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METHODOLOGY

Foxtail mosaic virus-induced gene silencing 
(VIGS) in switchgrass (Panicum virgatum L.)
Kira Tiedge1,2*  , Janessa Destremps1, Janet Solano‑Sanchez1, Magda Lisette Arce‑Rodriguez1   and 
Philipp Zerbe1   

Abstract 

Background: Although the genome for the allotetraploid bioenergy crop switchgrass (Panicum virgatum) has been 
established, limitations in mutant resources have hampered in planta gene function studies toward crop optimization. 
Virus‑induced gene silencing (VIGS) is a versatile technique for transient genetic studies. Here we report the imple‑
mentation of foxtail mosaic virus (FoMV)‑mediated gene silencing in switchgrass in above‑ and below‑ground tissues 
and at different developmental stages.

Results: The study demonstrated that leaf rub‑inoculation is a suitable method for systemic gene silencing in switch‑
grass. For all three visual marker genes, Magnesium chelatase subunit D (ChlD) and I (ChlI) as well as phytoene desatu-
rase (PDS), phenotypic changes were observed in leaves, albeit at different intensities. Gene silencing efficiency was 
verified by RT‑PCR for all tested genes. Notably, systemic gene silencing was also observed in roots, although silencing 
efficiency was stronger in leaves (~ 63–94%) as compared to roots (~ 48–78%). Plants at a later developmental stage 
were moderately less amenable to VIGS than younger plants, but also less perturbed by the viral infection.

Conclusions: Using FoMV‑mediated VIGS could be achieved in switchgrass leaves and roots, providing an alternative 
approach for studying gene functions and physiological traits in this important bioenergy crop.

Keywords: Switchgrass (Panicum virgatum), Virus‑induced gene silencing (VIGS), Bioenergy crops, Foxtail mosaic 
virus (FoMV)
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Background
The perennial grass switchgrass (Panicum virgatum L.) is 
a major species of the North American tallgrass prairies 
and of agroeconomic importance as a C4 lignocellulosic 
biofuel feedstock crop. Its high net energy efficiency and 
environmental hardiness allow biofuel production on 
marginal lands with minimal agricultural input [1–3]. 
Two major switchgrass ecotypes, lowland and upland, 
are distinguished that feature large variation in habitat 
adaptation, morphological characteristics and ploidy lev-
els [4]. Lowland ecotypes are predominantly tetraploid, 

while upland ecotypes mostly contain octoploid genomes 
[2, 4, 5]. Recent sequencing of the allotetraploid genome 
of the lowland ecotype Alamo AP13 has enabled the 
investigation of gene functions and corresponding 
physiological traits, which lays the foundation for crop 
optimization through increasing switchgrasses’ environ-
mental resilience [2]. However, the genetic diversity and 
high self-incompatibility of switchgrass ecotypes have 
limited genetic studies and the development of mutant 
resources [6, 7]. Transformation protocols and methods 
for CRISPR/Cas9- and RNAi-mediated gene editing in 
switchgrass have been reported [8–13]. For example, the 
pANIC vector collection has been successfully employed 
for the stable downregulation of lignin biosynthetic genes 
in transgenic embryogenic callus cultures [14, 15] and 
have been used in transgenic RNAi studies to analyze 
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and regulate cellulose and lignin biosynthesis in switch-
grass [10, 16]. These and other efforts have further been 
integrated to reduce cell wall recalcitrance in transgenic 
switchgrass lines to enable more cost-efficient lignocellu-
losic biofuel production [8, 11].

Virus-induced gene silencing (VIGS) has been estab-
lished as an alternate tool for transient gene function 
studies [17, 18]. VIGS takes advantage of evolutionarily 
conserved antiviral defense mechanisms via post-tran-
scriptional gene silencing of viral RNA [19]. In general, 
integration of a target gene into a viral vector system is 
used to trigger the degradation of specific plant genes of 
interest [20, 21]. In the past decade, VIGS has been suc-
cessfully used to investigate the function of genes with 
relevance to plant development and stress defenses in 
several monocot crops, including rice (Oryza sativa) [22, 
23], maize (Zea mays) [24–30], wheat (Triticum aesti-
vum)[30], and barley (Hordeum vulgare) [31, 32]. A range 
of different VIGS vectors is now available that offer a 
broad host range and high silencing efficiency and dura-
tion and have proven useful for gene function studies 
associated with stress resistance in monocot plants [26, 
27, 31, 33, 34]. For example, foxtail mosaic virus (FoMV) 
has been shown to successfully silence gene expression in 
a range of monocot species, including barley, wheat, fox-
tail millet (Setaria italica, and maize [26, 31], thus pro-
viding a promising tool for gene silencing in switchgrass. 
The independence of VIGS-mediated gene silencing with 
respect to stable transformation protocols and defined 
genetic backgrounds further provides a versatile resource 
for transient gene function studies that impact pathways 
and traits that vary across tissues and plant develop-
mental stages. For example, barley stripe mosaic virus 
(BSMV)-enabled VIGS was used to affect gene silencing 
in wheat leaves, roots and grain tissue as well as differ-
ent developmental stages [35, 36]. Similarly, key enzymes 
involved in the production of defensive, specialized gly-
coalkaloid metabolites were confirmed via a combina-
tion of VIGS, quantitative trait loci (QTL) analysis and 
metabolomics in tomato (Solanum sp.) [37].

In this study, we selected three widely used marker 
genes, namely Magnesium chelatase subunit D (ChlD) 
and subunit I (ChlI) involved in chlorophyll biosynthesis 
[38, 39] and phytoene desaturase (PDS) functioning in 
carotenoid metabolism [40] to establish FoMV-mediated 
VIGS in different switchgrass tissues and developmental 
stages.

Methods
Gene identification and construct generation
Given the allotetraploid genome of Panicum virgatum, 
orthologues of the targeted marker genes PDS, ChlD, and 
ChlI were identified via annotation search and a BLAST 

search with the ZmPDS (GRMZM2G410515) sequence 
[26] of the switchgrass reference genome (Alamo AP13, 
v5; [2]). Nucleotide sequences were aligned in Geneious 
Prime (Biomatters, USA) and highly conserved 200–
400 bp nucleotide fragments for each gene were selected 
for VIGS. These fragments were amplified from switch-
grass cDNA with forward and reverse oligonucleotides 
adding XbaI and PacI restriction sites, respectively 
(Additional file 1: Table S3). Amplicons were then ligated 
into the infectious FoMV vector [26]. The final constructs 
were transformed into E. coli DH5α (New England Bio-
labs, USA) and sequence verified prior to experimental 
use.

Plant cultivation
Seeds of switchgrass (Panicum virgatum var. Alamo 
AP13) were obtained from the U.S. Department of Agri-
culture Germplasm Resources Information Network 
(accession no. PI 422006). Seeds of N. benthamiana were 
kindly provided by Dr. Katayoon Dehesh (University of 
California, Riverside, USA). For both N. benthamiana 
and switchgrass, approximately 6–8 seeds were planted 
in 3 × 3 inch pots in growth chambers at 23  °C, 16  h 
light/8  h dark cycles, and watered at weekly intervals. 
After two weeks, successfully germinated seedlings were 
transferred to individual 6 × 6 inch pots and grown under 
the same conditions until infiltration. The temperature 
was lowered to 21  °C after Agrobacterium tumefaciens 
GV3101 infiltration.

Agroinfiltration of N. benthamiana
Transformation of A. tumefaciens with the generated 
constructs was performed as reported before [41]. Here, 
competent A. tumefaciens GV3101 cells were trans-
formed via heat shock and tested for the presence of 
the targeted inserts. Transformed A. tumefaciens were 
streaked on LB agar plates containing 50  µg/ml kana-
mycin and rifampicin and incubated at 28 °C for 2 days. 
A single colony of A. tumefaciens was used to inoculate 
5 ml LB liquid medium with the aforementioned antibi-
otics and incubated at 28  °C for 24  h at 180  rpm, after 
which 5  ml LB culture was used to inoculate 30  ml of 
LB medium with the antibiotics and subsequent incu-
bation at the above conditions. Transformed cells were 
pelleted by centrifugation at 3000  rpm for 15  min and 
resuspended twice in 30  ml of 10  mM  MgCl2. Fresh 
infiltration solution was used to resuspend the cells, fol-
lowed by incubation at 28  °C for 3–4  h at 200  rpm at 
which time the culture was diluted to an  OD600nm of 1 
with infiltration medium (prepare fresh before infiltra-
tion: 10  mM MgCl2, 10  mM 2-(N-morpholino)ethane-
sulfonic acid (MES), and 150 μm acetosyringone). Finally, 
4.6  µl of Silwet L-77 (Bioworld, USA) was added with 
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further incubation for 10  min. For agroinfiltration, the 
abaxial side of two leaves was infiltrated per plant with 
a 1 ml needleless syringe and placed in a growth cham-
ber at 21 °C without light for 24 h and then with light for 
3 weeks post-infiltration.

To confirm the systemic virus infection of the N. 
benthamiana plants, leaf and root tissue was harvested 
for RT-PCR, sequence verification, and stored at − 80 °C 
until further analysis. Subsequently, the tissue was 
ground to a fine powder with autoclaved and bleached 
mortars and pestles for RNA extractions (Monarch Total 
RNA Miniprep Kit, New England Biolabs), cDNA synthe-
sis (SuperScript™ III First-Strand Synthesis System, Inv-
itrogen) and PCR  (GoTaq® DNA Polymerase, Promega). 
The amplification protocol was as follows: initial dena-
turation at 95 °C for 2 min; followed by 35 cycles of dena-
turation at 95 °C for 30 s, annealing at 60 °C for 45 s, and 
extension at 72 °C for 60 s; completed by final elongation. 
Oligonucleotide sequences are given in Additional file 1: 
Table  S3. Amplicons were analyzed via sanger sequenc-
ing (Quintarabio, USA).

Rub‑inoculation of switchgrass
To prepare the virus-containing N. benthamiana sap, 4 g 
of leaf material displaying viral symptoms (as confirmed 
by RT-PCR) were collected. Rub-inoculation of P. vir-
gatum seedlings that reached either elongation stage E1 
or elongation stage E3 followed an established proto-
col ([26]. N. benthamiana leaf tissue was ground using 
a mortar and pestle in 16  ml of KP inoculation buffer 
with 500  mg of silicon carbide powder (600 grit; Beta 
Diamond Products, USA) added. For rub-inoculation, 
sterile cotton swabs were dipped into the sap and used 
to inoculate the second and third leaf from the apex 
(Additional file  1: Fig. S1). The rub-inoculation should 
be forceful enough to mediate the infection while pre-
venting extensive leaf damage (a squeaking sound from 
stripping the wax layer of the leaves should be audible). 
Inoculated seedlings were maintained in growth cham-
bers at 21 °C or 22 °C without light for 24 h and then with 
a 16  h photoperiod. Symptoms of infection were moni-
tored 1–3 weeks post-inoculation. After a period of four 
weeks, inoculated seedlings were harvested for analysis 
at a range of timepoints to assess construct stability and 
silencing efficiency.

Confirmation of systemic virus infection
Confirmation of virus infection in P. virgatum was car-
ried out four weeks post-inoculation. Root and leaf tis-
sue was harvested, immediately flash frozen in liquid 
nitrogen, and stored at − 80 °C. Plant tissue was ground 
in bleached and twice-autoclaved mortar and pestles fol-
lowed by RNA extraction using the Monarch Total RNA 

Miniprep Kit (New England Biolabs, USA). RT-PCR 
experiments were performed to detect the FoMV vector 
and the ChlD, ChlI, and PDS target genes using gene-
specific oligonucleotides (Additional file  1: Table  S3). 
Wild-type RNA was used as a negative control.  GoTaq® 
Green Master Mix (Promega, USA) was used to conduct 
RT-PCR amplification. The amplification protocol was as 
follows: initial denaturation at 95 °C for 2 min; followed 
by 35 cycles of denaturation at 95 °C for 30 s, annealing 
at 60  °C for 45  s, and extension at 72  °C for 60  s; com-
pleted by final elongation. The oligonucleotides used can 
be found in Additional file 1: Table S3. Amplicons were 
analyzed via Sanger sequencing (Quintarabio, USA).

Validation of silencing efficiency via qPCR
For qPCR analysis, 18SrRNA (18SrRNA1) and actin 
(ACT12) were used as reference genes based on previ-
ous studies in P. virgatum [42, 43], as well as efficiency 
tests using different template concentrations (oligonucle-
otide sequences are given in Additional file 1: Table S3). 
Primers for target genes were designed outside the insert 
regions and tested for product specificity and an effi-
ciency of 100 ± 5%. QPRC reactions were performed 
in a 10 μl volume with 5 μl iTaq Universal SYBR Green 
Supermix (Bio-Rad Laboratories, USA), 2 × 0.2 μl of oli-
gonucleotides, and 2 μl of the respective cDNA with the 
following parameters: initial denaturation at 95  °C for 
30 s; 40 cycles of denaturation at 95 °C for 10 s, anneal-
ing at 60 °C for 10 s, and extension at 72 °C for 20 s. After 
quality analysis of melting curves, Bio-Rad CFX Manager 
3.1 was used to calculate the  Ct values. Data analysis was 
performed using the ΔΔCt method as described previ-
ously [44, 45]. Gene expression values were calculated on 
the basis of six biological replicates and calculated as the 
normalized relative quantity (NRQ) compared to the wild 
type. Statistical significance for gene expression was ana-
lyzed using a heteroscedastic Student’s t-Test with a two-
tailed distribution (p-value < 0.05).

Results
Systemic infection of switchgrass plants
FoMV-mediated VIGS has been successfully used to 
silence genes in monocot crops, including maize and 
Setaria viridis [26, 27, 31]. In addition, the suitability 
of mechanically inoculating plants by rubbing sap of 
infected N. benthamiana plants onto the leaves has been 
demonstrated in maize and other species [26]. Adopt-
ing this strategy to achieve gene silencing in switchgrass, 
three marker genes, switchgrass (P. virgatum var Alamo 
AP13) magnesium chelatase subunits D (ChlD) and I 
(ChlI) as well as phytoene desaturase (PDS) were chosen 
for gene silencing. The function of magnesium chelatase 
and phytoene desaturase in chlorophyll and carotenoid 
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metabolism, respectively, results in a bleaching pheno-
type that enables visual screening for successful gene 
silencing [38–40]. Mining of the switchgrass genome (P. 
virgatum Alamo AP13 v5.1) revealed two highly con-
served gene copies of each ChlD and ChlI with 98% and 
89% protein sequence similarity, respectively. For puta-
tive PDS genes, six less conserved copies were identified 
which share an average sequence similarity of 26% (Addi-
tional file  1: Table  S1). To achieve an efficient silencing 
of these identified genes, conserved regions for each gene 
group were identified (Additional file 1: Table S2). Using 
the resulting FoMV:ChlD, FoMV:ChlI and FoMV:PDS 

constructs, three-week-old N. benthamiana plants were 
agroinfiltrated either with the empty FoMV vector or one 
of the constructs for multiplication of the virus (Fig. 1).

Two weeks after infiltration, gene-specific RT-PCR 
analysis verified the presence of the viral load in systemic 
leaves and roots for all infected tobacco plants (Fig. 2A). It 
should be noted that in case of the FoMV:PDS construct, 
RT-PCR indicated a deletion within the FoMV:PDS con-
struct in new leaves and roots of some plants (Fig. 2A), 
a phenomenon observed frequently in VIGS studies [27]. 
Additionally, RT-PCR products were sequenced to verify 
successful infection of N. benthamiana with the correct 

Fig.1 Workflow for VIGS in switchgrass. Fragments of the target genes inserted into the foxtail mosaic vector (FoMV) system are first transfected 
into Nicotiana benthamiana leaves for multiplication of the virus. After PCR verification of successful transformation, leaf sap is extracted and used 
to mechanically rub‑inoculate switchgrass leaves, followed by PCR‑verification of transformants and gene expression analysis of target genes via 
RT‑PCR

Fig. 2 RT‑PCR analysis of construct presence and integrity in N. benthamiana and P. virgatum. RT‑PCR assays of systemic N. benthamiana (A) and P. 
virgatum (B) leaves and roots verifying the presence of the constructs FoMV:PDS, FoMV:ChlI or FoMV:ChlD as compared to wild type plants (no virus) 
and FoMV transfection only. Expected amplicon size is 314 bp for FoMV, 410 bp for FoMV:PDS, 424 bp for FoMV:ChlI, and 369 bp for FoMV:ChlD. 
Oligonucleotide sequences are listed in Additional file 1: Table S3
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constructs. Having established sufficient virus produc-
tion in N. benthamiana, the second and third leaf from 
the apex of 3-week-old P. virgatum seedlings were inoc-
ulated using rub-inoculation with N. benthamiana sap 
containing the respective constructs or FoMV empty vec-
tor as a negative control. RT-PCR analysis showed suc-
cessful systemic infection in newly emerged leaves of all 
inoculated plants (n = 45), and in 28% of the tested plants 
a systemic infection was also observed in roots. In other 
monocot crops like maize a systemic FoMV infection of 
the seedlings established itself around 14 days post-inoc-
ulation (dpi) [27]. Considering the relative slower growth 
rate of switchgrass as compared to these crops, we tested 
different intervals between inoculation and sampling to 
achieve a suitable balance between stability of the con-
structs and efficient silencing, which became established 
at approximately 28–32 dpi (Additional file  1: Fig. S3). 
Stability of the construct and of the silencing effect was 
assessed via RT-PCR and qRT-PCR, respectively. In most 
cases, the silencing effect remained stable up to 48 dpi, 
but for FoMV:ChlD leaves as well as roots the efficiency 
decreased drastically after 44 dpi (Additional file  1: Fig. 
S3).

Phenotypic changes
Infection of N. benthamiana with the FoMV:PDS, 
FoMV:ChlI or FoMV:ChlD constructs did not result in 
a substantial bleaching phenotype in N. benthamiana 
plants, likely due to the sequence differences between the 
switchgrass and N. benthamiana genes for PDS, ChlI and 
ChlD, which share 80% or less similarity at the nucleo-
tide level (Additional file 1: Figs. S4–S6). However, some 
N. benthamiana leaves displayed a mosaic pattern after 

successful infiltration, which was also visible in plants 
containing only the empty FoMV vector and hence is 
presumably caused by the FoMV infection (Additional 
file 1: Fig. S2).

After rub-inoculation with N. benthamiana leaf sap, 
switchgrass plants exhibited a range of phenotypes that 
varied between developmental stages and the construct 
used (Fig.  3, Additional file  1: Fig. S7). The two tested 
developmental stages included switchgrass plants that 
were inoculated at elongation stage 1 (E1) and plants that 
were inoculated at elongation stage 3 (E3). For plants 
that were inoculated at the E1 stage, leaves of untreated 
wild type plants (WT) showed a dark green pigmenta-
tion (Fig. 3A). Among the targeted genes, ChlD silencing 
resulted in the strongest bleaching phenotype in leaves, 
followed by ChlI and PDS (Fig. 3A). The leaves of plants 
infected with the empty FoMV vector showed less discol-
oration compared to plants infected with FoMV:ChlD, 
FoMV:ChlI, or FoMV:PDS (Fig. 3A). In older plants that 
were inoculated at the E3 stage similar, yet more pro-
nounced, visual phenotypic patterns were observed 
(Fig.  3B). All FoMV:ChlD, FoMV:ChlI or FoMV:PDS 
plants showed phenotypic differences compared to 
the control plants. The strongest bleaching effect was 
detected in FoMV:ChlD plants, whereas the FoMV:ChlI 
plants only showed moderate bleaching comparable to 
the empty vector control plants (Fig. 3B). Not all plants 
in this study showed a bleaching phenotype and of those 
plants that showed a phenotype, mostly the older leaves 
were impacted. The total number of plants exhibiting a 
bleaching phenotype was 5–13% higher in plants that 
were inoculated at a later developmental stage and 20% 

BA

Fig. 3 Phenotypic differences among older and younger switchgrass leaves 4 weeks post‑inoculation (A) in younger plants that were infected at 
the E1 stage, (B) in older plants that were infected at the E3 stage. WT: wildtype/untreated plants; FoMV: empty vector control; ChlD: plants infected 
with FoMV:ChlD; ChlI: plants infected with FoMV:ChlI; PDS: plants infected with FoMV:PDS
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higher in the empty vector control plants (Additional 
file 1: Table S4).

Tissue‑specific gene silencing
Having detected systemic viral infection in both switch-
grass leaves and roots (Fig. 2), we next assessed the gene 
silencing efficiency of our constructs 28 days after inoc-
ulation using RT-qPCR with leaf and root samples of 
switchgrass plants at the E1 stage and compared the rela-
tive gene expression to untreated wild type and empty 
vector control plants.  For all three tested genes, gene 
expression was significantly decreased in infected seed-
lings as compared to the empty FoMV vector and wild 
type plants (Fig.  4). In leaf tissue, the average (n = 35) 
gene silencing efficiency was 87% for FoMV:ChlD, 90% 
for FoMV:ChlI, and 74.5% for FoMV:PDS as compared to 
wild type plants (Fig.  4A, C, E). Expectedly, FoMV vec-
tor control samples also were significantly different from 
wild type plants, reflecting the detrimental effect of viral 

infection on young leaves. In root tissue, a strong silenc-
ing effect was also observed, albeit less pronounced as 
compared to leaves. The average gene silencing effi-
ciency was measured at 48% for FoMV:ChlD, 78% for 
FoMV:ChlI, and 76% for FoMV:PDS. In contrast to leaf 
tissue, the effect of viral infection itself on gene expres-
sion in roots was not significant, with the exception of 
FoMV:PDS (Fig. 4F).

Gene silencing efficiency at different growth stages
To next evaluate gene silencing efficiency in older switch-
grass, plants at the E3 developmental stage were analyzed 
via RT-qPCR and compared to plants at the E1 stage. In 
contrast to E1 plants, with the exception of FoMV:PDS 
leaves, gene expression in older E3 plants was not sig-
nificantly impacted by the viral infection, resulting in 
similar expression levels between wild type and FoMV 
vector controls (Fig.  5). In some cases, a slight increase 
of transcript was detected in the empty vector control 
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plants (Fig. 5B, E, F). For FoMV:ChlD a reduction in gene 
expression of 81% in leaves and 73% in roots was calcu-
lated, whereas FoMV:ChlI showed a decrease of 80% in 
leaves and 65% in roots as compared to 63% in leaves and 
78% in roots for FoMV:PDS (Fig.  5). Thus, E3 seedlings 
displayed moderately stronger gene silencing in leaves 
as compared to the roots, similar to the younger plants. 
Collectively, these findings show that gene silencing had 
a comparable efficiency in leaves and a higher efficiency 
in roots of E3 plants compared to E1 plants, while the 
younger E1 seedlings showed more pronounced detri-
mental impact by the viral infection.

Discussion
Advances in omics technologies have dramatically 
increased the availability of plant genomes and compu-
tational gene function annotations. Forward and reverse 
genetic studies are critical to empirically validate func-
tional predictions in planta, yet remain challenging for 
many crops. Although CRISPR/Cas9 and RNAi proto-
cols have been successfully employed in switchgrass [8, 

10, 11, 14, 46, 47] , the complex allotetraploid genome 
and largely outcrossing nature of switchgrass complicate 
genetic studies. In this study, we used the FoMV vector 
and mechanical rub-inoculation, previously established 
in maize, sorghum, and wheat [26, 48, 49] to achieve 
VIGS in switchgrass. Using this approach, systemic infec-
tion was achieved in approximately one quarter (~ 28%) 
of the tested 3- or 8-week-old switchgrass seedlings. This 
infection efficiency is consistent with other monocot spe-
cies, where plant susceptibility to viral infection has been 
shown to be impacted by other factors such as genotype/
cultivar, vector chassis, construct design, and growth 
conditions [48, 49]. The relevance of optimizing construct 
design is exemplified by the instability of the FoMV:PDS 
construct observed in this study. We observed what pre-
sumably are deletion products of the construct in select 
samples. This might point to a possible issue of construct 
stability as described earlier in this study. This phenom-
enon has been a long-standing impediment for this tech-
nology, and efforts have already been made to improve 
the insert stability, for example through modified viral 
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vectors and adjustment of environmental conditions [24, 
50, 51]. In addition, the presence of gene copies for each 
of the ChlD, ChlI and PDS marker genes in the allotetra-
ploid switchgrass genome necessitated the careful design 
of target gene fragments to avoid limitations in VIGS effi-
ciency due to gene functional redundancies.

To visualize the knock-down, we used three different 
reporter genes which are commonly employed in gene 
editing studies and which are resulting in a visible phe-
notype in case of a successful silencing event. Magnesium 
chelatase subunits D (ChlD) and I (ChlI) act as regulators 
in the biosynthetic pathway of chlorophyll. Therefore, 
a loss of function in ChlD and ChlI inhibits chlorophyll 
biosynthesis resulting in a bleaching phenotype [38]. In 
addition, the targeted endogenous phytoene desaturase 
(PDS) encodes an enzyme catalyzing the first step in the 
carotenoid biosynthetic pathway. Carotenoids act as pho-
toprotectants, therefore the knock-down of the transcript 
results in white leaves due to a photobleaching effect [40]. 
At the phenotypic level, the presence of mild bleaching 
of switchgrass leaves upon infection with the FoMV vec-
tor is similar to observations for FoMV infection in other 
monocot species [27]. For example, gene silencing of 
PDS or ChlH did not result in leaf bleaching in sorghum 
[48]. Although a stronger bleaching phenotype could 
be observed for all constructs targeted in this study, for 
FoMV:ChlD, FoMV:ChlI and FoMV:PDS, the phenotypic 
changes showed a large degree of variation. It is possible 
that different levels of bleaching symptoms caused by the 
FoMV infection alone mask the gene silencing effects of 
the target gene [48]. In addition, since two or more gene 
copies were targeted for each marker gene, the amount of 
functional protein produced may differ between infected 
switchgrass plants. It also cannot be excluded that in 
addition to the photosensitization-preventing mecha-
nisms of carotenoids switchgrass can employ alterna-
tive mechanisms/pathways to provide photoprotection 
as shown in other crops [52]. The phenotypic variation 
among even successfully infected plants highlights the 
importance of verifying gene silencing at the molecular 
level. Indeed, RT-PCR analysis verified the successful 
silencing of all target genes with efficiencies of 74–90% 
in leaves and 48–78% in roots of 3-week-old switchgrass 
seedlings. Since experiments with different time periods 
between inoculation and sampling have shown that effi-
ciencies can be impacted by extending the inoculation 
period, it is advisable to adjust the experimental design 
according to the used switchgrass variety, growth condi-
tions and gene constructs.

The systemic gene silencing in both switchgrass leaf 
and root tissue can enable the analysis of metabolic pro-
cesses and pathways that function in a spatiotemporal 
manner. Prominently, this includes defensive specialized 

metabolite pathways that are often expressed in specific 
tissues, at specific developmental stages and in response 
to environmental stimuli as demonstrated for monocot 
crops including switchgrass, rice, and maize [53–58]. 
Although ChlD, ChlI, and PDS gene silencing was slightly 
less efficient on average in switchgrass roots than in 
leaves, the detected gene silencing levels in roots were 
comparable to other crops including BSMV-mediated 
VIGS in wheat [35], bean pod mottle virus (BPMV)-ena-
bled silencing in peas (Pisum sativum) [59], and cassava 
(Manihot esculenta) using the cassava gemini virus [60].

The majority of VIGS studies focuses on early develop-
mental stages to take advantage of the higher gene silenc-
ing efficiency in younger plants, even though younger 
plants are also more susceptible to the viral infection as 
shown in Arabidopsis and other plant species [17, 61–
63]. However, expanding VIGS studies across develop-
mental stages can enable the investigation of biological 
processes and pathways that function only at later devel-
opmental stages. Hence, we here tested the efficiency of 
VIGS in switchgrass seedlings infected at two growth 
stages using 3- and 8-week-old seedlings at the E1 and 
E3 stage, respectively. 3-week-old plants exhibited a less 
pronounced bleaching phenotype and were more sus-
ceptible to viral infection as reflected in a lower relative 
gene expression in FoMV empty vector control plants. By 
contrast, accompanying a lower virus susceptibility, VIGS 
efficiency in leaves of 8-week-old plants was reduced by 
only 6–12%. In the 8-week-old seedlings, in some cases 
an increase of gene expression was detected in the empty 
vector control plants, which has been observed in other 
plant species before [64–66]. Surprisingly, with the 
exception of FoMV:ChlI, gene silencing efficiency was 
increased in roots of older switchgrass seedlings. This 
result shows that the efficiency of VIGS can be substan-
tially impacted by the developmental stage of the plants 
used for silencing of specific genes. This effect has already 
been observed in other crops such as opium poppy [67] 
and gerbera [68]. A plausible explanation for this varia-
tion in VIGS efficiency includes differences in the activity 
of the host RNAi and of constitutive promotors including 
the Cauliflower mosaic virus 35S promoter of the FoMV 
vector at different developmental stages, especially in 
monocot plants [69, 70]. For example, expression levels 
driven by the same promoter were strong and constitu-
tive in some studied lines, but in other lines expression 
levels were only increased in metabolically more active 
tissues [70]. While a deeper understanding of the under-
lying mechanisms would require extensive future studies 
as more constructs are being tested in switchgrass, these 
results indicate the suitability of older switchgrass plants 
for tissue-specific VIGS studies.
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Conclusions
VIGS offers a powerful tool for transient gene function 
studies, especially for species where plant transforma-
tion, regeneration, and genetic backgrounds present 
experimental challenges. Although variable pheno-
typic results and the presence of multiple gene copies 
in the switchgrass genome will likely require protocol 
and construct optimization of individual target genes, 
this study highlights the suitability of FoMV-mediated 
VIGS via rub-inoculation in switchgrass. Efficient sys-
temic gene silencing in leaves and roots of switchgrass 
plants at different growth stages provides a resource 
for the in planta analysis of spatiotemporal genes and 
pathways in this bioenergy crop.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13007‑ 022‑ 00903‑0.

Additional file 1: Table S1. Sequence information of marker genes 
revealed by genome mining of the AP13 switchgrass genome v5 
(phytozome‑next.jgi.doe.gov). Table S2. Sequences and constructs used 
for this study. Table S3. Oligonucleotide sequences used for this study 
.Table S4. Phenotypic evaluations for the different developmental stages 
and FoMV constructs. Figure S1. Rub‑inoculation of switchgrass leaves 
at the elongation stage 3 (E3) with a cotton swab and the inoculum 
based on infected tobacco leaves. Figure S2. Tobacco (N. benthamiana) 
leaves displaying characteristic symptoms of successful infection with the 
foxtail mosaic virus (FoMV). Figure S3. Time course experiments to test 
efficiency and stability of gene silencing for PDS, ChlI, and ChlD are follow‑
ing the same methods as the other experiments except for a varied period 
between rub‑inoculation and sampling (dpi) of switchgrass plants (n=6). 
Figure S4. Alignment of the amino acid sequences of Mg‑Chelatase D 
Subunits (ChlD) from tobacco and switchgrass (Identity = 81.86%). Figure 
S5. Alignment of the amino acid sequences of Mg‑Chelatase I Subunits 
(ChlI) from tobacco and switchgrass (Identity = 75.94%). Figure S6. 
Alignment of the amino acid sequences of phytoene desaturase (PDS) 
from tobacco and switchgrass (Identity = 78.11%). Figure S7. Photos of 
switchgrass plants that were infected at different developmental stages 
(either E1 or E3).

Acknowledgements
We gratefully acknowledge Dr. Dinesh‑Kumar (University of California, USA) 
for providing the FoMV vector and for helpful discussions on the experimental 
design used in this study.

Author contributions
PZ and KT conceived the original research and oversaw data analysis; KT and 
JSS conducted plant experiments; JSS and JD performed RNA extractions, 
RT‑PCR and qPCR experiments; MLA‑R assisted with design and cloning of 
the constructs; KT, JD and PZ wrote the original article draft with editing by all 
authors. All authors read and approved the manuscript.

Funding
Financial support for this work was provided by the U.S. Department of Energy 
(DOE) Early Career Research Program (DE‑SC0019178, to PZ) and a German 
Research Foundation (DFG) Research Fellowship (TI 1075/1‑1, to KT).

Availability of data and materials
Sequence data generated and analyzed in this study are included in this 
article and its Additional file information. The switchgrass reference genome 
v5 used for this study is available at phytozome‑next.jgi.doe.gov [2].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Plant Biology, University of California, Davis, USA. 2 Groningen 
Institute for Evolutionary Life Sciences, University of Groningen, Groningen, 
The Netherlands. 

Received: 2 February 2022   Accepted: 7 May 2022

References
 1. Keshwani DR, Cheng JJ. Switchgrass for bioethanol and other value‑

added applications: a review. Biores Technol. 2009;100(4):1515–23.
 2. Lovell JT, MacQueen AH, Mamidi S, Bonnette J, Jenkins J, Napier JD, Sree‑

dasyam A, et al. Genomic mechanisms of climate adaptation in polyploid 
bioenergy switchgrass. Nature. 2021;590(7846):438–44.

 3. Schmer MR, Vogel KP, Mitchell RB, Perrin RK. Net energy of cellulosic 
ethanol from switchgrass. Proc Natl Acad Sci USA. 2008;105(2):464–9.

 4. Liu YM, Zhang XZ, Tran H, Shan L, Kim J, Childs K, Ervin EH, Frazier T, 
Zhao BY. Assessment of drought tolerance of 49 switchgrass (Panicum 
virgatum) genotypes using physiological and morphological parameters. 
Biotechnol Biofuels. 2015. https:// doi. org/ 10. 1186/ s13068‑ 015‑ 0342‑8.

 5. Zhang Y, Zalapa JE, Jakubowski AR, Price DL, Acharya A, Wei Y, Brummer 
EC, Kaeppler SM, Casler MD. Post‑glacial evolution of Panicum virgatum: 
centers of diversity and gene pools revealed by SSR markers and cpDNA 
sequences. Genetica. 2011;139(7):933–48.

 6. Bahri BA, Daverdin G, Xiangyang Xu, Cheng J‑F, Barry KW, Charles Brum‑
mer E, Devos KM. Natural variation in genes potentially involved in plant 
architecture and adaptation in switchgrass (Panicum virgatum L.). BMC 
Evol Biol. 2018;18(1):91.

 7. Martínez‑Reyna JM, Vogel KP. Incompatibility systems in switchgrass. Crop 
Sci. 2002;42(6):1800–5.

 8. Burris KP, Dlugosz Elizabeth M, Grace Collins A, Neal Stewart C Jr, Scot‑
tLenaghan C. Development of a rapid, low‑cost protoplast transfec‑
tion system for switchgrass (Panicum virgatum L.). Plant Cell Repo. 
2016;35(3):693–704.

 9. Liu Y, Merrick P, Zhang Z, Ji C, Yang B, Fei S‑Z. Targeted mutagenesis in 
tetraploid switchgrass (Panicum virgatum L.) using CRISPR/Cas9. Plant 
Biotechnol J. 2018;16(2):381–93.

 10. Mazarei M, Baxter HL, Li Mi, Biswal AK, Kim K, Meng X, Yunqiao Pu, et al. 
Functional analysis of cellulose synthase CesA4 and CesA6 genes in 
switchgrass (Panicum virgatum) by overexpression and RNAi‑mediated 
gene silencing. Front Plant Sci. 2018;9:1114.

 11. Nelson Richard S, Neal Stewart C, Gou Jiqing, Holladay Susan, Gallego‑
Giraldo Lina, Flanagan Amy, Mann David G. J, et al. Development and 
use of a switchgrass (Panicum virgatum L.) transformation pipeline 
by the bioenergy science center to evaluate plants for reduced cell 
wall recalcitrance. Biotechnol Biofuels. 2017. https:// doi. org/ 10. 1186/ 
s13068‑ 017‑ 0991‑x.

 12. Park J‑J, Yoo CG, Flanagan A, Yunqiao Pu, Debnath S, Ge Y, 
Ragauskas AJ, Wang Z‑Y. Defined tetra‑allelic gene disruption of the 
4‑coumarate:coenzyme A ligase 1 (Pv4CL1) gene by CRISPR/Cas9 in 
switchgrass results in lignin reduction and improved sugar release. 
Biotechnol Biofuels. 2017;10:284.

 13. Xu N, Kang M, Zobrist JD, Wang K, Fei S‑Z. Genetic transformation of 
recalcitrant upland switchgrass using morphogenic genes. Front Plant 
Sci. 2021;12:781565.

https://doi.org/10.1186/s13007-022-00903-0
https://doi.org/10.1186/s13007-022-00903-0
https://doi.org/10.1186/s13068-015-0342-8
https://doi.org/10.1186/s13068-017-0991-x
https://doi.org/10.1186/s13068-017-0991-x


Page 10 of 11Tiedge et al. Plant Methods           (2022) 18:71 

 14. Mann DGJ, Lafayette PR, Abercrombie LL, King ZR, Mazarei M, Halter MC, 
Poovaiah CR, et al. Gateway‑compatible vectors for high‑throughput 
gene functional analysis in switchgrass (Panicum virgatum L.) and other 
monocot species. Plant Biotechnol J. 2012;10(2):226–36.

 15. Ondzighi‑Assoume CA, Willis JD, Ouma WK, Allen SM, King Z, Parrott 
WA, Liu W, Burris JN, Lenaghan SC, Neal Stewart C. Embryogenic cell 
suspensions for high‑capacity genetic transformation and regenera‑
tion of switchgrass (Panicum Virgatum L.). Biotechnol Biofuels. 2019. 
https:// doi. org/ 10. 1186/ s13068‑ 019‑ 1632‑3.

 16. Wu Z, Wang N, Hisano H, Cao Y, Fengyan Wu, Liu W, Bao Y, Wang Z‑Y, 
Chunxiang Fu. Simultaneous regulation of F5H in COMT‑RNAi trans‑
genic switchgrass alters effects of COMT suppression on syringyl lignin 
biosynthesis. Plant Biotechnol J. 2019;17(4):836–45.

 17. Burch‑Smith TM, Miller JL, Dinesh‑Kumar SP. Delivery of dsRNA into 
plants by VIGS methodology. CSH Protocols. 2006. https:// doi. org/ 10. 
1101/ pdb. prot4 327.

 18. Senthil‑Kumar M, Mysore KS. New dimensions for VIGS in plant func‑
tional genomics. Trends Plant Sci. 2011;16(12):656–65.

 19. Baulcombe D. RNA silencing in plants. Nature. 2004;431(7006):356–63.
 20. Ding S‑W, Voinnet O. Antiviral immunity directed by small RNAs. Cell. 

2007. https:// doi. org/ 10. 1016/j. cell. 2007. 07. 039.
 21. Vance V, Vaucheret H. RNA silencing in plants‑defense and counterde‑

fense. Science. 2001;292(5525):2277–80.
 22. Kant R, Dasgupta I. Phenotyping of VIGS‑mediated gene silenc‑

ing in rice using a vector derived from a DNA virus. Plant Cell Rep. 
2017;36(7):1159–70.

 23. Purkayastha A, Mathur S, Verma V, Sharma S, Dasgupta I. Virus‑induced 
gene silencing in rice using a vector derived from a DNA virus. Planta. 
2010;232(6):1531–40.

 24. Ding XS, Mannas SW, Bishop BA, Rao X, Lecoultre M, Kwon S, Nelson RS. 
An improved brome mosaic virus silencing vector: greater insert stabil‑
ity and more extensive VIGS. Plant Physiol. 2018;176(1):496–510.

 25. Li H, Zhang D, Xie Ke, Wang Y, Liao Q, Hong Y, Liu Y. Efficient and high‑
throughput pseudorecombinant‑chimeric cucumber mosaic virus‑
based VIGS in maize. Plant Physiol. 2021;187(4):2865–76.

 26. Mei Yu, Whitham SA. Virus‑induced gene silencing in maize with a 
foxtail mosaic virus vector. Methods Mol Biol. 2018;1676:129–39.

 27. Mei Yu, Zhang C, Kernodle BM, Hill JH, Whitham SA. A foxtail mosaic 
virus vector for virus‑induced gene silencing in maize. Plant Physiol. 
2016;171(2):760–72.

 28. Murphree C, Kim S‑B, Karre S, Samira R, Balint‑Kurti P. Use of Virus‑
induced gene silencing to characterize genes involved in modulating 
hypersensitive cell death in maize. Mol Plant Pathol. 2020. https:// doi. 
org/ 10. 1111/ mpp. 12999.

 29. Wang R, Yang X, Wang N, Liu X, Nelson RS, Li W, Fan Z, Zhou T. An 
efficient virus‑induced gene silencing vector for maize functional 
genomics research. Plant J Cell Mol Biol. 2016;86(1):102–15.

 30. Zhang Ju, Deshui Yu, Zhang Yi, Liu K, Kedong Xu, Zhang F, Wang J, 
et al. Vacuum and co‑cultivation agroinfiltration of (germinated) seeds 
results in tobacco rattle virus (TRV) mediated whole‑plant virus‑
induced gene silencing (VIGS) in wheat and maize. Front Plant Sci. 
2017;8:393.

 31. Liu Na, Xie Ke, Jia Qi, Zhao J, Chen T, Li H, Wei X, Diao X, Hong Y, Liu Y. 
Foxtail mosaic virus‑induced gene silencing in monocot plants. Plant 
Physiol. 2016;171(3):1801–7.

 32. Yuan C, Li C, Yan L, Jackson AO, Liu Z, Han C, Jialin Yu, Li D. A high 
throughput barley stripe mosaic virus vector for virus induced gene 
silencing in monocots and dicots. PLoS ONE. 2011;6(10):e26468.

 33. Ding XS, Schneider WL, Chaluvadi SR, Rouf Mian MA, Nelson RS. 
Characterization of a brome mosaic virus strain and its use as a vector 
for gene silencing in monocotyledonous hosts. Mol Plant Microbe 
Interact. 2006;19(11):1229–39.

 34. Holzberg S, Brosio P, Gross C, Pogue GP. Barley stripe mosaic virus‑
induced gene silencing in a monocot plant. Plant J. 2002;30(3):315–27.

 35. Bennypaul HS, Mutti JS, Rustgi S, Kumar N, Okubara PA, Gill KS. Virus‑
induced gene silencing (VIGS) of genes expressed in root, leaf, and 
meiotic tissues of wheat. Funct Integr Genomics. 2012;12(1):143–56.

 36. Huang Li. BSMV‑induced gene silencing assay for functional analysis of 
wheat rust resistance. Methods Mol Biol. 2017;1659:257–64.

 37. Alseekh S, Tohge T, Wendenberg R, Scossa F, Omranian N, Li J, Kleessen S, 
et al. Identification and mode of inheritance of quantitative trait loci for 

secondary metabolite abundance in tomato. Plant Cell. 2015. https:// doi. 
org/ 10. 1105/ tpc. 114. 132266.

 38. Tanaka R, Tanaka A. Tetrapyrrole biosynthesis in higher plants. Annu Rev 
Plant Biol. 2007;58:321–46.

 39. Willows RD. Biosynthesis of chlorophylls from protoporphyrin IX. ChemIn‑
form. 2003. https:// doi. org/ 10. 1002/ chin. 20033 8267.

 40. Kumagai MH, Donson J, Della‑Cioppa G, Harvey D, Hanley K, Grill LK. 
Cytoplasmic inhibition of carotenoid biosynthesis with virus‑derived RNA. 
Proc Natl Acad Sci USA. 1995;92(5):1679–83.

 41. Arce‑Rodríguez ML, Ochoa‑Alejo N. Virus‑induced gene silencing (VIGS) 
in chili pepper (Capsicum spp.). Methods Mol Biol. 2020;2172:27–38.

 42. Gimeno J, Eattock N, Van Deynze A, Blumwald E. Selection and validation 
of reference genes for gene expression analysis in switchgrass (Panicum 
virgatum) using quantitative real‑time RT‑PCR. PLoS ONE. 2014;9(3): 
e91474.

 43. Huang L, Yan H, Jiang X, Zhang X, Zhang Y, Huang X, Zhang Y, Miao J, Xu 
B, Frazier T, Zhao B. Evaluation of candidate reference genes for normali‑
zation of quantitative RT‑PCR in switchgrass under various abiotic stress 
conditions. Bioenerg Res. 2014;7:1201–11.

 44. Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele Jo. qBase 
relative quantification framework and software for management and 
automated analysis of real‑time quantitative PCR data. Genome Biol. 
2007;8(2):R19.

 45. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, 
Speleman F. Accurate normalization of real‑time quantitative RT‑PCR data 
by geometric averaging of multiple internal control genes. Genome Biol. 
2002;3(7):RESEARCH0034.

 46. Willis JD, Smith JA, Mazarei M, Zhang JY, Turner GB, Decker SR, Sykes 
RW, et al. Downregulation of a UDP‑Arabinomutase gene in switchgrass 
(Panicum virgatum L.) results in increased cell wall lignin while reducing 
arabinose‑glycans. Front Plant Sci. 2016;7:1580.

 47. Xu B, Escamilla‑Trevino LL, Sathitsuksanoh N, Shen Z, Shen H, Zhang YH, 
Dixon RA, Zhao B. Silencing of 4‑coumarate:coenzyme a ligase in switch‑
grass leads to reduced lignin content and improved fermentable sugar 
yields for biofuel production. New Phytol. 2011;192(3):611–25.

 48. Singh DK, Lee H‑K, Dweikat I, Mysore KS. An efficient and improved 
method for virus‑induced gene silencing in sorghum. BMC Plant Biol. 
2018;18(1):123.

 49. Wang Y, Chai C, Khatabi B, Scheible W‑R, Udvardi MK, Saha MC, Kang Y, 
Nelson RS. An Efficient Brome mosaic virus‑based gene silencing protocol 
for hexaploid wheat (Triticum aestivum L.). Front Plant Sci. 2021;12:685187.

 50. Qu F, Ye X, Hou G, Sato S, Clemente TE, Jack Morris T. RDR6 has a broad‑
spectrum but temperature‑dependent antiviral defense role in Nicotiana 
benthamiana. J Virol. 2005. https:// doi. org/ 10. 1128/ jvi. 79. 24. 15209‑ 15217. 
2005.

 51. Tuo D, Yan Pu, Zhao G, Cui H, Zhu G, Liu Y, Yang X, et al. An efficient 
papaya leaf distortion mosaic potyvirus vector for virus‑induced gene 
silencing in papaya. Hortic Res. 2021;8(1):144.

 52. Kromdijk J, Głowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi KK, Long SP. 
Improving photosynthesis and crop productivity by accelerating recov‑
ery from photoprotection. Science. 2016;354(6314):857–61.

 53. Ding Y, Weckwerth PR, Poretsky E, Murphy KM, Sims J, Saldivar E, 
Christensen SA, et al. Genetic elucidation of interconnected anti‑
biotic pathways mediating maize innate immunity. Nature Plants. 
2020;6(11):1375–88.

 54. Mafu S, Ding Y, Murphy KM, Yaacoobi O, Addison JB, Wang Q, Shen Z, et al. 
Discovery, biosynthesis and stress‑related accumulation of dolabradiene‑
derived defenses in maize. Plant Physiol. 2018. https:// doi. org/ 10. 1104/ 
pp. 17. 01351.

 55. Muchlinski A, Jia M, Tiedge K, Fell JS, Pelot KA, Chew L, Davisson D, 
et al. Cytochrome P450‑catalyzed biosynthesis of furanoditerpenoids 
in the bioenergy crop switchgrass (Panicum virgatum L.). Plant J. 
2021;108(4):1053–68.

 56. Pelot KA, Chen R, Hagelthorn DM, Young CA, Addison JB, Muchlinski A, 
Tholl D, Zerbe P. Functional diversity of diterpene synthases in the biofuel 
crop switchgrass. Plant Physiol. 2018. https:// doi. org/ 10. 1104/ pp. 18. 
00590.

 57. Xu M, Hillwig ML, Prisic S, Coates RM, Peters RJ. Functional identification 
of rice syn‑copalyl diphosphate synthase and its role in initiating biosyn‑
thesis of diterpenoid phytoalexin/allelopathic natural products. Plant J 
Cell Mol Biol. 2004;39(3):309–18.

https://doi.org/10.1186/s13068-019-1632-3
https://doi.org/10.1101/pdb.prot4327
https://doi.org/10.1101/pdb.prot4327
https://doi.org/10.1016/j.cell.2007.07.039
https://doi.org/10.1111/mpp.12999
https://doi.org/10.1111/mpp.12999
https://doi.org/10.1105/tpc.114.132266
https://doi.org/10.1105/tpc.114.132266
https://doi.org/10.1002/chin.200338267
https://doi.org/10.1128/jvi.79.24.15209-15217.2005
https://doi.org/10.1128/jvi.79.24.15209-15217.2005
https://doi.org/10.1104/pp.17.01351
https://doi.org/10.1104/pp.17.01351
https://doi.org/10.1104/pp.18.00590
https://doi.org/10.1104/pp.18.00590


Page 11 of 11Tiedge et al. Plant Methods           (2022) 18:71  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 58. Xu M, Wilderman PR, Morrone D, Xu J, Roy A, Margis‑Pinheiro M, Upad‑
hyaya NM, Coates RM, Peters RJ. Functional characterization of the rice 
kaurene synthase‑like gene family. Phytochemistry. 2007;68(3):312–26.

 59. Meziadi C, Blanchet S, Geffroy V, Pflieger S. Virus‑induced gene silencing 
(VIGS) and foreign gene expression in Pisum sativum L. using the ‘One‑
Step’ bean pod mottle virus (BPMV) viral vector. Methods Mol Biol. 2017. 
https:// doi. org/ 10. 1007/ 978‑1‑ 4939‑ 7231‑9_ 23.

 60. Lentz EM, Kuon J‑E, Alder A, Mangel N, Zainuddin IM, McCallum EJ, 
Anjanappa RB, Gruissem W, Vanderschuren H. Cassava geminivirus agro‑
clones for virus‑induced gene silencing in cassava leaves and roots. Plant 
Methods. 2018;14:73.

 61. Burch‑Smith TM, Schiff M, Liu Y, Dinesh‑Kumar SP. Efficient virus‑induced 
gene silencing in Arabidopsis. Plant Physiol. 2006. https:// doi. org/ 10. 
1104/ pp. 106. 084624.

 62. Nishii K, Fei Y, Hudson A, Möller M, Molnar A. Virus‑induced gene silencing 
in Streptocarpus rexii (Gesneriaceae). Mol Biotechnol. 2020;62(6–7):317–25.

 63. Tan Y, Bukys A, Molnár A, Hudson A. Rapid, high efficiency virus‑mediated 
mutant complementation and gene silencing in Antirrhinum. Plant Meth‑
ods. 2020;16:145.

 64. Adhikary D, Khatri‑Chhetri U, Tymm FJM, Murch SJ, Deyholos MK. A virus‑
induced gene‑silencing system for functional genetics in a betalainic 
species, Amaranthus tricolor (Amaranthaceae). Applications in Plant 
Sciences. 2019. https:// doi. org/ 10. 1002/ aps3. 1221.

 65. Tasaki K, Terada H, Masuta C, Yamagishi M. Virus‑induced gene silencing 
(VIGS) in Lilium leichtlinii using the Cucumber Mosaic Virus Vector. Plant 
Biotechnol. 2016. https:// doi. org/ 10. 5511/ plant biote chnol ogy. 16. 1018a.

 66. Wijekoon C, Singer SD, Weselake RJ, Subedi U, Acharya SN. Evaluation 
of virus‑induced gene silencing methods for forage legumes including 
alfalfa, sainfoin, and fenugreek. Can J Plant Sci. 2019. https:// doi. org/ 10. 
1139/ cjps‑ 2018‑ 0329.

 67. Hileman LC, Drea S, Martino G, Litt A, Irish VF. Virus‑induced gene 
silencing is an effective tool for assaying gene function in the basal 
eudicot species Papaver somniferum (opium poppy). Plant J Cell Mol Biol. 
2005;44(2):334–41.

 68. Deng X, Elomaa P, Nguyen CX, Hytönen T, Valkonen JPT, Teeri TH. 
Virus‑induced gene silencing for asteraceae–a reverse genetics 
approach for functional genomics in Gerbera Hybrida. Plant Biotechnol J. 
2012;10(8):970–8.

 69. Koch A, Kogel K‑H. New Wind in the Sails: improving the agronomic value 
of crop plants through RNAi‑mediated gene silencing. Plant Biotechnol J. 
2014;12(7):821–31.

 70. Rooke L, Byrne D, Salgueiro S. Marker gene expression driven by the 
maize ubiquitin promoter in transgenic wheat. Ann Appl Biol. 2000. 
https:// doi. org/ 10. 1111/j. 1744‑ 7348. 2000. tb000 22.x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1007/978-1-4939-7231-9_23
https://doi.org/10.1104/pp.106.084624
https://doi.org/10.1104/pp.106.084624
https://doi.org/10.1002/aps3.1221
https://doi.org/10.5511/plantbiotechnology.16.1018a
https://doi.org/10.1139/cjps-2018-0329
https://doi.org/10.1139/cjps-2018-0329
https://doi.org/10.1111/j.1744-7348.2000.tb00022.x

	Foxtail mosaic virus-induced gene silencing (VIGS) in switchgrass (Panicum virgatum L.)
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Gene identification and construct generation
	Plant cultivation
	Agroinfiltration of N. benthamiana
	Rub-inoculation of switchgrass
	Confirmation of systemic virus infection
	Validation of silencing efficiency via qPCR

	Results
	Systemic infection of switchgrass plants
	Phenotypic changes
	Tissue-specific gene silencing
	Gene silencing efficiency at different growth stages

	Discussion
	Conclusions
	Acknowledgements
	References




