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Abstract

Clustered, regularly interspaced short palindromic repeats/CRISPR-associated proteins (CRISPR/Cas) based genome
editing technology has been developed from the adaptive immune system used by many bacteria and archaea for
combating against viruses. Here, we utilize the Cas9 with dual gRNAs designed to target two essential regions of
the single-stranded DNA genome of the Cotton Leaf Curl Multan virus (CLCuMuV) which can cleavage the
corresponding DNA sequence and thus interrupt viral infection. The transgenic plants expressing Cas9 and
dual gRNAs that target different regions of the CLCuMuV genome confer complete resistance to virus
infection, thereby demonstrating a novel approach for engineering resistance to geminiviruses.
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Background
There are several strategies to engineer resistance
against viral diseases in plants, the most powerful of
which is based on pathogen-derived resistance (PDR),
a concept referring to the insertion of viral sequences
in plant cells leading to virus resistance (Beachy
1997). PDR can be grouped into two classes:
protein-mediated resistance and RNAi-mediated re-
sistance (Beachy 1999; Baulcombe 2004) and has been
widely and successfully applied in the anti-RNA virus
field. Many commercial transgenic plants have been
engineered in this way, including SunUp, a genetically
modified papaya variety with transgenic viral coat
protein that is resistant to ringspot virus (Ming et al.
2008). However, PDR-based DNA virus resistance has
not been exploited as successful as that against RNA
viruses, as DNA and RNA viruses use distinct patho-
genic mechanisms to infect host plants. Therefore, a
new approach needs to be developed to combat DNA
viruses.

CRISPR/Cas9-based genome editing technology was
recently developed from a defense mechanism used by
bacteria and archaea for control of viruses. This system
is composed of two components: a programmable DNA
nuclease Cas9 and a short RNA called guide RNA
(gRNA). The Cas9 nuclease forms a complex with a
gRNA and searches for the DNA target that is comple-
mentary to the first 20 nt of the gRNA, which has a
5′-NGG-3′ PAM (protospace adjacent motif ) immedi-
ately downstream of the complementary region. When
the complex finds the target, the Cas9 will cut both
strands of the target DNA at around 3 bp upstream of
the PAM. Shortly after this technology was first demon-
strated to serve a function in human cells, it was ex-
tended and applied to many other species including
mouse, worm, fly, fish and plant (Hsu et al. 2014).
Cotton is one of the most important economic crops

across the globe. However, in the past two decades, cotton
production in Asian countries such as Pakistan, India and
China, was threatened by the epidemic of cotton leaf curl
disease (CLCuD) (Briddon and Markham 2000). CLCuD is
transmitted exclusively by whitefly Bemisia tabaci, which
carries the CLCuD pathogen Begomoviruses, causing leaf
curling, vein darkening, vein swelling, and enations on the
underside of leaves, among other characteristic symptoms
(Briddon and Markham 2000). Begomoviruses belonging to
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the family Geminiviridae are single-stranded DNA (ssDNA)
viruses and are often associated with single-stranded DNA
satellite (DNA β). Although Begomoviruses are isolated
from cotton, they can infect Nicotiana benthamiana plants
and cause characteristic symptoms. Among the various
members of Begomovirus species, Cotton Leaf Curl Multan
virus (CLCuMuV) is the most devastating virus responsible
for huge cotton production losses in the northern-western
India subcontinent since the 1980s. The virus has also
spread to China (Cai et al. 2010).
CLCuMuV is a monopartite Begomovirus typically

associated with a single-stranded satellite molecule
called CLCuMuB. The 2.7 kb CLCuMuV genomic
DNA consists of six protein coding genes designated
as V1, V2, C1, C2, C3, and C4, which encode capsid
protein (CP), precoat protein, replication-associated
protein (Rep), transactivator protein (TrAP), replica-
tion enhancer protein (REn), and C4 proteins, re-
spectively (Fig. 1a) (Cai et al. 2010). When CLCuMuV
enters the host plant cell via its insect vector whitefly,
it uncoats and releases its ssDNA genome into the
nucleus. The ssDNA genome is then converted into a
covalently closed double-stranded DNA (dsDNA) cir-
cle as the replicative form (RF). DNA motifs in the
intergenic region (IR) of the RF are used by host
polymerase to generate viral mRNAs through bidirec-
tional transcription. The viral mRNAs are subse-
quently translated into viral proteins. Once the Rep
protein is made, it nicks the plus strand of the invari-
ant sequence in the IR to initiate the replication of
viral genome via rolling-circle replication (RCR)
mechanism. In the early stage of RCR process,
double-stranded RF DNAs are generated while in the
later stage of RCR, the ssDNA genomes accumulate.
The ssDNA viral genomes are finally packaged into
the CP and released into neighboring plant cells
through plasmodesmata (Fig. 1b).

Results
sgRNA design
It is hypothesized that if the RF DNA of CLCuMuV
can be targeted directly by the CRISPR/Cas9 system,
CLCuMuV should be suppressed or cleared by the
consequently mutagenizing key genomic elements or
destabilizing the viral replication intermediates
through linearization of circular genomes. To inhibit
the replication of CLCuMuV, we in silico designed all
the gRNAs targeting the IR region and the C1 coding
region via the gRNA Finder tool (http://crispr.hzau.e-
du.cn/cgi-bin/CRISPR2/SCORE) (Additional file 1:
Table S1). Following the gRNA design principle by
Doench et al. (2016) we selected one gRNA with po-
tential high activity each for the IR region (gRNA-1)
and the C1 coding region (gRNA-2), respectively.

Test of sgRNA activity
To test the gRNAs’ activity in plant cells, we adopted an
fsGFP reporter system similar to our previous fsGUS re-
porter system (Fig. 2a) (Yin et al. 2015), in which the
gRNA targeting sequence was inserted right after the start
codon leading to disruption of the reading frame of GFP.
Once the Cas9 and gRNA co-expressed in the cell, the
fsGFP DNA was targeted and cut by the Cas9. The result-
ing double strand break (DSB) were repaired by
non-homologous end joining (NHEJ) and fsGFP could
possibly be restored to a functional GFP gene. To test the
activity of gRNA-1 in the plant, N. benthamiana plant
leaves were co-infiltrated with two Agrobacterium strains
with one harboring a binary vector expressing the Cas9
gene by 35S promoter and gRNA-1 by U6 promoter and
the other harboring the fsGFP gene (Fig. 2a). In ~ 50%
leaves examined at 48 hours after infiltration, a number of
cells displayed strong fluorescence under confocal micros-
copy. However, no fluorescence was observed when leaves
were infiltrated with Agrobacterium containing either
Cas9 or fsGFP alone. The same assay was applied to
gRNA-2 and only leaves infiltrated with Agrobacterium
containing Cas9, gRNA-2 and fsGFP displayed strong
fluorescence under confocal microscopy (Fig. 3a).
We confirmed the above results and investigated the

mutations caused by the Cas9/gRNA system at the tar-
get site of the fsGFP gene in leaf cells converting the
non-functional fsGFP gene into a functional GFP gene.
In our investigation, we extracted DNA from the leaf re-
gions with fluorescence. The DNA samples underwent
PCR amplification using primers flanking the targeting
site of each gRNA in fsGFP gene. PCR amplicons were
then cloned into vectors and sequenced. The sequencing
results showed that both gRNA-1 and gRNA-2 are active
gRNAs, which can guide Cas9 protein to cut the target
sites in the fsGFP gene, generating variable mutations
through NHEJ (Fig. 3b). Most mutations are + 1 and − 1
frameshifts, consistent with previous reports (Shan et al.
2013). Moreover, some mutations generated in-frame
coding sequence of GFP gene, thus reconstituting a
functional GFP (Fig. 3b). Taken together, these results
showed both gRNAs are highly active for gene editing.

Transgenic plants with Cas9-gRNA confer virus resistance
The successful cleavage of fsGFP genes mediated by Cas9
and the two designed gRNAs provided the possibility of
using these two gRNAs to mediate the cleavage of gemini-
virus dsDNA intermediates with an aim to increase resist-
ance to virus attack. To this end, one construct
(p35S:oCas9-U6:gRNA-1-U6:gRNA-2) with expression of
Cas9 and the two gRNAs simultaneously was transformed
into N. bentahmiana plants by Agrobacterium-mediated
transformation (Fig. 2b). The transgenic plants carrying
Cas9 and gRNAs were identified. We selected two
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transgenic lines (nos. 1 and 8) and challenged their progeny
plants with CLCuMuV. Wild-type plants and Cas9-only
transgenic plants were used as controls.
Thirty-five days post inoculation (dpi), all the

wild-type and Cas9-only transgenic plants showed typ-
ical CLCuMuV-induced symptoms such as severely
downward leaf curling, darkening, shorter stem inter-
nodes and abnormal flowers (Fig. 4). By contrast, trans-
genic plants expressing Cas9, gRNA-1 and gRNA-2

appeared to grow normally, resembling mock-inoculated
wild-type and Cas9-only transgenic plants (Fig. 4).
The total DNA from plants in Fig. 4 were extracted

and assayed by Southern blot using a biotin-labeled
hybridization probe specific to CLCuMuV. A typical cir-
cular DNA pattern as well as ss- and dsDNA profiles of
CLCuMuV were readily detected in high abundance in
both wild-type and Cas9-only transgenic plants (Fig. 5).
By contrast, CLCuMuV was undetectable in transgenic

Fig. 1 Schematic diagrams of constructions of CLCuMuV and CLCuMuB infectious clones and CRISPR/Cas9 system-mediated virus resistance in
plants. a Genome organization of the wild-type CLCuMuV and CLCuMuB and sgRNA target sites. The ORFs are represented by filled arrows, CR,
SCR and A-Rich region are represented by filled boxes. The two target sites are represented by dashed arrowheads. b Schematic representation
of CRISPR/Cas9 system-mediated CLCuMuV resistance. Once the virus infects a plant cell, it enters the cell nucleus where it replicates to produce
more viruses. Some of them are packaged into virus, which can be transmitted into other plants by whitefly
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plants simultaneously expressing Cas9, gRNA-1 and
gRNA-2, indicating that high virus resistance was
achieved in these lines (Fig. 5). Overall, our results show
that transgenic plants generated by the CRISPR/Cas9
system in combination with the dual gRNAs, confer
complete CLCuMuV resistance.

Discussion
Geminiviruses are characterized by their twinned icosa-
hedral particles. They can infect a lot of plants including
staple food crops, fiber crops, weeds and ornamental
plants, causing great yield losses around the world (Han-
ley-Bowdoin et al. 2013). Although PDR is the most
powerful approach to generate resistance to RNA vi-
ruses, it was not successful to geminiviruses. For ex-
ample, transgenic expression of C-terminal truncated
forms (Rep210) of the Rep of Tomato yellow leaf curl

Sardinia virus (TYLCSV) confers resistance to this virus
by inhibiting its transcription and replication. However,
this resistance to TYLCSV is not durable because virus
could quickly silence the Rep-210 transgene via
virus-induced gene silencing (VIGS) (Lucioli et al. 2003).
In addition, transgenic expression of Bean golden mosaic
virus (BGMV) coat protein gene failed to confer resist-
ance to this virus (Russell et al. 1993). While transgenic
expression of replication initiator protein gene, transacti-
vator protein, replication enhancer protein gene and
movement protein gene in an antisense orientation
could delay golden mosaic symptoms after inoculation
via whitefly (Aragão et al. 1998; Aragão and Faria 2009).
Furthermore, transgenic expression of the mutated Rep
gene conferred resistance to BGMV but that resistance
is dependent on the dosage of virus inoculated (Faria et
al. 2006). Therefore, alternative approaches other than

Fig. 2 Schematic representation of the experimental design of fsGFP assay and vector for generation of transgenic plants. a fsGFP assay to
determine gRNA activity. b Schematic diagram of T-DNA region in a vector for generation of transgenic N. benthamiana plants. Arabidopsis U6
promoter is used to direct the expression of gRNA. oCas9, Arabidopsis codon-optimized Cas9; LB, left border; RB, right border; Ter, terminator;
HptII, hygromycin phosphotransferase II
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PDR are urgently required for preventing geminivirus in-
fections in crop plants.
The development of genome editing systems provides

potential controls against DNA viruses. The first artifi-
cial zinc finger protein (AZP) targeting a 19 bp fragment
in the IR region of Beet severe curly top virus (BSCTV)
in planta was designed in the mid-2000s (Sera 2005).
Because the IR region contains a binding site recognized
by the Rep protein, BSCTV replication was reduced in
AZP transgenic plants in which AZP would block the
Rep binding site (Sera 2005). Unlike AZP, zinc finger

nuclease (ZFN) mediated DNA virus resistance involves
not only the binding of virus, but also the cleavage of
virus and the introduction of deleterious mutations in
the viral genome. ZFN technology was recently used to
provide resistance against Tomato yellow leaf curl China
virus (TYLCCNV) by targeting the Rep gene (Chen et
al. 2014). However, its efficient application in transgenic
plants remains to be confirmed. Transcription activator
like effectors (TALEs) were recently developed to target
two conserved 12 nt sequences among begomoviruses
and these TALEs provided broad-spectrum resistance

Fig. 3 CRISPR/Cas9-mediated targeted cleavage of the CLCuMuV genome. a GFP signals from N. benthamiana plant leaves. No fluorescence was
observed in leaves infiltrated only with A. tumefaciens lines containing Cas9 and fsGFP respectively. Cas9 + fsGFP+gRNA-1 is the representative
confocal image of leaf cells infiltrated with a mixture of two Agrobacterium cultures — one with a vector containing a fsGFP gene and the other
with a vector containing the Cas9 gene and gRNA-1. Cas9 + fsGFP+gRNA-2 is the representative confocal image of leaf cells infiltrated with a
mixture of two A. tumefaciens cultures — one with a vector containing a fsGFP gene and the other containing the Cas9 gene and gRNA-2. Leaves
were photographed at 48 h after A. tumefaciens infiltration. Bars = 20 μm. b Partial DNA sequences of two fsGFP genes and repaired outcomes
following cleavage by Cas9/gRNA complex, and the representative Sanger sequencing chromatographs. Start codons are shown in light blue,
gRNA target sequences are shown in red
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against three DNA viruses, including Tobacco curly shoot
virus (TbCSV), Tomato leaf curl Yunnan virus
(TLCYnV) and TYLCCNV (Cheng et al. 2015). How-
ever, TALE nucleases (TALENs) have not been reported
to provide resistance against DNA viruses, partly due to
the difficulty and cost. In contrast, the simplicity, effi-
ciency and affordability of CRISPR-Cas9 technology
attracted a lot of attentions immediately after its first ap-
plication in eukaryotic cells. Three studies have shown
that the CRISPR/Cas9 system can be used to engineer
resistance to DNA viruses (Ali et al. 2015; Baltes et al.
2015; Ji et al. 2015). They all employed a single gRNA to
target corresponding DNA viruses. In this study, we used
two gRNAs to target IR and C1 responsible for the rapid
replication of CLCuMuV, and generated CRISPR-edited
plants that confer complete resistance to CLCuMuV.
The ability of DNA viruses to evade the CRISPR/Cas9
cleavage has been recently evaluated. They found that
although CRISPR/Cas9 can efficiently target the cod-
ing region of different DNA viruses with one sgRNA,
the NHEJ mediated repair also resulted in the gener-
ation of viral variants with replication and movement
abilities (Ali et al. 2016). However, CRISPR/Cas9 can
simultaneously target the coding region with two
nearby sgRNAs and generate relatively large indels
which will disrupt the coding region of a DNA virus.
Even if the two sgRNAs did not work simultaneously
and thus no indels will occur, NHEJ mediated repair
of two nearby sites will have extremely low chance to
generate viral variants with functional protein corre-
sponding to the target gene. Therefore, two or more

sgRNAs will increase the CRISPR/Cas9 mediated im-
munity to DNA viruses.
Field plants are threatened by single virus species and

many other DNA viruses. Thus, it is essential to control
viral diseases in a simple and efficient manner. There are
three alternative ways to engineer resistance to DNA vi-
ruses. The first way is to efficiently target the most con-
served region of a group of DNA viruses or even all the
DNA viruses. For example, Cabbage leaf curl virus and
African cassava mosaic virus have nearly identical 200–
250 bp common regions (Hanley-Bowdoin et al. 2000).
Designed sgRNAs from these regions will target both vi-
ruses and have potential to generate broader resistance
than sgRNAs from other non-conservative regions.
Interestingly the IR regions of all the geminiviruses con-
tain an invariant sequence: TAATATTAC. However, this
9 bp sequence is too short and cannot be targeted by
current CRISPR/Cas systems. In the future, modified
versions of CRISPR/Cas system based on structure
knowledges may recognize this short sequence and do
the cleavage in all the geminiviruses. The second way is
to express multiple sgRNAs targeting as many DNA vi-
ruses as possible in a transgenic plant. This strategy
takes advantage of the multiplicity of the CRISPR/Cas
systems. There are several methods reported to effi-
ciently produce multiple sgRNAs, including tRNA-
gRNA systems, Csy4 endoribonuclease mediated sgRNA
production and Ribozyme-gRNA-Ribozyme (RGR) sys-
tem (Gao and Zhao 2014; Nissim et al. 2014; Xie et al.
2015). However, all these methods can produce no more
than 10 sgRNAs, which is far less than the number of

Fig. 4 Symptoms on N. benthamiana plants inoculated with the infectious CLCuMuV and CLCuMuB clones. a Representative images of control and
transgenic plants 35 days (dpi) with CLCuMuV and CLCuMuB. 1 to 4 represent Cas9 + gRNA-1 + gRNA-2 transgenic line1, Cas9 + gRNA-1 + gRNA-2
transgenic line8, Cas9 transgenic, and WT, respectively. Bar = 8 cm. b The phenotype of the third, fourth and fifth leaves at the top of transgenic plants 20
dpi with CLCuMuV and CLCuMuB. Group 1 and 2 represent Cas9 + gRNA-1 + gRNA-2 transgenic line1 and Cas9 transgenic, respectively. Bar = 3 cm
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DNA viruses. Therefore, new methods that could pro-
duce a lot more sgRNAs are needed. The third way is to
modify host factors like the transmembrane immune re-
ceptor NIK1 to generate broader spectrum resistance to
geminiviruses (Brustolini et al. 2015; Zorzatto et al.
2015).
In nature, geminiviruses are transmitted by insect vec-

tors. For example, white flies (Bemisia tabaci) acquire vi-
rions of begomoviruses during their feeding on the
infected plants. The virions are then transmitted to an-
other plant during the next feeding cycle of the white flies.
Currently, all the reported resistances to geminiviruses via
CRISPR/Cas systems were based on the challenge results
of agroinoculations. Although this method resembled
natural inoculation, the differences of virion load be-
tween these two inoculation methods have not been
systematically evaluated. In the future, to ensure that
engineered resistances to geminiviruses based on
CRISPR/Cas systems are efficient in the field, it is

better to perform inoculation on cotton and other
test plants with white flies.

Conclusions
Our results demonstrate that, through expressing Cas9
and dual gRNAs to simultaneously target multiple re-
gions of DNA viruses, we can engineer plants with re-
markably complete resistance to DNA viruses for
effective viral disease control.

Methods
Plasmid construction
Two gRNAs targeting CLCuMuV (gRNA-1 and gRNA-2)
were firstly cloned into the pT-U6p-scaffold-U6t vector
(Yin et al. 2015) respectively by inverse PCR mutagenesis
method to generate pT-U6p-gRNA1-scaffold-U6t and
pT-U6p-gRNA2-scaffold-U6t. To generate a vector that
can accommodate both Cas9 expression cassette and
gRNA expression cassette, pKQ334 vector (Yin et al.
2015) which contains the Cas9 expression cassette was
modified. The fragment LIC5-ccdB-Chl-LIC6 contain-
ing ccdB gene and chloramphenicol resistance gene
was amplified by oYK782 and oYK783 using pJG081
as template and inserted into PmeI site of pKQ334 by
Gibson assembly. The resulting vector was named
pKQ334-LIC. gRNA expression cassette was amplified
using pT-U6p-gRNA1-scaffold-U6t or pT-U6p-gRNA2-
scaffold-U6t as template with primers oYK792 and
oYK793. These two PCR products were then inserted into
pKQ334-LIC by ligation independent cloning method to
generate pKQ334-gRNA-1 and pKQ334-gRNA-2,
respectively.
To construct fsGFP (frame shift GFP) for testing gRNA1

activity, the gRNA-1 target sequence was first inserted
after start codon of a modified mGFP5 (Ruiz et al. 1998)
using primer oYK1530 and oYK1532. The PCR product
was then cloned into pjg081 by LIC method to generate
pjg081-fsGFP-CLCuMV-gRNA1. In this vector, the fsGFP
gene was driven by a duplicate 35S promoter. For testing
gRNA-2 activity, pjg081-fsGFP-CLCuMV-gRNA2 vector
was constructed the same way as that for gRNA-1 using
primer oYK1531 and oYK1532.
gRNA-1 expression cassette was first PCR ampli-

fied with primers oYK1264 and oYK1265 using
pT-U6p-gRNA1-scaffold-U6t as template. The PCR
product was then cloned into the KpnI and XbaI site
of pT-U6p-gRNA2-scaffold-U6t to generate pT-U6p-
gRNA1-scaffold-U6t-U6p-gRNA2-scaffold-U6t. A ~ 2
kb DNA fragment containing gRNA-1 and gRNA-2
expression cassettes was PCR amplified with primers
oYK1291 and oYK1292 using pT-U6p-gRNA1-scaf-
fold-U6t-U6p-gRNA2-scaffold-U6t as template. The
PCR product was cloned into the pKQ334-LIC using

Fig. 5 Testing of CLCuMuV genomic DNA accumulation. Southern
blot analysis of CLCuMuV genomic DNA accumulation in control
and transgenic plants 35 dpi with CLCuMuV. CLCuMuV genomic
DNA was detected with DIG-labeled random primed probes against
the sequence of CLCuMuV. 1 to 4 represent WT, Cas9 transgenic,
Cas9 + gRNA-1 + gRNA-2 transgenic line1, and Cas9 + gRNA-1 +
gRNA-2 transgenic line8, respectively
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LIC method and the resulting binary vector was
p35S:oCas 9-U6:gRNA-1-U6:gRNA-2.

Generation of transgenic plants
Transgenic plants were generated with Agrobacterium--
mediated leaf disc method (Horsch et al. 1985; Yin et al.
2015). Briefly, leaves of 4–8 weeks old wild type N.
benthamiana plants (nn) were first harvested and sur-
face sterilized with 20% (v/v) NaClO plus 0.1% (v/v)
Tween 20 for 10 min. Then the leaves were rinsed using
sterilized water with 0.1% (v/v) Tween 20 for 4 times. 1
cm squares were cut from surface sterilized leaves and
then incubated with pre-cultured agrobacteria containing
p35S:oCas9-U6:gRNA-1-U6:gRNA-2 vector diluted in li-
quid transformation medium (1 × Murashige and Skoog
basal salt mixture, 3% Sucrose, 2.0 mg/L 6-BA, 0.2 mg/L
NAA, pH 5.8) with an OD at 0.6 for 10min at room
temperature. Then the leaf squares were laid directly onto
solid transformation medium (1 × Murashige and Skoog
basal salt mixture, 3% Sucrose, 2.0 mg/L 6-BA, 0.2 mg/L
NAA, 1% (w/v) agar, pH 5.8) and incubated in dark. Two
days later, leaf squares were transferred to selective induc-
tion medium (1 × Murashige and Skoog basal salt mix-
ture, 3% Sucrose, 2.0 mg/L 6-BA, 0.2 mg/L NAA, 1% (w/
v) agar, 25mg/L Hygromicin, 200mg/L Timentin, pH 5.8)
and incubated under light. Explants were transferred to
fresh selective induction medium every 2 weeks until
shoots initiated. Then the newly initiated shoots were cut
from explants and transferred to root induction medium
(1x Murashige and Skoog basal salt mixture, 3% Sucrose,
1% (w/v) agar, 25mg/L Hygromicin, 200mg/L Timentin,
pH 5.8). Transgenic plants with roots were planted into
soil and kept in plastic box to sustain moisture. After 2–3
weeks, transgenic plants were transferred from plastic box
to growth chamber or green house. After 4 weeks, seeds
were collected from transgenic plants. Cas9 transgenic N.
benthamiana plants were as described (Yin et al. 2015).

Plant growth and agroinfiltration
Wild type and transgenic N. benthamiana plants were
grown in growth rooms at 25 °C under a 16-h-light/
8-h-dark cycle with 60% humidity.
For A. tumefaciens-mediated transient expression,

GV3101 strains containing the relevant expression vec-
tors were grown overnight at 28 °C until OD600 = 2.0,
then were infiltrated into N. benthamiana plant leaves.
The infiltrated leaves from individual plants were excised
at 48 to 60 hours post inoculation for the corresponding
assays. For co-expression, equal amounts of A. tumefa-
ciens cultures were mixed and used for infiltration.
For virus challenge, CLCuMuV or CLCuMuB were in-

troduced into Agrobacterium strain GV2260. Agrobacter-
ium cultures containing CLCuMuV or CLCuMuB were

cultured and prepared as described above, then mixed at
1: 1 ratio and infiltrated into the leaves of six-leaf stage
N. benthamiana plants.

Southern blot
CLCuMuV was detected using Southern blot. Briefly,
genomic DNA was extracted from leaves of inoculated
plants including control samples using a Plant Genomic
DNA Extraction Kit (Tiangene, Beijing). Equal genomic
DNA (10 μg DNA) of each sample was separated by 1%
agarose gel with GelStain (Transgen Biotech, Beijing) at
80 V until the bromophenol blue visual dye had mi-
grated approximately three-fourth of the gel. The gel
was then visualized by a UV transilluminator (Protein-
simple, USA) and taken photograph, after which, the
DNA in the gel was depurinated, denaturated, neutral-
ized and transferred to a positively charged nylon mem-
brane (Millipore Corporation, USA) by capillarity using
paper tower. Then DNA was fixed on nylon membrane
under UV light. Biotin probe was prepared by the
random-primed labeling method using full length CLCu-
MuV clone as template. Blot detection was performed
using the North2South Chemiluminescent Hybridization
and Detection Kit (Thermo Scientific, USA) according
to the manufacturer’s instructions.

Confocal microscopy
For GFP imaging, leaf discs were checked for fluores-
cence with a 488 nm laser excitation. Images were cap-
tured by using a Zeiss LSM710 inverted confocal
microscope. Images were processed with Adobe Photo-
shop CS2.

Additional files

Additional file 1: Table S1. gRNA candidates for IR and C1 of
CLCuMuV. (XLSX 12 kb)
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