FIGURE 3 | Transmission electron micrograph of negatively stained,
purified GLRaV-3 particles, using 1% (w/v) aqueous uranyl acetate
staining. Picture taken by G. G. F. Kasdorf.

et al., 2008; Jarugula et al., 2010; Jooste et al., 2010).
Currently, the complete genomes of 10 distinct GLRaV-3 isolates representing four major groups of genetic variants are available (Table 2). All these genomes possess very long 50 UTRs of
510–802 nts and shorter, more conserved 30 UTRs; the features of
these UTRs are further discussed in Section “Genetic Variants of
GLRaV-3.” The consensus genome organization of the GLRaV-3
isolates from groups I-III encompassing 13 open reading frames
(ORFs) is shown in Figure 4. The ORFs are designated 1a, 1b,
and 2–12 according to the convention set out by Agranovsky et al.
(1994). There is also a large, GC-rich intergenic region between
ORFs 2 and 3 that is atypical of members of the family Closteroviridae. The genomes of isolates in variant group VI that have
been characterized so far lack ORF2 (Bester et al., 2012a; Seah
et al., 2012). Isolates from groups IV and V have yet to be fully
sequenced.
The putative functions of the GLRaV-3 proteins encoded by
ORFs 3–7 could be inferred by comparison to the homologous
ORFs in the genomes of other positive-strand RNA viruses that
contain a conserved “core” of replication genes and a “shell” of
more variable genes encoding structural and accessory proteins
(Dolja and Carrington, 1992). As is typical of the Alphavirus-like
superfamily of viruses to which the family Closteroviridae belongs,
the conserved core includes capping/methyltransferase, superfamily 1 RNA helicase, and RNA dependent RNA polymerase domains
(Koonin and Dolja, 1993; Dolja et al., 2006) encoded by GLRaV3 ORFs 1a and 1b (Ling et al., 2004). Indispensability of these
ORFs for RNA replication was demonstrated using reverse genetics for two closteroviruses, LIYV (Klaassen et al., 1996) and BYV
(Peremyslov et al., 1998). In addition, ORF1a of GLRaV-3 contains a papain-like leader protease (L-Pro) (Ling et al., 2004) that
is implicated in RNA accumulation, virus invasiveness, and systemic spread of BYV (Peng and Dolja, 2000; Peng et al., 2003) and
GLRaV-2 (Liu et al., 2009). Remarkably, GLRaV-3 ORF1a also harbors an AlkB domain (Maree et al., 2008) capable of RNA demethylation that is present in many RNA viruses infecting woody plants
and proposed to repair viral RNA (Van den Born et al., 2008).
Nevertheless, the functional role of different proteins encoded by
GLRaV-3 can be studied using a biologically active, full-length Closterovirus gene vectors
cDNA clone that was recently reported (Jarugula et al., 2012).
There are no detectable homologs of the small protein putatively encoded by GLRaV-3 ORF2. The expression of this ORF
is uncertain; as mentioned above, it is also missing in GLRaV-3
group VI isolates and seems unlikely to carry an essential function
(Bester et al., 2012a; Seah et al., 2012). In contrast, the following
five ORFs 3–7 comprise a quintuple gene module that is a conserved hallmark of the family Closteroviridae (Dolja et al., 2006).
Of these, ORF3 codes for a small transmembrane protein for which
the analogous protein of BYV is a cell-to-cell movement protein
targeted to the endoplasmic reticulum (Peremyslov et al., 2004a).
As shown for several other closteroviruses, the ORF 4-encoded
homolog of cellular HSP70 molecular chaperones (HSP70h) functions in cell-to-cell movement (Peremyslov et al., 1999) and assembly of the short virion tails typical of closteroviruses (Tian et al.,
1999; Satyanarayana et al., 2000; Alzhanova et al., 2001; Peremyslov et al., 2004b). This protein is autonomously targeted to
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FIGURE 1 | Leaf symptoms of grapevine leafroll dis
pronounced around the harvest period. These photogra
group of leaves (B), and whole plant (C).

An integrated Multi-Omics Approach to understand the
impact of Grape Leafroll Disease on berry ripening

the virions, except for 50 extremity (ca. 100 nm). The 50 end of
e viral genome is likely to be encapsidated by the virion tail strucre, similar to that of other members of the family Closteroviridae,
hich comprises proteins coded for by ORF4 (HSP70h), ORF5
55), and ORF7 (CPm) of the viral genome, and might be instruental in determining cell-to-cell and systemic transport (Dolja
al., 2006). However, no research has been conducted on the
omposition of a virion tail/head structure at the 50 extremity
the GLRaV-3 virion; and the proteins associated with such a
ructure are inferred from homologous proteins for other viruses
.g., BYV and CTV). The reference to a virion tail at the 50 end
the genome is suboptimal and should ideally be referred to as
e virion head, as suggested in the ninth report of the Internaonal Committee on Virus Taxonomy (ICTV) (2009). To avoid
onfusion, and to be in line with published data on BYV and
TV, the virion structure at the 50 extremity will be referred to
virion tail in this review. The genome is a single-stranded,
dthe
Koonin
ositive-sense RNA molecule constituting ca. 5% of the particle
eight. Its 50 end is likely to be capped and the 30 end is not
olyadenylated.

Center For Genome
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Biocomputing

LRaV-3 GENOME ORGANIZATION AND FUNCTIONS OF
NCODED PROTEINS
LRaV-3 has a mono-partite, positive-strand RNA genome of
18,500 nucleotides. The first complete, 18,498 nucleotide-long,
nome sequence of GLRaV-3 was determined for isolate GP18
om South Africa (Maree et al., 2008). This genome has a 737
ucleotide-long 50 UTR with a very high uracil content (48.5%)
Maree et al., 2008). The large size and U-rich composition of
e GLRaV-3 50 UTR are unusual features among members of
e family Closteroviridae and likely explain technical problems
at resulted in the incomplete 50 UTR sequence presented by Ling
al. (2004) and Engel et al. (2008). This issue was unequivocally
solved in the following work by using 50 RACE for the molecular
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seasonally in magnitude and distribution within a host plant, but

hig

Introduction

Economical Impact

• GrapeLeafroll Disease (GLD) is by far the most widespread and
economically the most damaging disease of grapevines in many
regions around the world.
• Management of GLD:
- Coordinated area-wide approach for education of growers.
- Access to uninfected propagation material.
- Control of insect vectors.
- Cannot be resolved in one year, it take years

Vineyard with High GLD incidence in

FIGURE 3 | (A) Vineyards with high GLD incidence (dark red) serve as source
South
Africa
Almeida
al., 2013
of inoculum for adjacent
blocks,
in which disease
spatialet
distribution
is patchy,
suggesting initial introduction of virus into uninfected blocks followed by

with
initi
from

www.frontiersin.org

• Impact on wine production and Costs:
- Economic Impact Estimate from ~$30k-$226k/hectare (Ricketts et al., 2015)
“fmicb-04-00094” — 2013/4/23
- Reduced yield (10-20%, but could be higher), fruit parameters affected (sugar, pigments,
flavors).

A better understanding the biology and the genetic components
involved in the plant-virus interaction could be helpful in devising
innovative and long-term strategies to mitigate the impact of GLD.
Cabernet Franc infected cluster (Left) versus
healthy (Right) From Naidu et al., 2014
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Diagram of the proposed taxonomy for GLRaV-isolates Maree et al., 2013
FIGURE 2 | Diagram of the proposed taxonomic modification that is in process to be examined by the International Committee of Taxonomy of
Viruses (Martelli et al., 2012).

• Currently, 10 distinct GLRaV3 isolates have been sequenced representing four major groups of genetic
As a disease management strategy growers are currently advised (Golino et al., 2002, 2008; Pietersen et al., 2009). Disease manvariants.
to plant certified material derived from virus-tested stocks when agement practices currently used in different world regions are
US isolate
(NC_004667)
of GLRaV-3
a positive-strand
RNA
17,919innucleotides.
• The
establishing
new vineyards.
In areas
where this is
is not
possible discussed
in genome
more detailofelsewhere
this research topic (Almeida
due to winemaker preferences or other factors, propagating stocks et al., 2013).

mined.
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A schematic diagram of the GLRaV3 genome NC_004667 (17,919 nt) to scale Maree et al., 2013

• The RGB is made up of replication-associated proteins aimed to facilitate the propagation of the virus
within cells.
• The QGB is involved in the tail, virion assembly, and cell-to-cell movement.
• The additional proteins (ORF 8,9, and 10) are associated with suppression of the host RNA interference
defense [RNA Silencing Suppression] and with viral long-distance transport.
• ORF 6, 8, 9, and 10 are found to be the genes the most highly expressed in infected grapevine (Jarugula
et al., 2010).

Virus Biology

GLRaV3 and plant responses

What we know well about the plant-virus interactions….

Plant responses

Virus
1. Viral genome begins replication and in cells.

3a. Plants initiate the silencing machinery in
response to the presence of viral double strand
RNAs.

2. Production of double strand ribonucleic Acids
(RNAs) is the signature recognized by the plants.

4. But the virus fights back with viral suppressors
of RNA silencing (VSRs).

Often the plants loose the battle but depending on the
cultivar, condition, rootstock, responses vary.

Effects on grapevine leaf physiology
Asymptomatic phase
(Pre-véraison)

GLD:

GLRaV3 and plant responses

Symptomatic phase
(Post-véraison)

• GLD represents a unique disease with asymptomatic and
symptomatic phases that happen during the ripening onset.

on between
shoot length to leaf area per shoot (A) and number of leaves per shoot (B) of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines
Grape:
r, Michigan, USA in 2012.

Induction
Budburst and initiation

Fruit set

Inflorescence development and
flower formation

Anthesis
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Berry formation
(Pre-véraison)

Harvest

Dormancy

Berry ripening
(Post-véraison)

Cell division
Cell elongation
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Seed growth
Tartaric and malic acids
Sugars and
anthocyanins

WINTER
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istribution of grapevine leafroll symptoms (GLRaV-3) in a Cabernet Franc vineyard at SWMREC in Benton Harbor, Michigan, USA at the end of September,
e represents
Figure 3 a vine. Healthy vines (those that did not show foliar symptoms) are marked in white. Infected vines (those that showed symptoms) are marked
≥75% of the foliage symptomatic), yellow (moderate: 40–74% of the foliage symptomatic) and grey (mild: <40% of the foliage symptomatic). X represents a
Theexperiment,
phenology ofvines
grapevine
showing
different
of vegetative
and row
reproductive
development
during
the annual vines
cycle.respectively.
The
r this
from 12
to 15 and
from stages
19 to 22
in the second
were used
as healthy and
symptomatic

Phenology of grapevine doing the annual cycle Naidu et al., 2015

asymptomatic and symptomatic phases of grapevine leafroll disease (GLD) are shown relative to flowering and berry formation
(pre-véraison) and berry ripening (post-véraison), respectively. Significant events occurring during berry formation through ripening
until commercial harvest are outlined based on Coombe & McCarthy (33). The onset of various events depicted can vary depending on
the cultivar and location-specific seasonal variations. Modified from Carmona et al. (28) with permission from Oxford University Press.

grapevines exhibit molecular differences in the host-virus interactome along with phenotypic differences in symptoms. Is the defect in anthocyanin biosynthesis (126, 143) solely responsible for
the lack of conspicuous symptoms in white-berried cultivars? Why are several grapevine species
and cultivars, with a white-berry phenotype (63), asymptomatic carriers of GLRaVs? Is GLD
symptom expression a consequence of changes in host-plant metabolism at a specific phenological
stage independent of virus replication and/or accumulation in phloem tissue?
The above questions revolve around the critical need to elucidate the etiology of GLD.
The phloem-limited nature of GLRaVs, intrinsic challenges in preparing homogeneous virion
preparations from perennial woody grapevine tissue, and the inability to transmit them manually
between grapevines have contributed to slow progress in establishing the etiological relationship
of GLD with GLRaVs. Consequently, GLRaVs are continuously referred to under the umbrella
term of leafroll-associated viruses. It is still an open debate whether GLD can be caused by
single GLRaV infection or whether it requires the presence of mixtures of GLRaVs containing a
myriad of genomic RNAs and their by-products. The generation of full-length cDNA clones for
the GLRaV-2 genome, capable of establishing infection in grapevines (77), is a significant first
step toward the assignment of specific GLRaVs to disease symptoms and resolving the complex
etiology of GLD. The successful generation of infectious virions from full-length cDNA clones
for GLRaV-3 (69), which is by far the most serious and widely distributed among GLRaVs (87),
along with infectious cDNA clones for other GLRaVs, will offer an essential toolbox to elucidate
the role of GLRaVs, either singly or in combinations. These tools will assist in deciphering the
functions of their gene products in disease etiology and the corresponding general and specific

Fig. 3. Bird’s eye view of Cabernet Franc plot in Benton Harbor, Michigan, USA in 2012 (A), healthy grapevines (HG) with no visual symptoms in the cano
grapevines (SG) with visual appearance of leafroll symptoms in the canopy (C), healthy/control leaf of HG with normal appearance (D) and symptom
rolling of margins and interveinal reddening (E).

3.5. Gas exchange

In HG leaves, net photosynthesis (Pn ) was relatively stable at
13.8 !mol m−2 s−1 over the season, from July to September. All SG
showed a highly-significant reduction in Pn , before and after the
development of visual GLRaV-3 symptoms on the leaves, by 27–70%
of the HG levels in the period from July to September (Fig. 6A). In
HG leaves, stomatal conductance (gs ) was higher and remained stable around 630 mmol m−2 s−1 with a minimal decrease in August.
In the SG leaves gs was significantly reduced even before visual
appearance of the symptoms on the leaves in July, by 28% as compared to the HG leaves. The reduction of gs on SG leaves was
further exacerbated after the appearance of the foliar symptoms
and decreased further during the growing season, reaching the

lowest level (67% as compared to HG leaves) in Sep
Contrary to Pn and gs , which remained stable du
in HG leaves, transpiration (E) in HG leaves decr
when compared to HG leaves in July. The E diffe
SG and HG leaves were highly significant before th
visual symptoms, increased after appearance of v
and development along the shoot, and then reac
reduction, about 40%, in September in SG leaves
HG leaves (Fig. 6C). In HG leaves, internal CO2 co
remained stable throughout the season but incre
season in SG leaves commensurate with the devel
symptoms (Fig. 6D). The HG and SG showed dis
Pn patterns along the shoot during the season. In
ously increased along the shoot and attained a m

• Photosynthesis and Chlorophyll content significantly
repressed in virus-infected leaves during the symptomatic
post-véraison phases.
• Disruption of the photosynthetic machinery.

www.annualreviews.org • Grapevine Leafroll Disease
621
n photosynthetic parameters over the season from July to September, 2012 in foliage of healthy (HG) and GLRaV-3-infected (SG) Cabernet Franc grapevines
r, Michigan, USA: (A) net photosynthesis (Pn ), (B) stomatal conductance (gs ), (C) transpiration (E), (D) intercellular CO2 (Ci ). Data are mean + SE (n = 4). Means
nth marked with *, ** and *** are significantly different at p < 0.05, p < 0.01 and p < 0.001 respectively, whereas ns indicates no statistical difference (F test).

Changes between healthy (HG) and GLRaV3 infected iCF
grapevines for (A) net photosynthesis (Pn), (B) stomatal
conductance (gs), (C) transpiration (E), and (D) intercellular
CO2 Endeshaw et al., 2014

Healthy (B, D) and infected grapevines (C,E) of
Cabernet Franc Endeshaw et al., 2014

• Generation of Reactive Oxygen Species leading to
anthocyanin production through gene expression induction
(Gutha et al., 2012).
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GLRaV status did not statistically alter individual or total polyphenolics in samples from VY1 or VY2b (Table 3). Protocatechuic
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Fig. 2. Polyphenolic accumulation during the sampling periods from VY1, VY2a, and VY2b. ‘+’ Indicates GLRaV-positive and ‘!’ indicates GLRaV-negative by RT-PCR. The
corresponding sampling dates (e.g. VY1-1 sampled 19/9/2005) are listed in Table 1. Polyphenolic values were grouped into the three phenolic classes. Phenolic acids consisted
of FA2, FA3, FA5, and FA7. Flavonol glycosides were peaks FA10–FA13. Flavanols were grouped as fraction a (FA4, FA6, FA8, and FA9) and fraction b (FB1–FB5). Peak codes are
listed in Table 3. Sampling date codes are in Table 1. Values were obtained by HPLC as mg/100 g of berries. Different lower case letters indicates significant different at
p 6 0.05 for the pair of samples (infected versus healthy). Error bars indicate standard errors.
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Fig. 1. Anthocyanin accumulation during the sampling periods from VY1, VY2a, and VY2b. The anthocyanin codes (A1–A5) are listed in Table 3. ‘+’ Indicates GLRaV-positive
and ‘!’ indicates GLRaV-negative by RT-PCR. The corresponding sampling dates (e.g. VY1-1 sampled 9/19/2005) are listed in Table 1. Values were obtained by HPLC as mg/
100 g of berries. Different lower case letter indicates significant different at p 6 0.05 for the pair of samples (infected versus healthy). Error bars indicate standard errors.
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Berry Development

• Beyond the systemic defense mechanisms, differences in the
degree of symptoms could be associated with confounding
factors: mixed populations of virus, plant overall status, genetic,
and environmental factors.
Overview of the effects of the virus on transcripts and
metabolites
123 associated with sugar and phenylpropanoid
pathways during berry ripening in Cabernet Franc - Vega
et al., 2011.

b

a

2005

Rootstock Virus
(+)
/Scion

GLRaV3 and plant responses
Effects on sugar and pigments accumulation in grape berries.
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GLRaV3 and Gene Regulation
Central Dogma in Biology
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Virus Biology

GLRaV3 and Gene Regulation

What we know about the plant-virus interactions in addition to the standard
defense mechanisms….

Plant responses

Virus
1. Viral genome begins replication and in cells.

3a. Plants initiate the silencing machinery in
response to double strand RNA.

2. Production of double strand RNAs is the
signature recognized by the plants.

4. But the virus fights back with viral suppressors
of RNA silencing (VSRs).

3b. Induction of other layers of gene regulation in
the context of plant viral-interaction mechanisms.
- Activating a transcription factor (TF) can suppress
CMV and TRV infection in petunia (Sun et al.,
5. Coat protein of AMV interacts with plant nuclear
2016). Layer 1
proteins (TFs) (Aparicio et al., 2017).
- Alternative Splicing Events induced by TuMV, PNV
reprograms a defense mechanism in Arabidopsis
(Gaguancela et al, 2016, Mandadi et al., 2015). 6. Animal Viruses interact with the splicing machinery
Layer 2
(Meyer, 2016).
- Endogenous plant miRNAs- GLRaV3 (Alabi et al.,
2012, Bester et al., 2017). - Layer 3
Are these other layers of regulation involved in the gradual responses of the plants to GLRaV3?

GLRaV3 and gene regulation

Holistic Approach

• It is likely that mitigation of the viral propagation and its replication within the plants will be the
result of the combined effects of some or all these layers of regulation.
• So how to integrate them in the context of the berry ripening?
Ripening Process
Major scientific effort

Input signals A
and B
(Developmental program,
environmental factor)

Regulation Component

Primary
outputs =
Changed mRNAs,
Splicing events,
small RNAs
protein changes

Terminal
outputs =
Fruit composition
overtime

• The regulation component must be seen as a collection of molecular regulators that interact
each other to govern the expression levels of genes and proteins.
• Also named in contemporary sciences a Gene Regulatory Network.

GLRaV3 and gene regulation

Holistic Approach

Ripening Process
Major scientific effort

Input signals A
and B

Regulation Component

(Developmental program,
environmental factor)

Primary
outputs =
Changed mRNAs,
Splicing events,
small RNAs
protein changes

Terminal
outputs =
Fruit composition
overtime

?
Input Signal C
(GLRaV3)

• Studying concomitantly different layers of regulation in the context of GLRaV3 infection in order
not only to understand berry ripening, but also to determine which one is altered by the virus; and
why in some cases the virus is not entirely winning.…

• What are the most important regulatory nodes responsible for the stability of the regulation
component and affected by GLRaV3?

• What are the strengths and weaknesses of grapevine when it comes down to GLRaV3 infection?

Outlines of the presentation
• Introduction
- Economical Impact
- Management of the disease
• GLRaV3 and the plant defense mechanisms
- Virus biology
- Impact on plant and berry physiology
• Gene regulation and GLRaV3

• Research project and results

• Conclusion & Perspectives

Scientific Approach:

Research project and Results

• Experimental Design:
- Accounting for developmental differences within a grape cluster (advanced and lagging berries)
- Comparative analyses of healthy versus GLRaV3 berries during the symptomatic phase at EL-35,
EL-36, EL-37, and EL-37
• Objective and subjective assessment of the Grape-Leafroll Disease:
- Leaf coloration during the symptomatic phase.
- Total soluble solids
- Non-destructive measurement of Anthocyanin, Flavonols using a Multiplex Fluorometer.
• Biochemical and molecular assays:
- ELISA tests on the leaves of infected vines (GLRaVs 2, 3, and 7, GRSPaV)
- Qualitative PCR tests ob the fruits using gene # 6 encoding for the coat protein of the virus.

• Next Generation Sequencing (Center of Genomic Research and Biocomputing - OSU):
- Coding genes (mRNAs) - 48 libraries - Gene Expression and Alternative Splicing Events
- Small RNAs - 48 libraries - from same berries.
• Metabolite Profiling (Central and Secondary Metabolism) (OSU Mass Spectrometry - OSU):
- Currently underway - Development of a pipeline with an APGC/MS/MS instrumentation
combining GC and LC/MS/MS capacities.

Research project and Results

Scientific Approach:

Understanding GLRaV3 impact on gene regulation
associated with berry ripening?

Data Generation
Layer 1:Transcriptional control
Differentially expressed
genes between condition

Layer 2: RNA Processing

Layer 3: Post-transcriptional control

Alternative Splicing Events
rMATs

In-house pipeline to identify
known and unknown siRNAs and
miRNAs.

Gene Ontology Analyses
Correlation Network
Analyses (WGCNA, DCEN)
Identification of major
regulatory nodes

Differentially accumulating
species of miRNA and
siRNA:DSEQ2

Data Integration
Constructing the Regulation Component

Target Prediction: Target Finder

Data Interpretation
Infer new potential major regulators (candidate
genes) of the ripening and defense mechanisms
altered by GLRaV3.

Fruit composition
APGC-MS/MS
Oregon State University

Proof of Concept

Genetic studies
(Microvine)

Research project and Results
• Experimental Design:
- Advanced and lagging berries at 50% véraison were tagged from five clusters of three plants per condition (GLRaV3(+)
and GLRaV3(-)).
- Fruits were picked from the same clusters (EL-35, EL-36, EL-37, EL-38).
- Pommard clone grafted to 101-14

EL-35

EL-36

EL-37

EL-38

Lagging Berries at EL-35

GLRaV3(-)
Advanced Berries at EL-35

Lagging Berries at EL-35

GLRaV3(+)

Advanced Berries at EL-35

• Major focus on differences between condition per class of fruits overtime (red and blue arrows).

Research project and Results

Preliminary Results:
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• Objective and subjective assessment of the Grape-Leafroll Disease:
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• ELISA Test assay positive for GLRaV3, not 2 and 7 and negative for GRSPaV

N

• RT-PCR assay in the berries:

D

-

1kb bp

1

GLRaV3(+)

2

3

GLRaV3(-)

1

2

3

766 bp
500 bp
300 bp
150 bp

+

50 bp

Agarose gels showing the PCR products (148 nt) of the Coat Protein of GLRaV3 in healthy (GLRaV3(-)) and
infected berries (GLRaV3(+)). Lagging and advanced berries were pooled.

Research project and Results

Presence of the Virus and systemic response of the plants

• Activation of the plant RNA Silencing machinery:
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Replication Gene Block (RGB)
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16k
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Quintuple Gene Block (QGB) RNA Silencing Suppressor
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Viroid Small RNAs mapped to the GLRaV3 genome (in Read per Millions [RPM]) only in infected berries- K stands for 1,000
Above zero, Reads are mapped to the (+) strand of the viral genome, Below zero, Reads mapping to the (-) strand of the viral
genome. * : highly expressed viral genes

Research project and Results

Number of differential expressed genes
between healthy and infected berries

Virus and Gene Expression Response: Layer 1
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Cluster stage
Number of genes differentially expressed between GLRaV3(+) and GLRaV3(-)
berries at each cluster stage in lagging and advanced berries at EL-35.
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Cluster stage
Number of genes activated or repressed in their expression in infected berries
compared to healthy berries at each cluster stage.

Venn Diagram showing stage-specific genes differentially
expressed between GLRaV3(+) and GLRaV3(-) in (A) lagging
berries and in (B) advanced berries at EL-35.

Research project and Results

• Ethylene and Cytokinin
Signaling
• Plant defense, PP2C-DBP

• RNA Processing and
alternative Splicing
machinery

Lagging
berries

• Auxin inactivation
• Flavonol synthesis

EL-35

EL-36

• Stilbene, anthocyanin
synthesis and regulation

• ABA biosynthesis
• Anthocyanin regulation

• Sugar Transport
and metabolism

• Auxin inactivation

EL-35

Less expressed in
GLRaV3(+)

• ABA and Auxin
Signaling

EL-37

EL-38

• Flavonoid Pathway
• Monoterpenoid Pathway:
- Neomenthol dehydrogenase
- Geraniol 10-hydrolase
• ABA and Auxin signalings

• Phenylpropanoid
Pathway

More
expressed
in
GLRaV3(+)

Less expressed in
GLRaV3(+)

More expressed
in GLRaV3(+)

Virus and Gene Expression Response: Layer 1

• Phenylpropanoid and
flavonoid pathways

EL-36

• ABA biosynthesis
• ABA Signaling

• RNA Processing and
alternative Splicing
machinery

EL-37

• Photosynthesis Antenna
proteins (PSI and PSII)
• Anthocyanin Biosynthesis
• Auxin response genes
• Flavonoid Transport

Advanced
berries

EL-38

Research project and Results

Gene network Analyses (WGCNA-DCEN): Layer 1

• Concept:

Green

• Just looking at if genes are up or down-regulated by the virus is not enough to
understand the impact of the virus on their regulation.

Orange

• Better to infer robust relationships between genes by looking the level of their
correlation between them along with their related function.
Brown

• Co-expression analysis tools are becoming more popular to validate and
identify novel relationships between co-expressed genes and to identify major
regulators.

Grey
WGCNA visualization output

• Bioinformatic Approach:

Level of Expression

Analyses of gene expression
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Building correlation matrices

Visualizing the relationships between individual
genes and modules of genes
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What relationships
are preserved
between genes of
a module (DCEN),
and between
modules of coexpressed genes
(WGCNA)?
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GLRaV3(+)

Blue edges: Positive correlation
Red edges: Negative correlation

Thick edges: Strong correlation
Thin edges: Weak correlation

Research project and Results

Gene network Analyses (WGCNA-DCEN): Layer 1

• All the genes that are expressed are considered in the analysis
Orange

WGCNA overall output
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• WGCNA identified one module with 1,300 genes that
is poorly preserved in GLRaV3(+) berries

• A score > than 0.7 for a gene indicates that
its first “neighbors” are significantly different
from one condition to another.
• 2,678 genes with a significant DCeN score >
than 0.7 between GLRaV3(+) and GLRaV3(-)
data.

Alternative Splicing Events: Layer 2

Research project and Results

Control isoform

GLRV+ isoform

Differential Alternative Splicing (DAS) of a central negative regulator of ABA signaling (PP2C)

• 1,051 Genes with Differentially Alternative Spliced.
•

A significant number of genes that are targeted are major regulatory proteins involved in
epigenetic modifications, plant pathogen interaction, carbon metabolism, stress
responses

Research project and Results

Small and miRNAs identifications: Layer 3
•

miRNA landscape:
124 mature miRNA sequences from 166 known precursors.
31 mature miRNA variants to known miRNA families.
226 new miRNA sequences from 136 novel precursors.

Results in Lagging berries: (GLRaV3(-)/GLRaV3(+) miRNA abundance

Known miRNA
enriched in Control

EL-35
EL-36
El-37
EL-38

Red

GLRV(-)/GLRV(+)
T2miRNA Abundance
T3
Harvest
•

655 differentially abundant non-miRNA small RNA sequences:

Known miRNA
enriched in GLRV+

Small and miRNAs identifications: Layer 3

Research project and Results

•

18 Differentially Expressed Genes are Putative Targets of miRNAs (Hormone signaling, gene regulation,
splicing factor)

•

7 show opposite patterns than their miRNA counterpart.
R2=0.44
Correlation=-0.66

Research project and Results

Data Integration: The Holistic Approach

GLRaV3 and Berry Ripening
Changes Gene
Expression

Layer 3
Small RNAs

Layer 1
Gene Co-regulated
Network

Layer 2
Alternative
Splicing

miRNA-mRNA
Targets

What can we
infer from this?

DAS and DEG

Gene network
Analyses
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Genetic Engineering with the microvine
model (OSU-CSIRO)

Conclusion and Perspectives
✤

Small RNA landscapes:
✴ 18 putative targets of known miRNAs are at the center of a large module, virusinduced, network changes.

✤

Gene Network Analyses:
✴ Reprograming of gene expression due to GLRaV3 infection.
✴ Identification of potential major Transcription factors induced by GLRaV3.

✤

Resulted in Alternative Splicing Events:
✴ Few were Differentially Expressed but some are part of large modules of coregulated genes induced by the virus.
✴ 20%are Transcription Factors or hormone signaling components

✤

Integration of new layers of regulation
if possible.

✤ Can

we go to that route?

✤ Triggering
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Clay nanosheets for topical delivery of RNAi for
sustained protection against plant viruses
Neena Mitter1*, Elizabeth A. Worrall1, Karl E. Robinson1, Peng Li2, Ritesh G. Jain1, Christelle Taochy1,3,
Stephen J. Fletcher1,3, Bernard J. Carroll3, G. Q. (Max) Lu2,4 and Zhi Ping Xu2*
Topical application of pathogen-speciﬁc double-stranded RNA (dsRNA) for virus resistance in plants represents an
attractive alternative to transgenic RNA interference (RNAi). However, the instability of naked dsRNA sprayed on plants
has been a major challenge towards its practical application. We demonstrate that dsRNA can be loaded on designer,
non-toxic, degradable, layered double hydroxide (LDH) clay nanosheets. Once loaded on LDH, the dsRNA does not wash off,
shows sustained release and can be detected on sprayed leaves even 30 days after application. We provide evidence for the
degradation of LDH, dsRNA uptake in plant cells and silencing of homologous RNA on topical application. Signiﬁcantly, a
single spray of dsRNA loaded on LDH (BioClay) afforded virus protection for at least 20 days when challenged on sprayed
and newly emerged unsprayed leaves. This innovation translates nanotechnology developed for delivery of RNAi for human
therapeutics to use in crop protection as an environmentally sustainable and easy to adopt topical spray.

the plant RNAi silencing by providing viral double strand RNAs or another
virus-induced mechanisms developed by the plants?

Any Question!!!

