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Letters

Virus-Mediated Transient Expression Techniques Enable
Gene Function Studies in Black-Grass1[OPEN]

Dear Editors,
Weeds are arguably among the most economically

important groups of plant species. They have major
agronomic and environmental impacts and affect food
security. For winter-cereal farmers in western Europe,
black-grass (Alopecurus myosuroides) is the most prob-
lematic weed, as it survives chemical control methods
(Hicks et al., 2018; Varah et al., 2020) and reproduction
occurs within a standard cropping cycle (Moss, 1983;
Colbach et al., 2006). Importantly, black-grass also
directly reduces yields (Varah et al., 2020). New dis-
ruptive technologies mitigating herbicide resistance
evolution and enabling better control are therefore ur-
gently required. This could be achieved by gaining a
better understanding of black-grass biology and iden-
tifying genes underpinning its success as an agricul-
tural weed. However, functional studies have been
impeded by the lack of tools for genetic transforma-
tion and/or functional genomics in this species. Here,
we demonstrate the transient expression tools virus-
induced gene silencing (VIGS) and virus-mediated
protein overexpression (VOX) developed for crop
monocots can be used in black-grass.
Transient expression techniques offer the means to

quickly and specifically alter gene expression in a low-
to medium-throughput manner even in plant species

that are difficult or not yet possible to transform. Those
mediated by plant virus-derived vectors, i.e. VIGS
and VOX, allow systemic silencing of target genes or
protein overexpression throughout young or adult
plant tissues. Different viral vectors based on viruses
with RNA or DNA genomes have been developed for
gene-function studies in monocots (for review, see Lee
et al., 2015; Kant and Dasgupta, 2019). Barley stripe
mosaic virus (BSMV) and Foxtail mosaic virus (FoMV) are
the most commonly used in wheat (Triticum aestivum)
and, with variable success, other cereal crops and grass
species (Lee et al., 2015; Liu et al., 2016; Bouton et al.,
2018; Mei et al., 2019). Therefore, we tested published
vectors (Yuan et al., 2011; Lee et al., 2012; Bouton et al.,
2018) in black-grass.
We used two biotypes that differ in their sensitivity to

herbicides (Supplemental Fig. S1): Peldon (multiple
herbicide resistant [MHR]) and Rothamsted (sensitive).
Under laboratory conditions, we infected both bio-
types asymptomatically with BSMV and FoMV (Fig. 1;
Supplemental Fig. S2), thus enabling loss- and gain-of-
function of specific candidate genes in this economi-
cally important weed species. BSMV vectors carrying a
fragment of black-grass PHYTOENE DESATURASE
gene (AmPDS) in antisense orientation induced leaf
photobleaching within 5 to 11 d postinoculation (Fig. 1;
Supplemental Fig. S2). This corresponded with a sig-
nificant decrease in AmPDS mRNA as measured by
reverse transcription quantitative PCR (RT-qPCR;
Fig. 1). The photobleaching phenotype was also
seen using the published PDS fragment from wheat
(asTaPDS;Supplemental Fig. S3: Lee et al., 2012).
When individual tillers were separated, the photo-
bleaching persisted for at least 59 d (Supplemental
Fig. S3). Green fluorescence was clearly visible in
many but not all leaves of plants inoculated with
FoMV:GFP from 10 to 14 d postinoculation onwards
when analyzed using ultraviolet microscopy or a
handheld high intensity light-emitting diode flash-
light (Fig. 1; Supplemental Fig. S2). The presence of
the GFP protein was confirmed by western blot
analysis (Fig. 1). None of the individual tillers (n5 17)
displaying green fluorescence from the FoMV:GFP-
treated plants maintained the GFP signal from 12 d
onwards after separation and replanting (Supplemental
Fig. S4). These data collectively demonstrate that VIGS
driven by BSMV and VOX driven by FoMV can be used
successfully in black-grass. The stability of BSMV
VIGS-induced phenotypes in individual tillers pro-
vides an opportunity for clonal analyses. This is
particularly important, as black-grass is an obligate
allogamous species (Sieber and Murray, 1979) with
high genetic diversity and low genetic differentiation
(Menchari et al., 2007).
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Figure 1. VIGS and VOX are possible in black-grass. Data are representative of at least three independent replicates. A and B,
Phenotypes of black-grass (Peldon) leaves that have been infectedwith BSMVcarrying either an emptymultiple cloning site (MCS;
A) or the MCS with a portion of PHYTOENE DESATURASE (PDS) gene (B) in antisense orientation from black-grass (asAmPDS).
C,Whole-plant phenotypes of plants fromA or B infectedwith BSMV:MCS or BSMV:asAmPDS as labeled. D and E, Phenotypes of
black-grass (Peldon) leaves that have been infected with FoMV carrying GFP gene from Bouton et al. (2018) under either bright-
field microscopy (D) or using the GFP3 filter set (E). F and G, Phenotype of whole black-grass (Peldon) plants that have been
infected with FoMV:GFP photographed using a Nikon D90 illuminated with white light and no filter (F) or blue light using a dual
fluorescent protein flashlight through a long-pass filter (G). H, RT-qPCR of PDS normalized against theUBIQUITIN gene in Peldon
plants inoculatedwith BSMV:MCS or BSMV:asAmPDS. Primers used in this study are detailed in Supplemental Table S1. The data
are averages and SEs from five independent biological replicates each. Asterisks indicate a significant difference between that
treatments using a Student’s t test with **P , 0.01 compared to the BSMV:MCS-treated samples. Supplemental Table S2 reports
Student’s t test P values supporting claims of significance or insignificance of observed results presented in this study. I, Stain-free
blot showing total protein extracted from Peldon plants inoculated with FoMV:GFP or FoMV:MCS as labeled. Three independent
protein extractions per treatment are shown. The size of the bands on the ladder are indicated. J, The western blot shown in I
probed with anti-GFP followed by anti-rabbit IgG-peroxidase antibody and ECL analyzed on a CHEMIDOC MP imaging in-
strument using the manufacturers’ specifications for optimal and automated acquisition. For further details of methods used see
the Supplemental Methods.
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Next, we assessed suitability of VIGS and VOX for
evaluating whether a given gene of interest is neces-
sary or sufficient to confer herbicide resistance in
black-grass. Previous studies have implicated the
glutathione transferase gene AmGSTF1 in MHR in
black-grass, and its heterologous expression in Ara-
bidopsis (Arabidopsis thaliana) was shown to be suf-
ficient to alter herbicide resistance (Cummins et al.,
2013). We used BSMV VIGS to knock down expres-
sion of this gene in the MHR biotype Peldon and the
sensitive biotype Rothamsted. A BSMV VIGS construct
with a portion of AmGSTF1 coding sequence in anti-
sense orientation was generated and tested. Plants of
both biotypes inoculated with BSMV:MCS exhibited
the expected phenotypes at 3 to 4 weeks after herbicide
application; compared to unsprayed controls, Peldon
plants were unaffected by the herbicide, whereas Roth-
amsted plantswere severely affected (Fig. 2). Pretreatment

of Peldon plants with BSMV:asAmGSTF1 significantly
decreased plant survival of the application of 1.53 field
rate fenoxaprop (Fig. 2). The presence of the recombi-
nant virus in the inoculated plants and knockdown of
the expression of the endogenous gene was confirmed
by RT-qPCR (Supplemental Fig. S5). These data are
direct evidence that AmGSTF1 is required for MHR
in black-grass. We then expressed the bialaphos resis-
tance (bar) gene encoding an enzyme that inactivates
glufosinate-ammonium herbicides (Block et al., 1987)
from the FoMV vector. Both Peldon and Rothamsted
biotypes are susceptible to glufosinate, albeit with dif-
ferent percentages of plants that die at a given dose of
herbicide (Supplemental Fig. S1). Testing the inoculated
plants by RT-PCR confirmed the presence of FoMV and
retention of the full-length bar gene coding sequence in
the FoMV:bar-inoculated plants (Supplemental Fig. S5).
As anticipated, plants inoculated with FoMV:MCS or

Figure 2. VIGS and VOX techniques are applicable for testing hypotheses relating to herbicide resistance in black-grass. A and B,
Altering AmGSTF1 expression using BSMV is sufficient to revert Peldon herbicide resistance to levels comparable to Rothamsted.
A, Phenotypes of Rothamsted and Peldon plants infectedwith BSMVwith an emptymultiple cloning site (MCS) or a 200-bp region
of AmGSTF1 in the antisense orientation (from 6 to 205 bp after the start codon). Photographs were taken 3 weeks after treatment
with 1.53 field rate fenoxaprop. B, Fresh weights of greater than 10 plants per treatment in A taken at 4 weeks after treatment with
1.53 field rate fenoxaprop and compared to unsprayed plants. C and D, Inoculation with FoMV carrying the bialaphos resistance
(bar) resistance gene is sufficient to confer resistance to 0.5% challenge 60 in Rothamsted or Peldon plants. C, Phenotypes of
Rothamsted and Peldon plants infected with FoMV carrying an empty multiple cloning site (MCS) or the MCS with GFP or bar
gene treated with 0.5% challenge. Photographs were taken 2 weeks after treatment. D, Fresh weights of nine or more plants per
treatment (only five plants in the case of FoMV:bar unsprayed) in C taken at 2 weeks after treatment with 0.5% challenge and
compared to unsprayed plants. Data are representative of three independent replicates. Averages and SEs are shown. Asterisks
indicate a significant difference using a Student’s t test with *P , 0.05 and **P , 0.01 between the sample indicated and the
unsprayed FoMV:bar treated control for that biotype. Supplemental Table S2 reports Student’s t test P values supporting claims of
significance or insignificance of observed results presented in this study.
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FoMV:GFP all diedwithin 2weeks after application of a
lethal dose of glufosinate (Fig. 2). However, both black-
grass biotypes pretreated with FoMV:bar were no-
ticeably less affected by the glufosinate application,
remained green, and had fresh weights not statisti-
cally different from unsprayed plants (Fig. 2). Glu-
fosinate resistance was not stable when FoMV:bar
tillers were separated before spraying (Supplemental
Fig. S4). With these data, we demonstrate that BSMV
VIGS and FoMV VOX are suitable for loss- and gain-
of-function analyses in black-grass relating to herbi-
cide resistance.

Although these techniques can be further improved
(Supplemental Fig. S6), the VIGS and VOX techniques
established here offer a step change in the type of
questions that can now be asked in weed biology. Of
main importance will be to apply these techniques
to establish a link between specific genes and ability
of black-grass to circumvent chemical controls and
thereby to gain a molecular-level understanding of
what allows black-grass to be such a successful weed.

Accession Numbers

DNA sequences identified forAmPDS andAmGSTF1
in this paper have been deposited to GenBank (http://
www.ncbi.nlm.nih.gov) with the accession numbers
MN936109 andMN936108 (associatedwithAJ010454.1),
respectively.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Dose-response curves for black-grass biotypes
Rothamsted and Peldon to herbicides glufosinate (challenge 60) or
fenoxaprop.

Supplemental Figure S2. VIGS and VOX are possible in black-grass in the
herbicide-sensitive biotype Rothamsted equivalently to the herbicide-
resistant biotype Peldon (Fig. 1).

Supplemental Figure S3. Leaf photobleaching correlated to infection with
BSMV:asTaPDS or BSMV:asAmPDS, which is stable in individual tillers.

Supplemental Figure S4. There is no evidence for stability of the FoMV
VOX-induced phenotypes when individual tillers are separated and
rooted.

Supplemental Figure S5. Molecular data demonstrating the viruses are
present in the virus-inoculated plants and alter RNA levels.

Supplemental Figure S6. The efficiency of BSMV VIGS and FoMV VOX
observed across experiments.

Supplemental Table S1. Student’s t test P values supporting claims of
significance or insignificance of observed results presented in this study.

Supplemental Table S2. Primer sequences used in this study.

Supplemental Methods. Further details of methods used in the article.

ACKNOWLEDGMENTS

The authors are grateful to Paul Neve and David Comont for useful
discussions regarding the work throughout. They thank Ari Sadanandom for
his support with the N8 Pump Prime Award that funded the preliminary data

investigating BSMV application in black-grass during D.R.M.’s fellowship at
Durham University. They thank Richard Hull and Laura Crook for providing
seed of the purified black-grass biotypes. David Comont, Claudia Lowe, and
Marie Lamarre are recognized for the data regarding black-grass sensitivity to
fenoxaprop and glufosinate. They thank Sergio Cerezo-Medina for providing
the Agrobacterium tumefaciens strain GV3101 and Caroline Sparks for the plas-
mid pAL156 carrying the bar gene. The authors’ gratitude goes to Helen
L. Martin for carrying out the herbicide applications and to Graham Shephard
for assistance with photography.

Received February 20, 2020; accepted March 26, 2020; published April 1, 2020.

Macarena Mellado-Sánchez2,3

ORCID ID: 0000-0002-4981-5230
Rothamsted Research, Department of Biointeractions

and Crop Protection, Harpenden,
Hertfordshire AL5 2JQ, United Kingdom

Faye McDiarmid2

ORCID ID: 0000-0003-2102-7096
Rothamsted Research, Department of Biointeractions

and Crop Protection, Harpenden,
Hertfordshire AL5 2JQ, United Kingdom

Victor Cardoso4

ORCID ID: 0000-0003-1266-9337
Rothamsted Research, Department of Biointeractions

and Crop Protection, Harpenden,
Hertfordshire AL5 2JQ, United Kingdom

Kostya Kanyuka
ORCID ID: 0000-0001-6324-4123

Rothamsted Research, Department of Biointeractions
and Crop Protection, Harpenden,

Hertfordshire AL5 2JQ, United Kingdom

Dana R. MacGregor5,6

ORCID ID: 0000-0003-0543-0408
Rothamsted Research, Department of Biointeractions

and Crop Protection, Harpenden,
Hertfordshire AL5 2JQ, United Kingdom

LITERATURE CITED

Block MD, Botterman J, Vandewiele M, Dockx J, Thoen C, Gosselé V,
Movva NR, Thompson C, Montagu MV, Leemans J (1987) Engineering
herbicide resistance in plants by expression of a detoxifying enzyme.
EMBO J 6: 2513–2518

Bouton C, King RC, Chen H, Azhakanandam K, Bieri S, Hammond-
Kosack KE, Kanyuka K (2018) Foxtail mosaic virus: A viral vector for
protein expression in cereals. Plant Physiol 177: 1352–1367

Colbach N, Busset H, Yamada O, Dürr C, Caneill J (2006) AlomySys:
Modelling black-grass (Alopecurus myosuroides Huds.) germination and
emergence, in interaction with seed characteristics, tillage and soil cli-
mate. II. Evaluation. Eur J Agron 24: 113–128

Cummins I, Wortley DJ, Sabbadin F, He Z, Coxon CR, Straker HE, Sellars
JD, Knight K, Edwards L, Hughes D, et al (2013) Key role for a gluta-
thione transferase in multiple-herbicide resistance in grass weeds. Proc
Natl Acad Sci USA 110: 5812–5817

Hicks HL, Comont D, Coutts SR, Crook L, Hull R, Norris K, Neve P,
Childs DZ, Freckleton RP (2018) The factors driving evolved herbicide
resistance at a national scale. Nat Ecol Evol 2: 529–536

458 Plant Physiol. Vol. 183, 2020

Letters

 www.plantphysiol.orgon July 3, 2020 - Published by Downloaded from 
Copyright © 2020 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00205/DC1
http://jasn.asnjournals.org/lookup/suppl/doi:10.1104/pp.20.00205/-/DCSupplemental
http://orcid.org/0000-0002-4981-5230
http://orcid.org/0000-0003-2102-7096
http://orcid.org/0000-0003-1266-9337
http://orcid.org/0000-0001-6324-4123
http://orcid.org/0000-0003-0543-0408
http://www.plantphysiol.org


Kant R, Dasgupta I (2019) Gene silencing approaches through virus-based
vectors: Speeding up functional genomics in monocots. Plant Mol Biol
100: 3–18

Lee W-S, Hammond-Kosack K, Kanyuka K (2012) Barley stripe mosaic
virus-mediated tools for investigating gene function in cereal plants and
their pathogens: Virus-induced gene silencing, host-mediated gene si-
lencing, and virus-mediated overexpression of heterologous protein.
Plant Phys 160: 582–590

Lee W-S, Hammond-Kosack KE, Kanyuka K (2015) In planta transient
expression systems for monocots. In K Azhakanandam, A Silverstone, H
Daniell, and MR Davey, eds, Recent Advancements in Gene Expression
and Enabling Technologies in Crop Plants. Springer, New York, pp
391–422

Liu N, Xie K, Jia Q, Zhao J, Chen T, Li H, Wei X, Diao X, Hong Y, Liu Y
(2016) Foxtail Mosaic Virus-induced gene silencing in monocot plants.
Plant Physiol 171: 1801–1807

Mei Y, Beernink BM, Ellison EE, Konečná E, Neelakandan AK, Voytas
DF, Whitham SA (2019) Protein expression and gene editing in mono-
cots using foxtail mosaic virus vectors. Plant Direct 3: e00181

Menchari Y, Délye C, Le Corre V (2007) Genetic variation and population
structure in black-grass (Alopecurus myosuroides Huds.), a successful,
herbicide-resistant, annual grass weed of winter cereal fields. Mol Ecol
16: 3161–3172

Moss SR (1983) The production and shedding of Alopecurus myosuroides
Huds. seeds in winter cereals crops. Weed Res 23: 45–51

Sieber VK, Murray BG (1979) The cytology of the genus Alopecurus (Gra-
mineae). Bot J Linn Soc 79: 343–355

Varah A, Ahodo K, Coutts SR, Hicks HL, Comont D, Crook L, Hull R,
Neve P, Childs DZ, Freckleton RP, Norris K (2020) The costs of human-
induced evolution in an agricultural system. Nat Sustain 3: 63–71

Yuan C, Li C, Yan L, Jackson AO, Liu Z, Han C, Yu J, Li D (2011) A high
throughput barley stripe mosaic virus vector for virus induced gene
silencing in monocots and dicots. PLoS One 6: e26468

Plant Physiol. Vol. 183, 2020 459

Letters

 www.plantphysiol.orgon July 3, 2020 - Published by Downloaded from 
Copyright © 2020 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org

