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Abbreviations:  ArMV, arabis mosaic virus; DPI, day post 
infiltration; dsRNA, double stranded RNA; GFP, green fluorescent 
protein; PTGS, post-transcriptional gene silencing; VIGS, virus-
induced gene silencing; WPI, week post infiltration

Introduction 
Functional genomics could be investigated by over-expressing 

or silencing a gene sequence towards a better understanding of its 
biological function at different organisation level (plant cell, tissue, 
organ or even in the whole plant) in response to various situations 
(plant developmental stages, environmental stress, plant-pathogen 
interactions). Actually, several trends are focusing on transient 
expression systems without the need to produce stable transgenic 
plants.1,2 These non-transgenic approaches involve a battery of rapid 
and versatile transient assays mediated either by Agrobacterium 
tumefaciens or by viral-based vectors.3 Both of these systems have 
been extensively applied recently for high throughput reverse genetics 
and functional gene analysis in plants.4

 Agro inoculation of viral infectious clones 

During the last years, genome project have generated a wealth of 
genome sequence information. Currently, the future challenge is to 
accelerate the identification of the biological function of these genes. 
Viral vectors provide an attractive system to express a sequence of 

interest or to induce virus-induced gene silencing5 that turn into a 
common reverse genetics tool for functional studies in model plants.4‒6 
Numerous methods have been employed to initiate this homology-
based RNA degradation process, but all rely on the activity of double-
stranded RNAs (dsRNAs) corresponding to the gene of interest. Virus-
induced gene silencing (VIGS) has gained acceptance as the tool of 
choice for transient induction of silencing.7 Since the first report on 
Agro-infection as an alternative route for viral inoculation in plants.8 
recent significant advances in the construction of plant virus infectious 
clones in a binary vector intended for Agrobacterium inoculation was 
achieved.9 For instance, in case of grapevine, different viruses have 
been engineered and cDNA infectious clones of the Grapevine virus 
A (GVA),10 the Grapevine leaf roll-associated virus-2 (GLRaV-2)11 
and the Grapevine rupestris stem pitting associated virus (GRSPaV)12 
have been constructed to express exogenous DNA and could be agro- 
inoculated to plants.

The Nepovirus Arabis mosaic virus (ArMV), amongst Grapevine 
fan leaf virus (GFLV) and Grapevine leaf roll-associated virus 
(GRLaV) infecting grapevine by nematode transmission causing 
considerable yield losses. Nepoviruses have two positive sense, 
single stranded genomic RNAs, which are polyadenylated at their 
3′ end13 and have a covalently attached small genome-linked viral 
protein (VPg) at their 5′ end.14 The complete nucleotide sequences of 
RNA1 and RNA2 of the ArMV-NW (isolates Neustadt/Weinstrasse) 
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Abstract

Over the last years, the explosive growth of plant genomic resources and the development 
of advanced vectors enhanced the emergence of rapid systems to dissect plant gene 
function. Although transgenic approach has been applied to generate stable transgenic lines, 
this procedure is time-consuming and labor-intensive. Transient expression systems are 
continuously emerging during these years as an alternative tool for functional genomics 
studies in plants. Among these techniques, Agrobacterium-infiltration and infectious 
clones-derived plant viruses have been developed and successfully applied for versatile 
transient assays. Their effectiveness over a wide range of plant species is often validated. 
Here, the green fluorescent protein (GFP) gene was investigated as reporter gene for 
proof-of-concept to induce gene silencing in GFP-transgenic tobacco and grapevine plants 
either by inoculation of Arabis mosaic virus infectious clones or through in planta vacuum 
infiltration of Agrobacterium suspension. 

Leaves derived from greenhouse-grown grapevine plants were vacuum infiltrated with 
agrobacteria suspension containing GFP gene to induce silencing. Nicotiana benthamiana 
plants were agro-inoculated with Arabis mosaic virus infectious clones RNA1 and RNA2 
along with a modified RNA satellite harboring a GFP construct. Systemic GFP-silencing 
was monitored during days and weeks after inoculation and data showed that silencing 
was achieved after 10-12 days post inoculation for tobacco, while it takes 6 weeks to be 
completely reached in grapevine leaves. The transient expression systems established here 
were successfully applied for inducing a knock-out of endogenous gene. These techniques 
provide a fast and reliable tool to carry out gene function analysis in plants and open a 
future outlook with several downstream applications towards pathogen resistance or abiotic 
stress tolerance.

Keywords: agro infiltration, agro-inoculation, viral infectious clones, transient 
expression system, virus induced gene silencing, arabis mosaic virus, viral vector, gfp 
silencing, tobacco, grapevine
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from grapevine have been reported.15,16 Some isolates of ArMV 
have a small genomic RNA called RNA satellite, whose full-length 
sequence has been determined.17 The ArMV-NW infectious clones 
can be inoculated onto Chenopodium quinoa and retro-inoculated 
onto Nicotiana benthamiana resulting in a systemic infection. These 
viral infectious clones, as well as the RNA-satellite, provide potential 
vectors for molecular cloning and gene expression studies. In the 
present study, viral RNA satellite was modified by insertion of GFP to 
be used as viral vector.

For this purpose, ArMV RNA-satellite was cloned into the pCass2 
vector (Figure 1a). Since the discovery of visual reporter protein like 
the Green fluorescent protein (GFP) which could be expressed in plants 
as gene fusion; such gene coding for fluorescent protein has been 
extensively used.18 In this regard, GFP gene was cloned into the RNA-
satellite of the ArMV that we developed as a viral vector of foreign 
gene (Figure 1). Briefly, a cloning strategy based on extension PCR 
was performed to induce a mutation and create a BamHI restriction 
site into the satellite clone (data not shown). GFP construct of 700pb 
was amplified by PCR (GeneAmp9700, Applied Biosystems, USA) 
using specific primers and introduced into BamHI cloning site into 
the ArMV-satellite clone. GFP-engineered ArMV satellite construct 
was assessed by PCR amplification (Figure 1b) as well as northern-
blot hybridization (Figure 1c). Satellite clones were introduced into 
Agrobacterium for agro-inoculation purpose. N. Benthamiana plants 
were grown in greenhouse and agro-inoculated simultaneously with 
the GFP-satellite (Sat: GFP) in the presence of viral infectious clones 
(ArMV-RNA1 and -RNA2) as helper virus. GFP expression assay was 
monitored using a hand-held long-wavelength ultraviolet lamp.

Experiments were carried out using 5 replicates in 3 independent 
experiments. ELISA test using monoclonal specific-antibody against 
ArMV revealed that 80 to 90% of the inoculated host plants were 
infected. Positive ELISA samples were used for RNA extraction 
by GENOS RNA extraction and purification kit. Northern blot 
hybridization was performed with non-radioactive DIG method 
(Roche Applied Science) and confirmed the presence of the satellite 
as modified with the GFP construct, compared to RNA from native 
satellite used as control (Figure 1c). In this study, GFP-engineered 
satellite was firstly applied to investigate GFP expression in wild type 
(WT) N. Benthamiana plants after agro-inoculation of ArMV clones 
on tobacco leaves (Figures 1d-1f). Green fluorescence was visible 
under UV light since 3dpi on agro-inoculated leaves until it covered 
the whole area of the leaves within 7dpi (Figure 1f) compared to 
WT tobacco plants (Figure 1d) (Figure1e). The ArMV-RNA-satellite 
modified by insertion of GFP gene construct has been successfully 
transmitted during virus replication. 

In this study, the ArMV satellite has been modified with gene 
encoding GFP as visual marker. A modified Tobacco rattle virus-
GFP vector has been also produced recently for efficient and 
visualizable analysis of gene function.19 For a GLRaV-2-derived 
vector, systemic gene expression was detectable in grapevine from 
4weeks post inoculation.11 It was established that expression occurred 
exclusively at the RNA level and infected plants still expressed the 
exogenous sequence up to 15months post inoculation. Furthermore, 
GFP silencing in transgenic 16-C GFP-expressing N. Benthamiana 
plants was investigated (Figures 2a-2c). Transgenic tobacco plants 
constitutively expressing GFP: line 16C (Figure 2a) were co-
inoculated with GFP-modified ArMV satellite along with agrobacteria 
containing ArMV-RNA1 and ArMV-RNA2 and showed slight 

reduction of their fluorescence within the first 4-6dpi (Figure 2b). 
After that, the silencing progressively moved to the non-inoculated 
areas and extended at systemic level showing complete virus-induced 
GFP silencing 10-12 dpi (Figure 2c) compared to the control non-
inoculated plants. 

Figure 1 Construction of GFP-engineered ArMV satellite viral clone (upper 
panel) and transient agro-inoculation assays on Nicotiana benthamiana plants 
(down panel).

a. PCass2 vector used for cloning genomic RNA of ArMV to produce 
viral infectious clones (full length clones of virus RNA1 and RNA2, as 
well as the sub viral RNA).

b. PCR amplification of the viral satellite clone modified or not with GFP 
insertion into BamHI cloning site. Digestion profile with BamHI gives a 
fragment of about 700 bp corresponding to the GFP.

c. Northern blot hybridization for detection of GFP expression in agro-i-
noculated tobacco plants showing high level of GFP transcripts deriving 
from the modified ArMV sub viral satellite clone used as vector for 
foreign gene expression and virus-induced gene silencing.

d. The down panel illustrates transient GFP expression following agro-i-
noculating GFP-satellite on tobacco leaves. Photography of WT Nico-
tiana benthamiana plant under normal (a) and UV light (b) showing no 
fluorescence. Green fluorescence appears on newly developed leaves 
within 4 days post inoculation (c).

e. M, Marker; PC, Positive Control; Native Sat, Non-Modified ArMV Sate-
llite Clone Sat; GFP, GFP-Engineered ArMV Satellite Clone

A virus-induced gene silencing (VIGS) mechanism is thus launched 
upon agro-inoculation of tobacco plants with those agrobacteria strains 
by accumulation of GFP transcripts that triggers an RNA interference, 
a process by which dsRNA induces the gene silencing. In fact, upon 
infection of a plant host usually via Agrobacterium tumefaciens, this 
recombinant viral vector induces post transcriptional gene silencing 
(PTGS) targeting both the virus RNA and homologous endogenous 
plant RNA sequences for degradation.20 While several plant viruses 
have been so far developed into VIGS vectors, the Tobacco Rattle 
Virus (TRV) established by Baulcombe’s group has been shown 
to provide the most robust results in terms of efficiency and ease 
of application.21 It is widely known that VIGS can occur for about 
3weeks, and in few cases the duration of VIGS can be prolonged for 
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up to 3months.22 So far, it has been stated that inoculated plants by 
viral vectors still expressed the exogenous sequence up to 15months11 
and in other report, VIGS can persist for more than 2years and also 
be transmitted to progeny seedlings in tobacco and tomato.22 Our data 
showed that green fluorescence present at systemic level should reflect 
that the satellite replication was in correlation with the movement of 
the virus though the entire plant. Further studies are currently on the 
way to investigate the application of such viral system for inducing 
endogenous gene silencing in grapevine using the VIGS strategy, 
whose provide a powerful option for functional studies. In a similar 
way, small sub viral RNA satellite along with helper-virus dependant 
replication were used recently as other source of VIGS vectors to 
induce silencing.23

Figure 2 Silencing assay of constitutive GFP expression in GFP-transgenic 
plants: Nicotiana benthamiana (upper panel) and Vitis vinifera (bottom panel). 
GFP-expressing tobacco line 16C.

a. Agro-inoculated with GFP-engineered ArMV-satellite to induce VIGS 
that started since 4-6 days post inoculation showing reduction of fluo-
rescence.

b. Complete silencing within 10-12 DPI.

c. Similarly, GFP-transgenic grapevine leaves.

d. Were subjected to vacuum infiltration of Agrobacterium tumefaciens 
strain GV3103 harboring 35S: GFP. GFP silencing after 2 and 6weeks 
post infiltration was observed, respectively.

e. Photography was taken using a hand-held long-wavelength ultraviolet 
lamp to allow fluorescence detection. Each picture is representative of 
5 agro-inoculated plants.

Promising results described that genes involved in abiotic stress 
tolerance can be analyzed through a virus-based vectors.24 For instance, 
tobacco plants showed enhanced salinity and heat tolerance when 
agro-inoculated leaves transiently expressing a tomato phospholipid 
hydroperoxide glutathione peroxidase (LePHGPx) gene cloned in a 
PVX-based vector.25 Furthermore, a rapid analysis to determine the 
role of plant promoters and transcription factors in abiotic stresses 
is possible by simple agro-infiltration of the appropriate plasmid 
constructs into tobacco leaves.26 However, the use of viral vectors for 
functional analysis has not yet been reported in grapevine.27

Agro-infiltration based system for silencing studies

Besides using the potential of virus-based vectors to inoculate 
plants, transient expression can be carried out using Agrobacterium 
infiltration, also known as agro-infiltration, which generally involves 
a bacterial suspension that will be forced to infiltrate the leaf stomata 
by needless syringe.1 This method is fast, simple and widely used in 
tobacco and solanaceae plants, but tends to restrict gene expression to 
the infiltration zones. Moreover, the feasibility of agro-infiltration in 

grapevine is limited to young in vitro leaves.1‒28 In previous study2 we 
established a vacuum infiltration system able to infiltrate grapevine 
leaf in planta for transient expression assays. The method consists of 
plunging leaves or whole plants into the bacterial suspension and then 
transiently applying a vacuum pressure to facilitate liquid penetration 
into the mesophyll cells. Contrary to the syringe infiltration method, 
vacuum infiltration allows gene expression in the whole leaf.27 Recent 
attempts using the GFP as fluorescent marker for grapevine functional 
genomics were achieved by in situ vacuum agro-infiltration.2

Here, we propose this system as a reliable option for silencing 
assays in grapevine. In practice, Agrobacterium suspension 
containing a binary vector harboring the GFP was vacuum infiltrated 
into plant leaves of transgenic greenhouse-grown grapevine plants 
stably expressing the GFP protein. Introduction of T-DNA holding the 
GFP will cause a post-transcriptional gene silencing mechanism that 
triggers the GFP transcripts inducing a knockout of GFP with loss of 
green fluorescence. Non-detached leaves from green cuttings GFP-
transgenic lines of grapevine (Vitis vinifera) (Figure 2d) were used 
as the target organ and vacuum infiltrated as described before2 for in 
planta inoculation with A. Tumefaciens harboring GFP gene construct 
as visual reporter gene. Evidence of GFP silencing in transgenic 
GFP-expressing grapevine via agro-infiltration was reported since 
2weeks post infiltration (Figure 2e) with decreased fluorescence over 
the time until reaching complete silencing within 6weeks (Figure 2f). 
We observed that target gene silencing in the newly developed non-
inoculated leaves occurs faster in tobacco than in grapevine. While 
agro-infiltration method allows transient gene expression in plants, 
the viral-based vector relies on the replication of viral genomic RNA 
as long as the host plant is still alive, providing stable expression of 
the introduced gene in the infected plant cells. Taking together, both 
agro-infiltration and viral clones-inoculation have several applications 
in modern plant molecular biology relaying on reverse genetics-based 
functional genomics.4

Conclusion
There is considerable interest in such rapid assays for assigning 

gene function, especially in case where some plant species are 
recalcitrant to in vitro regeneration and to generation of stable 
transgenic lines. These alternative systems involving an agro-
infiltration of modified agrobacteria strains or an agro-inoculation 
of virus infectious clones as vehicles for foreign gene expression/
silencing emerged as versatile tools suitable for functional analysis. 
Such established methods described here were successfully applied 
not only in model plants like tobacco, but also in case of grapevine 
plants with significant efficiency. We demonstrated the feasibility 
of using agro-inoculation-based viral vectors for transient assay 
and virus-induced gene silencing in N. Benthamiana along with the 
efficiency of gene silencing-based agro-infiltration in grapevine using 
GFP reporter gene. These systems could be applied to express and 
silence genes related to fungal/viral resistance or analysis of abiotic 
stress-induced genes from heterologous species towards functional 
genomics and plant genetic improvement.
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