobacco peroxidise gene (Gen-
Bank accession no. D11396.1). The resulting dsRNA con-
structs, BCMVNIb-dsRNA and BCMVCP-dsRNA, which 
were constructed using a pUC57 backbone with additional 
NcoI and NheI restriction sites flanking the dsRNA hairpin 
DNA, were obtained from GenScript, U.S.A. The pUC57/
BCMVNIb-dsRNA and pUC57/BCMVCP-dsRNA con-
structs were used to transform One Shot TOP10 Electro-
comp Escherichia coli cells (Thermo Fisher Scientific), and 
plasmid was extracted using a QIAprep Spin Miniprep Kit 
(QIAGEN) as per the manufacturers’ instructions.

The DNA fragments encoding the dsRNA hairpins were 
excised from the pUC57 backbone with NcoI and NheI (New 
England Biolabs) and resolved by gel electrophoresis on a 
1% TAE agarose gel. The correct-sized band was gel purified 
and subcloned into an intermediate vector, L4440, and the 
construct was used to transform One Shot TOP10 Electro-
comp E. coli cells (Thermo Fisher Scientific). Positive colo-
nies were selected by blue/white section on AMP100 agar 
plates with ITPG and X-Gal and miniprepped as above. The 
BCMVNIb-dsRNA and BCMVCP-dsRNA fragments were 
then excised from L4440 with XbaI and KpnI (New England 
Biolabs), gel-purified, and subcloned into similarly digested 
and purified pART7 [17]. The pART7 plasmids were intro-
duced into E. coli, selected and miniprepped as above. They 
were then digested with NotI (New England Biolabs), and 
the gel-purified insert containing the hairpin, 35S promoter 
and OCS terminator was cloned into the NotI site of the 
pART27 binary expression vector [17]. The pART27 plas-
mids were transformed, selected with SPEC50, miniprepped 
and checked via enzyme digestion. The resulting expression 
vectors (pART27/BCMVNIb-dsRNA and pART27/BCM-
VCP-dsRNA) were used to transform into electrocompetent 
Agrobacterium tumefaciens GV3101 as described previously 
[34]. A schematic map of the cloning vectors is shown in 
Supplementary Fig. 3. GV3101 pUQC214 for expression 
of GFP-dsRNA, was kindly provided by Bernard Carroll at 
The University of Queensland, Australia [10].

Agroinfiltration for siRNA generation 
and RNAi‑mediated resistance

To detect siRNA generation from the dsRNA constructs in 
planta, N. benthamiana plants were infiltrated in duplicate 
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with GV3101 blank (no vector), GV3101 pART27/BCM-
VNIb-dsRNA or GV3101 pART27/BCMVCP-dsRNA 
as described by Mann et al. [38]. Two leaf discs of 8 mm 
were collected from the agroinfiltrated leaves at three and 
seven days post-infiltration (only at three days for GV3101 
blank). Total RNA was extracted using TRIzol Reagent (Life 
Technologies), and 60 µg was separated by 15% (wt/vol) 
denaturing urea polyacrylamide gel electrophoresis (PAGE), 
and transferred to a Hybond-N membrane (Roche) using a 
trans-blot SD semi-dry transfer unit (Bio-Rad) for northern 
blot analysis. Blots were probed at 37 °C overnight with 
digoxigenin (DIG)-labelled oligonucleotide probes (BCMV 
CP middle (F) and BCMV NIb middle (F), Supplementary 
Table 1). Blots were processed as per the manufacturer’s 
recommendations using a proprietary buffer set (Roche), 
and the DIG BCMVNIb-dsRNA or BCMVCP-dsRNA was 
detected by exposure to Super RX X-ray film (Fuji) using 
a chemiluminescent detection kit (Roche) as per the manu-
facturer’s instructions.

To assess conferral of RNAi-mediated protection against 
BCMV in planta, one leaf per plant was infiltrated with 
GV3101 pART27/BCMVNIb-dsRNA or GV3101 pART27/
BCMVCP-dsRNA as described by Mann et al. [38], or with 
GV3101 pUQC214 (GFP-dsRNA)[10] as an off-target 
dsRNA control targeted to GFP. A fourth group, BCMV 
only, was used as the non-infiltrated infection control. Agro-
infiltrated leaves and similarly positioned leaves of the plants 
of the BCMV-only group were challenged with 50 µL of 
BCMV sap inoculum three days post-infiltration. A 7-day 
postinfection, BCMV-specific ACP-ELISA was used as 
above to detect the presence of BCMV. Plants were consid-
ered infected when the absorbance reading at 405 nm was 
three times that of the negative control plants. All plants 
for agrobacterium experiments were grown and maintained 
in growth cabinets at 26 °C, 65% humidity and 16 h/8 day/
night.

Results

Sequencing and phylogenetic analysis

The complete genome sequences of the two Australian 
isolates, BCMV 1 (GenBank accession no. MH220847) 
and BCMV 2 (GenBank accession no. MH220846), are 
10,039 and 10,037 nt in length, respectively, excluding the 
3’ poly(A) tail. Pairwise alignments of the BCMV 1 and 
BCMV 2 sequences showed 99.8% pairwise identity at the 
nucleotide level. As with other potyviruses, both isolates 
contain an open reading frame (ORF) encoding the 10 
expected proteins (P1, HC-Pro, P3, 6K1, CI, 6K2, NIa-VPg, 
NIa-Pro, NIb and CP) flanked by a 5’ untranslated region 

(UTR) and a 3’UTR with another small ORF, PIPO, within 
the P3 cistron [43, 50].

A phylogenetic analysis of 62 BCMV and 13 BCMNV 
complete genome sequences from GenBank (accessed Janu-
ary 2018) revealed two primary groups separating as BCMV 
and BCMNV (Fig. 1). Less diversity was observed among 
the 13 BCMNV sequences than among the 64 BCMV 
sequences, with the majority of BCMNV sequences sam-
pled from U.S.A. (eight out of nine reported sample loca-
tions) and one from East Timor. In the BCMV group, two 
major clades were delineated (cluster 1 and cluster 2). Both 
clusters could be broken down further into cluster1a, clus-
ter1b, cluster2a and cluster 2b, as shown in Fig. 1. BCMV 
1 and BCMV 2 grouped in Cluster 1a with the only other 
Australian isolate (EU761198) and 13 others collected from 
around the globe: U.S.A., Australia, India, Germany, South 
Korea and China. Also within this cluster, the NL1 and NL7 
(Netherlands) and US1 and US10 (U.S.A.) strains can be 
observed. Cluster1b could be further broken into clusters 
1b.1 and 1b.2. Cluster 1b.2 was mainly populated by isolates 
from one study conducted in China, while 1b.1 included 
isolates collected from China and South Korea as well as 
the peanut stripe strain (PSt). Cluster 2a was populated with 
isolates from China plus one blackeye cowpea mosaic strain 
(BICM). Cluster2b contained samples from Colombia and 
the U.S.A. The U.S.A. sequences were all RU1 strain (Rus-
sian) and the Colombian strain was the NL4 strain.

The mean pairwise percent identity of the BCMV 1 and 
BCMV 2 nt and aa sequences to all other complete GenBank 
BCMV and BCMNV sequences is shown in Supplementary 
Table 2. Looking at the pairwise percent identity between 
the full genome and mature peptide regions of all 64 BCMV 
sequences, the mean nt sequence identity was 87.0% across 
the full genome, and it ranged from 79.2% to 92.0% in the 
individual protein coding regions. The amino acid sequence 
conservation in each of the peptide regions ranged from 
75.5% to 97.6% (Table  1). The 13 BCMNV sequences 
showed higher overall sequence conservation, with 88.9% 
mean nt sequence identity across the full genome, ranging 
from 92.2% to 98.5% in the mature peptide regions. Amino 
acid sequence conservation ranged from 91.4% to 99.3% 
in the peptide regions (Table 1). When all 77 sequences 
were compared, the mean nt sequence identity dropped 
to 80.8% for the full genome and 68.4% to 85.2% for the 
mature peptide regions. The amino acid sequence conser-
vation was 61.6% to 91.3% across all sequences (Table 1). 
In nt sequence comparisons of BCMV only, BCMNV only, 
and both BCMV and BCMNV, the P1 mature peptide region 
showed the highest variability, while the CP showed the 
highest conservation (Table 1). All other peptide regions 
showed similar pairwise nt sequence identity values. These 
results suggest that P1 would not be a suitable RNAi target, 
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CP should make a strong RNAi target, and the other protein 
regions require further analysis.

Potyvirus motif analysis

To design effective RNAi constructs against BCMV, con-
served potyvirus motifs, suggesting functional conservation, 

were searched for within BCMV 1 and BCMV 2 and 
across the 62 BCMV and 13 BCMNV GenBank sequences 
(Table 2). BCMV and BCMNV sequences showed high con-
servation of potyviral motifs, and most were found within 
the HC-Pro, CI, NIb and CP regions. Thirty-nine out of 40 
conserved potyvirus motifs were found in BCMV 1 and 

Fig. 1  Phylogenetic tree of bean common mosaic virus (BCMV) 
and bean common mosaic necrosis virus (BCMNV) isolates. Sixty-
two full-length genomic sequences are shown for BCMV, and 13 for 
BCMNV. The two Australian isolates sequenced in this study, BCMV 
1 and BCMV 2, are shown in blue. Scale bar: 0.08 nucleotide substi-

tutions per site. Analysis based on complete genome sequences avail-
able through GenBank (January 2018) and outgroup potato virus Y 
(PVY) as shown in red. Countries where samples were known to have 
been collected are listed
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BCMV 2, which were exactly conserved in both sequence 
and position (Table 2).

As expected based on the pairwise comparisons, the P1 
protein showed the highest variability (Table 2). Briefly, 
two P1 motifs, IXFG and FLXG, were found in 51 and 
60 BCMV sequences and 12 and 10 BCMNV sequences, 
respectively. The GXSG motif required for protease activ-
ity was completely conserved in all sequences. Another 
P1 motif involved in protease activity, FIVRG/FMIIRG, 
showed a clear difference between BCMV and BCMNV 
sequences. The BCMV sequences showed high con-
servation for the FMIIRG motif, while BCMNV main-
tained the more common FIVRG motif [9, 47]. The 
 HX8DX32SGX22RG motif was found in all BCMV 1 and 
BCMV 2 sequences, with changes to the ‘X’ aa spacer 
length [9, 47]. It was also observed that all BCMNV 
sequences contained a D-to-S substitution. These results 
highlight that the region encoding the mature P1 peptide 
would most likely be the least efficient region to target 
for RNAi.

Within HC-Pro, seven motifs were completely conserved 
in all 62 BCMV and 13 BCMNV sequences;  CX8CX18CX2C 
(putative zinc finger binding motif) [32], KLSC (aphid 
transmission – known as KITC in other potyviruses) [65], 
 FRNKX12CDNQLD (symptomatology) [3], CCCVT (long 
distance movement) [43], PTK (aphid transmission) [65], 
GYCY (cysteine proteinases) [9], and  CX72H (protease 
activity) [32] (Table 2). The HAKRFF motif, which is pos-
sibly involved in cell-to-cell movement [37], was found in all 
sequences, including BCMV 1 and BCMV 2, as HSKRFF. 
The motifs NIFLAML and AELPRILVDH [37] were 
found in the HC-Pro region of all 13 BCMNV sequences 
and 61 BCMV sequences (NVFLAML in KP903372 and 
ADLPRILVDH in GQ219793). The LXKA motif, which is 
known for silencing suppressor activity [63], was found in 
11 BCMNV sequences, while all 62 BCMV sequences con-
tained a change to LXLA. The less-conserved motif IGN, 
which is involved in cell-to-cell and long-distance movement 
[30], was not found in any BCMV 1 or BCMV 2 sequences 
or in any BCMV or BCMNV sequences from GenBank.

In the P3 protein, the  EPYX7SPX2LXAX2NXGX2EX5N 
motif  [30] was found in a  der ivat ive form, 
 DPYX7SPX2LXHXRXRX2EX5W [9], in BCMV 1 and 
BCMV 2 (Table 2). The derivative form was also found in 
61 BCMV sequences  (DPYX7SPX2SXHXRXRX2EX5W 
in KC478389), and in all 13 BCMNV sequences, it was 
 DPYX7SPX2LXHXRXKX2EX5W. Within the CI protein, 
four motifs involved in helicase activity were completely 
conserved across the BCMV and BCMNV sequences: 
DEXH, KVSATPP, LVYV and VATNIIENGVTL [18] 
(Table  2). Another motif involved in helicase activ-
ity, GERIQRLGRVGR, was found in all but one of the 
BCMNV sequences (GERIQRPGRVGR in AY864314). The Ta
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Table 2  Conserved potyvirus motifs and their functions (if known) 
in the Australian isolates BCMV 1 and BCMV 2, with the aa posi-
tion shown (identical motif and motif positions were observed) and 
the number of motifs present in the 62 BCMV and 13 BCMNV full 

genomic sequences from GenBank (accessed January 2018). Amino 
acids that differ from the conserved potyvirus motif are in bold and 
underlined

ORF region Conserved potyvirus motifs 
(function)

Motifs in the sequenced 
Australian genomes with aa 
positions

No. of motifs in published full genomic 
sequences

Reference for 
motif

BCMV 1 and BCMV 2 62 BCMV 13 BCMNV

P1 IXFG 4IMFG7 51 12 [48, 62]
FLXG 257FLHG260 60 10 [48, 62]
GXSG
(protease activity)

395GDSG398 62 13 [32, 48]

FMIIRG/FIVRG
(protease activity)

as
416FMIIRG421

52
FMIIRG

12
FIVRG

FMIIRG: [9]
FIVRG: [39, 47]

HX8DX32SGX22RG as
356HX10DX29SGX21RG422

60
HX10DX29SGX21RG

13
HX10SX29SGX21RG

[9, 26, 47]

HC-Pro CX8CX18CX2C
(putative zinc finger binding 

motif)

471CX8CX18CX2C502 62 13 [9, 32]

IGN
(cell-to-cell and long-distance 

movement)

- - - [2, 30, 49]

KITC
KLSC in BCMV/BCMNV
(aphid transmission)

496KLSC499 62 13 [9, 65]

LXKA
(silencing suppresser activity)

594LDLA597 62
LXLA

11
LKKA

[48, 63]

FRNKX12CDNQLD
(symptomatology)

623FRNKX12CDNQLD644 62 13 [3, 40]

HAKRFF
(possible cell-to-cell move-

ment)

as
657HSKRFF662

62
HSKRFF

13
HSKRFF

[3, 37]

CCCVT
(long distance movement)

734CCCVT738 62 13 [39, 43]

PTK
(aphid transmission)

752PTK754 62 13 [2, 65]

GYCY 
(cysteine proteinases)

784GYCY 787 62 13 [9, 20]

NIFLAML 789NIFLAML795 61 13 [3, 37]
AELPRILVDH 844AELPRILVDH853 61 13 [3, 37]
CX72H
(protease activity)

786CX72H859 62 13 [32, 48]

P3 EPYX7SPX2LXAX2NXGX-
2EX5N

(possible protease activity)

as
930DPYX7SPX2LX-

HX2RXRX2EX5W960

61 13  DPYX7SPX2LXHX2 
RXKX2EX5W

[9, 30]

GAVGSGKST
(NTP binding)

1,384GAVGSGKST1,392 60 13 [29, 47]
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VLLLEPTRPL motif, also involved in helicase activity, was 
observed in all 13 BCMNV sequences. BCMV 1 and BCMV 
2 and all BCMV sequences except one retained the motif 
as VLLCERTRPL (VLLCGRTRPL in KC832502). Still 
within the CI protein, the GAVGASGKST motif, which is 
involved in NTP binding [29], was observed in all BCMNV 
sequences and in 60 BCMV sequences (GAVDSGKST 
in KC83501 and GAGGC GKKS in KC832502). In the 

NIa-Pro region,  HX34DX67GXCG [29] was completely con-
served across all sequences (Table 2).

Within the NIb protein, five motifs were conserved in 
all 62 BCMV and 13 BCMNV sequences from GenBank: 
SLKAEL (RNA polymerase activity) [43], CVDDFN [66], 
CHADGS (RNA-dependant polymerase activity) [43], 
GDD (RNA-dependant polymerase activity) [43], and 
[A/S]M[I/V]E[S/A]WG as AMIEAWG [66] (Table 2). The 

Table 2  (continued)

ORF region Conserved potyvirus motifs 
(function)

Motifs in the sequenced 
Australian genomes with aa 
positions

No. of motifs in published full genomic 
sequences

Reference for 
motif

BCMV 1 and BCMV 2 62 BCMV 13 BCMNV

CI VLLLEPTRPL
(potential helicase activity)

as
1,404VLLCEPTRPL1,413

61
VLLCEPTRPL

13
VLLLEPTRPL

[29, 32, 47]

DEXH
(potential helicase activity)

1,473DECH1,476 62 13 [18, 29, 32]

KVSATPP
(potential helicase activity)

1,502KVSATPP1,506 62 13 [18, 30, 32]

LVYV
(potential helicase activity)

1,551LVYV1,554 62 13 [18, 32]

VATNIIENGVTL
(potential helicase activity)

1,602VATNIIENGVTL1,613 62 13 [18, 32]

GERIQRLGRVGR
(potential helicase activity)

1,646GERIQRLGRVGR1,657 62 12 [18, 32]

NIa-Pro HX34DX67GXCGX14H
(proteolytic activity)

2,222HX34DX67GX-
CGX14H2,343

62 13 [26, 29]

NIb SLKAEL
(RNA polymerase activity)

2,588SLKAEL2,599 62 13 [40, 43]

FTAAP[L/I][D/E] as
2,607FTAAPMD2,613

62
FTAAPMD

13
FTAAPID

[48, 66]

CVDDFN 2,621CVDDFN2,626 62 13 [48, 66]
aCHADGS
(RNA-dependant polymerase 

activity)

2,663CHADGS2,668 62 13 [29, 43]

aGNNSGQPSTVVDNTLMV
(RNA-dependant polymerase 

activity)

2,725GNNSGQPSTV-
VDNTLMV2,741

61 13 [9, 43]

aGDD
(RNA-dependant polymerase 

activity)

2,769GDD2,771 62 13 [9, 43]

[A/S]M[I/V]E[S/A]WG 2,855AMIEAWG 2,861 62 13 [44, 48, 66]
CP DAG

(aphid transmission)
2,947DAG2,949 59 11 [9, 65]

MVWCI[E/D]NGTSP 3,070MVWCIDNGTSP3,080 61 13 [6, 30, 43]
W[V/T]MMDG[D/E/N] 3,086WVMMDGD3,092 62

(30 end
with E)

13 [44, 48, 66]

[P/R/A]YMPRYG 3,133PYMPRYG 3,139 61 13
FYMPRYG 

[44, 48, 66]

AFDF 3,153AFDF3,156 61 13 [30, 43, 47]
QMKAAA 3,173QMKAAA 3,178 62 10 [6, 30, 47]
E[N/D]TERH 3,198ENTERH3,203 61 13 [44, 48, 66]

a linked binding sites for RNA-dependant polymerase activity
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GNNSGQPSTVVDNTLMV motif, which is associated 
with RNA polymerase activity [43], was found in all but 
one sequence (KC832501 – GNNSGQPSTVVDNTLVV). 
The FTAAP[L/I][D/E] motif [66]was found in all BCMV 
sequences, including BCMV 1 and BCMV 2, as FTAAPMD. 
All 13 BCMNV sequences contained the standard motif 
FTAAPID.

Within the CP, a high degree of motif conservation across 
the BCMV and BCMNV sequences was observed except 
for one BCMV sequence, KT175568. BCMV KT175568 
contained only two out of the seven highly conserved poty-
virus motifs (Table 2). One of these two motifs, the W[V/T]
MMDG[D/E/N] motif [66] was observed in all sequences, 
and the second motif, QMKAAA [29], was found in all 
62 BCMV and 10 BCMNV sequences (QMKAAR in 
AY138897, NC_004047 and U19287). When excluding this 
outlier, three motifs were found in all GenBank sequences: 
MVWCI[E/D]NGTSP as MVWCIDNGTSP [29], AFDF 
[29] and E[N/D]TERH as ENTERH [66]. The [P/R/A]
YMPRYG motif [66] was observed as PYMPRYG in all 
61 BMCV sequences (KT175568 outlier as PYMLRYG); 
however, all 13 BCMNV sequences contained the motif 
FYMPRYG.

The DAG motif, which is associated with aphid trans-
mission [65], was found in 59 BCMV sequences and 11 
BCMNV sequences (Table 2). The three BCMV sequences 
without the DAG motif (AY112735, KT175568 and 
KF919299) were substituted to DAS, suggesting these 
three isolates had lost their aphid transmissibility [35]. The 
two BCMNV sequences (HG792063 and HQ229993) were 

converted to NAG, also suggesting a loss of aphid transmis-
sibility [24].

RNAi construct design

The 39 conserved potyvirus motifs were used as guide to 
design dsRNA constructs to target conserved regions of 
the viral genome encoding critical functions that are less 
likely than other regions to mutate over time (Fig. 2a). 
These regions are hypothesised to offer the best chance for 
broad-spectrum dsRNA-mediated protection from BCMV 
and related potyviruses due to their facultative functional 
importance, and thus sequence conservation. Using a mini-
mum pairwise sequence identity value of 84%, NIb and CP 
were found to be the best RNAi target regions (Table 1). A 
920-bp region from NIb and a 461-bp region from CP were 
selected for further analysis. Within the 920-bp dsRNA NIb 
target region, all NIb motifs listed in Table 2 were included 
(Fig. 2b). Within the 461-bp dsRNA CP target region, all 
CP motifs included in Table 2 aside from the DAG motif 
were included (Fig. 2c). All 64 BCMV and 13 BCMNV 
sequences were aligned to the NIb and CP target regions, 
with 85.1% and 91.0 % average pairwise nt sequence iden-
tity, respectively (Supplementary Fig. 4 and 5).

The complete set of 21-nt and 22-nt siRNAs that could 
potentially be generated from each NIb and CP dsRNA 
targeted region was predicted. The conservation of these 
21-nt and 22-nt siRNAs across all BCMV and BCMNV 
sequences was then used to determine the degree to which 
global BCMV and BCMNV isolates could be targeted. 
Double-stranded-RNA-derived 21- and 22-nt siRNAs that 

Fig. 2  Schematic diagram indicating the motif positions in a) the full 
length of the Australian BCMV isolates, b) the zoomed-in view of 
the NIb mature peptide region, and c) the CP mature peptide region. 
Green bars indicate mature peptides, purple bars indicate the 39 con-

served motifs (motifs containing ‘X’ aa spacers have multiple purple 
bars placed only on the conserved aa), and orange bars indicate the 
dsRNA target areas used to design two highly conserved dsRNA con-
structs for RNAi-mediated protection against BCMV
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exactly matched each viral sequence were identified (Fig. 3). 
Within BCMV 1, 900 and 899 putative 21-nt and 22-nt siR-
NAs, respectively, were generated from the 920-bp NIb 
dsRNA target, and 816 and 811 putative 21-nt and 22-nt 
siRNAs, respectively, were generated within BCMV 2. In 
both BCMV 1 and BCMV 2, 438 and 437 putative 21-nt and 
22-nt siRNAs, respectively, were generated from the 461-bp 
CP dsRNA target. In sequences closely related to BCMV 1 
and BCMV 2 (KU896809-KP903372, Fig. 1), the number 
of conserved putative 21-nt and 22-nt siRNAs for the NIb 
dsRNA target ranged from 103 to 816 and 96 to 811, respec-
tively, across all cluster 1a isolates. Meanwhile, the number 
of conserved 21-nt and 22-nt sequences in the CP dsRNA 
target ranged from 97 to 399 and 89 to 396, respectively 
(Fig. 3, BCMV cluster 1a).

Within the analysis of the conserved 21-nt and 
22-nt sequences in phylogenetic cluster 2 (KF919300-
KC832502, Fig. 1), a difference between the two dsRNA 
targets can be observed. The number of potential 21-nt 
and 22-nt hits for the NIb dsRNA target ranged from 18 
to 173 and 15 to 163, respectively, while the CP dsRNA 

target ranged from 126 to 385 and 118 to 382, respec-
tively (Fig. 3, BCMV cluster 2). Similar results were also 
observed for the potential siRNA generated in the BCMV 
sequences in cluster 1b (KM051428-AY968604, Fig. 1), 
where the NIb dsRNA target ranged from 27 to 81 and 24 
to 74 conserved putative 21-nt and 22-nt siRNAs, respec-
tively, while the CP dsRNA target ranged from 75 to 201 
and 68 to 193, respectively (Fig. 3, BCMV cluster 1b). 
Within the BCMNV sequences, which show less sequence 
conservation than BCMV, a clear difference between 
the two dsRNA targets can again be observed. The NIb 
dsRNA target has very poor coverage, only hitting one 
sequence a minimum of 21 nt and 22 nt (three and two, 
respectively), while the CP dsRNA target could potentially 
hit all BCMNV sequences ranging from 18 to 37 and 15 
to 34, respectively (Fig. 3, BCMNV cluster). As such, the 
NIb dsRNA target will likely not work against the cur-
rent BCMNV sequences, while the CP dsRNA target has 
a small range of potential siRNAs generated against all 
BCMNV sequences. This analysis of potential siRNA 
generation from the two constructs suggests that although 
the NIb dsRNA target is larger, the CP dsRNA target 

Fig. 3  Number of potential siRNA hits generated from the designed 
dsRNA targeted regions, NIb (920 bp) and CP (461 bp) against 
the individual sequences corresponding to the 62 BCMV and 13 
BCMNV sequences from GenBank (accessed January 2018). Panel a 

represents the number of 21-nt matches. Panel b represents the num-
ber of 22-nt matches. The lower panel shows the phylogenetic cluster. 
Tabulated data are available in Supplementary Table 3
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may provide RNAi-mediated resistance to a wide range 
of BCMV strains, with the potential to broadly silence 
BCMNV as well.

RNAi‑mediated protection against BCMV

The designed dsRNA-targeted regions were used to make 
the dsRNA constructs BCMVNIb-dsRNA and BCMVCP-
dsRNA for in planta experiments. BCMVNIb-dsRNA and 
BCMVCP-dsRNA were transiently expressed in Nicotiana 
benthamiana via agroinfiltration and tested for siRNA 
production and RNAi-mediated protection against BCMV 
within the plant system. The 920-bp NIb and 461-bp CP 
target regions were synthesized as dsRNA hairpins contain-
ing the 446-bp tobacco protease intron (GenBank accession 
D11396.1) as the hairpin loop. To test for siRNA generation, 
agrobacteria expressing BCMVNIb-dsRNA were infiltrated 
into N. benthamiana plants, and total RNA was collected 
at three and seven days post-infiltration and subjected to 
northern blot analysis. Analysis of the total RNA probed 
with the BCMVNIb-middle DIG-labelled oligonucleotide 
probe confirmed typical siRNA generation of 21 and 22 nt 
size at both time points (Fig. 4a). Analysis of BCMVCP-
dsRNA probed with BCMVCP-middle DIG-labelled oligo-
nucleotide probe also revealed typical 21 nt and 22 nt siRNA 
generation (Fig. 4b). Agrobacteria with a blank pART27 
construct (no dsRNA) lacking siRNA homologous to the 
BCMV-specific oligonucleotide probes, were used as a nega-
tive control (Fig. 4).

N. benthamiana plants were agroinfiltrated with the 
BCMV-specific dsRNA and challenged with BCMV 2 to 
examine the efficiency of RNAi-mediated resistance. Over 
three trials, plants were agroinfiltrated with either GFP-
dsRNA (nonspecific dsRNA) or BCMVNIb-dsRNA and 
BCMVCP-dsRNA, or left untouched (BCMV only group). 
Three days after agroinfiltration, all plants were challenged 

with BCMV 2 on the infiltrated leaf, or, in the BCMV-
only group, a similar leaf. An antigen-coated plate (ACP) 
enzyme-linked immunosorbent assay (ELISA) was used to 
detect the presence of BCMV in the infiltrated tissue seven 
days after viral inoculation. Plants that were agroinfiltrated 
with BCMVNIb-dsRNA and BCMVCP-dsRNA showed 
protection against BCMV 2, as overall, only 15% and 8% 
of plants were infected, respectively (Table 3). Both the 
BCMV-only and GFP-dsRNA plants showed high infection 
rates of 92% and 100%, respectively. The lack of RNAi-
mediated protection in the nonspecific dsRNA control GFP-
dsRNA demonstrates that homology to the targeted virus is 
required to generate RNAi-mediated protection.

Fig. 4  Small interfering RNA (siRNA) generation of BCMVNIb-
dsRNA (920 bp) and BCMVCP-dsRNA (461 bp) in agroinfiltrated 
Nicotiana benthamiana. N. benthamiana plants were agroinfiltrated 
with a) GV3101/pART27BCMVNIb-dsRNA (n = 2) and b) GV3101/
pART27BCMVCP-dsRNA (n = 2). Total RNA from the infiltrated 
tissue was collected at 3 and 7 days post-agroinfiltration. Northern 

blot analysis of total RNA resolved on a PAGE gel and probed with 
the BCMV NIb middle or BCMV CP middle DIG-labelled oligonu-
cleotide probe shows that 21- and 22-nt siRNA can be observed at 
both time points in BCMVNIb-dsRNA and BCMVCP-dsRNA sam-
ples. Plants agroinfiltrated with GV3101 pART27/blank were used as 
negative controls. The lower panel shows equal loading of RNA

Table 3  RNAi-mediated protection of BCMV-specific dsRNA in N. 
benthamiana agroinfiltration trials (over 3 individual experiments)

* Infected as per ACP-ELISA (Supplementary Fig. 6-8)

Plant group Infected* Percent infected Average per-
cent infected

BCMV only 4/4 100% 92%
4/5 80%
4/4 100%

GFP-dsRNA (non-
specific dsRNA)

4/4 100% 100%
5/5 100%
4/4 100%

BCMVNIb-dsRNA 0/4 0% 15%
1/5 20%
1/4 25%

BCMVCP-dsRNA 1/4 25% 8%
0/5 0%
0/4 0%
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Discussion

In this study, we present complete genome sequences for 
two new Australian BCMV isolates. Previously, only one 
Australian BCMV isolate had been fully sequenced (Gen-
Bank accession no. EU761198, accessed January 2018) 
even though BCMV has been detected across Australia 
[42, 52, 53]. The nt and aa sequences of these two Aus-
tralian BCMV sequences were compared to those of 62 
BCMV and 13 full genomic BCMNV sequences obtained 
from GenBank (accessed January 2018). Analysis of 40 
highly conserved potyvirus motifs within BCMV and 
BCMNV sequences was used to design two dsRNA targets 
(BCMVNIb-dsRNA and BCMVCP-dsRNA). Using a cus-
tom in-house script, the potential 21-nt and 22-nt siRNA 
hits produced by the designed dsRNA targets against indi-
vidual BCMV and BCMNV sequences in the GenBank 
database were calculated. The scoring of potential 21-nt 
and 22-nt siRNA hits revealed that the BCMVNIb-dsRNA 
target might not be effective for BCMNV RNAi-mediated 
protection (Fig. 3). To target BCMNV effectively, new 
targets should be considered. Northern blot analysis of 
siRNA generation for both dsRNA targets showed typical 
siRNA generation (Fig. 4). Mechanical inoculation stud-
ies demonstrated that BCMVNIb-dsRNA and BCMVCP-
dsRNA were able to protect plants from BCMV infection 
(Table 3).

Development of a successful dsRNA target for BCMV 
paves a new direction for plant protection away from current 
protective methods that rely on genetic BCMV resistance 
[25]. With the development of Embrapa 5.1, a genetically 
engineered bean resistant to BGMV, technology exists to 
create GMOs resistant to BCMV. However, the development 
of Embrapa 5.1, was not cost- or time-efficient, as only one 
plant exhibited resistance to the virus from 18 putative trans-
genic lines consisting of 2,706 plants [7]. Recently, a novel 
method for delivering dsRNA has emerged as an attractive 
alternative to transgenic RNAi plants [41]. Mitter et al. [41] 
were able to topically apply dsRNA loaded onto designer, 
non-toxic, degradable layered double hydroxide clay nan-
oparticles, called BioClay, to protect tobacco plants from 
cucumber mosaic virus for at least 20 days after viral chal-
lenge in sprayed and newly emerged unsprayed leaves. This 
sustainable and easy-to-adopt technology could be translated 
with BCMV-specific dsRNA to afford crop protection.
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