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Virus-induced gene silencing (VIGS) is a widely used tool for gene function studies in many plant species, though 
its use in cereals has been limited. In addition, within cereal species the varieties that best respond during VIGS 
screens are often not known. Using a Brome mosaic virus (BMV) vector designed to silence the maize phytoene 
desaturase (PDS) gene, a genetically diverse set of maize inbred lines was screened for development of gene si-
lencing after inoculation of seeds through the novel use of a vascular puncture inoculation technique. In addition 
to Va35, which previously was shown to support silencing, maize lines NC300, Ki11, Oh7b, M162W and CML52 
displayed significant visible photobleaching when challenged with the BMV-PDS. In these plants, targeted PDS 
mRNA expression was decreased 50-80% relative to levels in plants that were inoculated with BMV containing a 
fragment of the GUS gene or were mock-inoculated.

Abstract

Introduction
Maize is widely used both as a staple crop and as 

an advanced system for genetic research. Recent ad-
vances, including the completion of the B73 genome 
sequence (Schnable et al, 2009) and the development 
of the 5000-line nested association mapping (NAM) 
population (McMullen et al, 2009), provide the sci-
entific community with much needed tools to further 
probe and exploit maize genetic diversity at the mo-
lecular level. One of the current deficiencies of maize 
as a system for genetic research is the lack of a rapid 
and high-throughput system to study gene function in 
vivo. While the production of transgenic and mutant 
lines is commonly used for assessing gene function 
in plants, producing and analyzing these lines is still 
a relatively laborious and time-consuming process in 
maize (Kodym et al, 2003; Wang et al, 2009). 

Virus-induced gene silencing (VIGS) is a well-es-
tablished and widely-used tool to reduce the expres-
sion of a gene of interest. VIGS exploits the plant’s 
endogenous RNA-mediated defense system that 
targets viral RNAs for sequence-specific degradation 
(Becker and Lange, 2010; Robertson, 2004). Briefly, 
VIGS involves the insertion of a fragment from a plant 
gene of interest into the genome of a plant-infecting 
virus. During infection, the silencing machinery of the 
host recognizes and targets for destruction the host 
gene fragment in the virus and any host transcripts 
containing the same or very similar sequence. The 
phenotypes resulting from the reduced expression 

of the target transcript provide important information 
about the function of the targeted gene. The cellular 
mechanisms underlying VIGS have been reviewed 
previously (e.g. Llave, 2010). VIGS has been used for 
functional gene studies in many species (Becker and 
Lange, 2010; Robertson, 2004), mainly in dicotyle-
donous plants, although there are now workable sys-
tems for multiple members of the Poaceae, including 
barley (Holzberg et al, 2002), wheat (Scofield et al, 
2005), oat (Pacak et al, 2010) rice (Ding et al, 2006; 
Purkayastha et al, 2010), maize (Ding et al, 2006), and 
Brachypodium distachyon (Demircan and Akkaya, 
2010; Pacak et al, 2010). The two main systems used 
for VIGS in cereals, Barley stripe mosaic virus (BSMV) 
and Brome mosaic virus (BMV), recently have been 
reviewed in detail (Scofield and Nelson, 2009).

BMV is a positive-sense tripartite RNA virus and 
the type member of the genus Bromovirus. The BMV-
based VIGS system was originally developed to fulfill 
the need for VIGS in a broader range of grass spe-
cies (Ding et al, 2006). A BMV isolate (F-BMV) from 
tall fescue (Festuca arundinacea Schreb.) was used 
to construct a series of BMV-based VIGS vectors. 
Host range selectivity was found to be determined 
by F-BMV RNAs 1 and 2. In these vectors, RNA 3 
was modified to carry a plant gene insert for silenc-
ing purposes. In plants infected with a combination 
of F-BMV RNAs 1 and 2 and an RNA 3 from a Rus-
sian strain of BMV engineered to carry a fragment of 
a target plant gene, accumulation of the endogenous 
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target mRNA was reduced in the infected plant tis-
sues. In addition to barley and rice, this system was 
shown to effectively silence the phytoene desaturase 
(PDS) gene in maize cultivar Va35. More recently, this 
system was successfully used to assess the role of 
candidate genes during the interaction between the 
biotrophic fungus Ustilago maydis and Va35 maize 
plants (van der Linde et al, 2011) and the effect of an 
m-type maize thioredoxin on potyvirus infection (Shi 
et al, 2011). However, the BMV system confers rather 
transient and local gene silencing in Va35 and its ef-
ficacy across a range of maize varieties has not been 
reported. 

The PDS gene was used as a visual reporter of 
VIGS in this study. PDS is an important enzyme in 
the carotenoid biosynthetic pathway whose silencing 
leads to chlorophyll photo-oxidation (Kumagai et al 
1995). The ensuing photobleached phenotype is vi-
sualized as white sectors in the silenced leaf tissues 
(Kumagai et al, 1995), and PDS has been regularly 
used as a visual reporter for silencing in the develop-
ment of VIGS vectors for plants (Scofield and Nelson, 
2009) . 

Inoculation of cereals with in vitro-transcribed 
VIGS vectors has been a concern due to cost and 
the potential of inefficient inoculations. The vascular 
puncture inoculation (VPI) procedure (Louie, 1995; 
Redinbaugh et al, 2001) is an efficient means for the 
mechanical transmission of several viruses to maize. 
Using a jeweler’s engraving tool, the virus is delivered 
into the scutellum of germinating kernels by push-
ing minute insect pins through the inoculum and to-
ward the vascular tissue underlying the embryo. This 
method can also be used to deliver cloned viral DNA 
(Redinbaugh et al, 2001) or in vitro-transcribed viral 
RNAs derived from cDNA clones to maize (Scheets 
and Redinbaugh, 2006). VPI has not been reported 
previously to have been used for VIGS in any plant 
system. Previous work on the BMV/maize system 
used leaf rub-inoculation (Ding et al, 2006). Poten-
tial advantages to using VPI instead of leaf rub in-
oculation are increased reliability of silencing and 
the ability to silence genes in very young seedlings. 
One potential disadvantage is that VPI tends to lead 
to systemic infection of the whole plant which may 
cause severe stunting and other symptoms depend-
ing on the genotype of the host.

Any tool for the investigation of gene function 
should ideally be applicable over a variety of maize 
lines. Maize is an extremely diverse species (Flint-
Garcia et al, 2005). Part of this diversity has been 
generated by the action of Helitron transposable ele-
ments which have captured and moved genes and 
gene fragments from place to place within the ge-
nome such that the gene complements of two differ-
ent maize lines often varies considerably (Barbaglia 
et al, 2011; Eichten et al, 2011; Fu and Dooner, 2002; 
Lai et al, 2005). Different maize lines display quite 
contrasting responses to BMV infection. While BMV 

systemically infects Va35 causing modest mosaic 
and streaking, in B73 it causes necrosis and plant 
death (Ding et al, 2001). As it stands, if an investiga-
tor’s allele of interest is not present in Va35 that would 
preclude the use of the BMV-VIGS system to assess 
its putative gene function (Benavente and Scofield, 
2011). Here, we build upon the BMV-VIGS system by 
adapting it for inoculation using VPI. This method al-
lowed us to screen a collection of 30 diverse inbred 
maize lines and identify a subset of BMV-VIGS com-
patible maize lines.

Maize lines and plant growth conditions
Maize seeds of all the varieties used in this study 

were obtained from germplasm collections held by Dr. 
Major Goodman (Department of Crop Science, North 
Carolina State University). All plants were grown in 
growth chambers located at the North Carolina State 
University Phytotron. Plants were grown in chambers 
at 22°C with 12 h photoperiod and average light in-
tensity of 577 μmol/m2 s.

Virus constructs
Plasmids pF1-11 and pF2-2 were developed pre-

viously (Ding et al, 2006). Plasmid pB3m was con-
structed by adding 2 restriction sites (Nco I and Avr II) 
immediately after the coat protein open reading frame 
of pB3-3 via PCR. A 293 bp fragment from the maize 
PDS gene was amplified using the primers ZmPDS-F1 
(5’-CATACCTAGGGAAATGTCTTCATAGCTGTG-3’) 
and ZmPDS-R1 (5’-CATACCATGGCTGCAAGGCAG-
GATGT-3’), and cloned in the antisense orientation 
into the Nco I/Avr II site within the pB3m sequence 
to produce pB3m-PDS. Also, a 250 bp fragment was 
amplified from the b-glucuronidase (GUS) gene us-
ing primers GUS-F (5’-TAAGCTTCCATGGTCTTC-
GACCTCAATGGCGTC-3’) and GUS-R (5’-TAG-
GCCTCCTAGGATTGCTTTGTGAGTTGCAGAGC-3’), 
and cloned into the pB3m to produce pB3m-GUS. 
The underlined sequences indicate the Nco I and Avr 
II restriction sites in GUS-F and GUS-R respectively. 
Schematic diagrams of pF1-11, pF2-2 and pB3m are 
shown in Supplementary Figure 1A.

To construct a modified DNA-based Brome mo-
saic virus gene silencing vector that synthesizes BMV 
RNAs 1 and 2 from the same plasmid, full length 
RNA1 and 2 sequences were amplified from pF1-11 
and pF2-2 (Ding et al, 2006) through PCR and insert-
ed behind a duplicated 35S promoter within a modi-
fied binary vector (Ding et al, 2010; Ding and Nelson, 
unpublished information). The resulting plasmid is re-
ferred to as pC13/F1+2. To construct a DNA-based 
vector that produces a modified BMV RNA3, two re-
striction sites (e.g. NcoI and AvrII) were first inserted 
behind the coat protein ORF in pC-BMV RNA3A/G 
(Ding et al, 2006) by recombinant PCR mutagenesis 
to create pF13m. The two added restriction sites 
were aids for cloning foreign inserts into the BMV se-
quence for gene silencing. The full length F13m se-

Materials and Methods
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Table 1 - Details of primers used for qPCR.

Name	 Sequence (5’ to 3’)	 Source	 qPCR efficiency

ZmPDS-F2	 GGTCTATCAACAGCGAAGTATCTGGC	 This work	
ZmPDS-R2	 CTCCATCTTCATCCTTCCAAGCAG		  1.992

ZmH2B-F1	 GACATCGGCATCTCGTCC	 Modified from Hachez et al, 2006	
ZmH2B-R1	 GTGATGGTGGGCTTCTTG	 Hachez et al, 2006	 1.965

ZmEF1a-F1	 ATCTGAAGCGTGGGTATGTG	 Hachez et al, 2006	
ZmEF1a-R1	 GCATAGCCATTGCCAATCTG	 Modified from Hachez et al, 2006	 2.014

ZmHATPase-F1	 GGACTGCTCTGACGTACATTGAT	 Hachez et al, 2006	
ZmHATPase-R1	 CAGTGGCACAGGTCAAGAATCT		  2.034

ZmGAPDH-F2	 GACTTCCTTGGTGACAGCAGG	 Modified from Hachez et al, 2006	
ZmGAPDH-R2	 CTGTAGCCCCACTCGTTGTC	 Hachez et al, 2006	 1.982

quence was then amplified through PCR and inserted 
behind a double 35S promoter within the modified bi-
nary vector to yield p13A-F13m. To enhance BMV ac-
cumulation in agro-infiltrated leaves, the P19 ORF of 
Tomato bushy stunt virus, which encodes a silencing 
suppressor (Qiu et al, 2002; Voinnet et al, 1999), was 
amplified from pTBSV-100 (Hearne et al, 1990), the 
PCR product digested with XhoI and used to replace 
the hygromyocin gene resistance gene in p13A-F13m 
(Ding and Nelson, unpublished). The final DNA-based 
modified BMV RNA3 vector is referred to as pC13/
F3-13m. Schematic diagrams of PC13/F3-13m and 
pC13/F1+2 are shown in Supplementary Figure 1B.

Production of infectious viral transcripts
Infectious viral RNA transcripts were made us-

ing the mMESSAGE mMACHINE T3 kit (Life Tech-
nologies, Carlsbad, CA) following the manufacturer’s 
recommendations. Briefly, the pF1-11, pF2-2 and 
pB3-3-PDS and pB3m plasmids were individually 
digested with SpeI (pF1-11) or PshAI (pF2-2, pB3m-
PDS and pB3m-GUS) for 2 h at 37°C followed by a 20 
min heat-inactivation. The linearized plasmids were 
treated with 100 µg/ml Proteinase K at 50°C for 30 
min, extracted with phenol and chloroform and re-
suspended in RNase-free water. For production of 
capped in vitro RNA transcripts, 1 µg of linearized 
plasmid was used as template in each 20 µl reac-
tion, as recommended. The RNA transcripts were 
precipitated using lithium chloride and resuspended 
in RNase-free water. RNA integrity was confirmed by 
agarose gel electrophoresis and quantified using a 
Nanodrop 2000 Spectrophotometer (Thermo Scien-
tific, Wilmington, DE). Transcripts of RNAs 1, 2 and 
3 were mixed at 1:1:1 molar ratio, and then diluted in 
the FES inoculation buffer. 

The virus containing RNAs 1, 2, and the modi-
fied RNA3 harboring the PDS insert is referred to 
as “BMV-PDS”. Virus containing RNAs 1, 2 and the 
modified RNA3 carrying the GUS insert is referred to 
as “BMV-GUS”, and is used as a non-photobleaching 
control virus.

Vascular Puncture Inoculation (VPI)
Pretreatment and BMV vector inoculation condi-

tions of the kernels were as previously determined for 
optimal transmission of several maize viruses (Lou-
ie, 1995; Redinbaugh et al, 2001). Seeds were pre-
soaked at 30°C in water for 2.5 h (sweet corn) or 4 h 
(dent corn). Dent corn was then incubated in moist 
paper towels at 22°C for additional 4 h. The VPI ap-
paratus (Figure 1) consisted of five 0.2 mm stainless 
steel Austerlitz insect pins (Carolina Biological Sup-
ply, Burlington, NC, USA) fixed to the flattened end of 
10-gauge copper wire (Louie, 1995). The assembled 
pins were mounted onto an engraving tool (Ideal In-
dustries Inc, Sycamore, IL, USA). The viral RNA tran-
script mix (4 µl of transcript mix containing 1.5 µg of 
each transcript) was pipetted onto the kernel surface 
and this inoculum was moved 1-2 mm into the scu-
tellum alongside the embryo toward the underlying 
vascular bundle using the vibrating engraving tool 
(Louie, 1995). Two inoculations were made approxi-
mately 1 mm from the embryo down one side of the 
scutellum. Subsequently, seeds were incubated for 2 
days on moist paper towels at 30°C in the dark, then 
planted into soil and transferred to a growth cham-
ber. Plants were inoculated with either the BMV-PDS 
transcript mixture, the BMV-GUS mixture or water 
(mock-inoculated) controls. Plants were scored for vi-
ral symptoms and leaf photobleaching up to 4 weeks 
post-inoculation. When screening diverse lines, four 
individual plants or each line were mock-inoculated, 
four plants were inoculated with BMV-GUS and 12 
plants were inoculated with BMV-PDS.

Total RNA extraction, cDNA synthesis and Real-
Time Quantitative PCR

Analysis of PDS transcript abundance was per-
formed using real-time (RT)-quantitative PCR (hence-
forth referred to a qPCR). Tissue samples from pho-
tobleached sectors were harvested from leaves one 
through three, with surrounding green tissues being 
removed as much as possible. Corresponding tis-
sues from mock-inoculated or BMV-GUS inoculated 
kernels were used as controls. In every case, each 
sample was from a different inoculated plant. Total 
RNA was extracted using Trizol (Life Technologies, 
Carlsbad, CA) as recommended. RNA integrity was 
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Table 2 - Lines showing photobleaching after BMV-medi-
ated VIGS through VPI. 

Line	 Treatment	 Germination	 Virus	 Photo
	 infection 	 bleaching

CML52	 Mock	 4/4	  0/4	  0/4
	 GUS	 4/4	 1/4	  0/4
	 PDS	 11/12	 8/11	 4/11

CML228	 Mock	 4/4	  0/4	  0/4
	 GUS	 5/5	 5/5 ‡	  0/5
	 PDS	 12/13	 12/12 ‡	 1/12

Ki11	 Mock	 4/4	  0/4	  0/4
	 GUS	 5/5	 5/5	  0/5
	 PDS	 12/12	 7/12	 4/12

Ky21	 Mock	 2/4	  0/4	  0/4
	 GUS	 4/4	 4/4 ‡	  0/4
	 PDS	 7/13	 7/7 ‡	 1/7

NC300	 Mock	 5/5	   0/5	   0/5
	 GUS	 9/9	 6/9	  0/9
	 PDS	 11/12	 9/11	 5/11

NC358	 Mock	 4/4	  0/4	 0/4
	 GUS	 3/4	 0/3‡	  0/3
	 PDS	 11/13	 7/11‡	 3/11

Oh7b	 Mock	 4/4	  0/4	  0/4
	 GUS	 3/4	 3/3	  0/3
	 PDS	 11/12	 8/11	 7/11

M162W	 Mock	 4/4	  0/4	  0/4
	 GUS	 4/4	 0/4	  0/4
	 PDS	 12/12	 12/12	 8/12

Va35	 Mock	 5/5	  0/5	   0/5
	 GUS	 9/10	 7/8	  0/8
	 PDS	 11/15	 8/11	 4/11

The ratios indicate number of seeds that germinated or 
displayed symptoms (mosaic for BMV-GUS and BMV-
PDS treatments; or photobleaching, for BMV-PDS treat-
ment) over the number of inoculated seeds. The virus 
column indicates the number of plants showing visible 
symptoms of viral infection over the number of total 
plants. The control insert (GUS) and target gene insert 
(PDS) were cloned into the BMV RNA 3 and inoculated 
with BMV RNAs 1 and 2. Mock inoculations were per-
formed with sterile distilled water. ‡ most of the plants 
died over the course of the experiment.

determined by agarose gel electrophoresis and quan-
tified using a Nanodrop 2000 Spectrophotometer. 
For cDNA synthesis, 1 µg total RNA was used as 
template in a 20 µl reaction containing 2.5 µM oligo 
dT(20) (Life Technologies, Carlsbad, CA), 250 ng of 
random primers (Life Technologies, Carlsbad, CA), 
0.5 mM dNTP (Promega, Madison, WI), 10 mM DTT, 
and 200 U of M-MLV (Life Technologies, Carlsbad, 
CA), for 2 h at 37°C according to the manufacturer’s 
recommendations. The cDNAs were then diluted to 
10 ng RNA equivalent/µl using molecular biology 
grade water.		

Sequences of all the primers used for qPCR are 
shown in Table 1. Quantification of the endogenous 
maize PDS gene was performed following standard 
procedures (Nolan et al, 2006). Reactions consisted 
of 2 µl diluted cDNA (20 ng RNA equivalent), 0.2 µM 
of each oligonucleotide (forward and reverse), and 1X 

iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). 
Cycling conditions were: 5 min at 95°C, followed by 
40 cycles of 15 s at 94°C, 30 s at 56 or 58°C and 30 
s at 72°C followed by melt curve analysis as recom-
mended by the manufacturer. A panel consisting of 
10 primer pairs representing 9 reference genes (Actin, 
H-ATPase, EF1-a, GAPDH, Histone 2B, Polyubiqui-
tin, a-Tubulin, g-Tubulin,) was initially evaluated for 
qPCR. Some of the primers were modifications of 
published sequences to minimize secondary struc-
tures and primer-dimer formation. The assays were 
evaluated and optimized according to the following 
parameters: (i) presence of a single amplicon by gel 
and melt curve analysis; (ii) absence of primer dimers; 
(iii) optimization of annealing temperature, oligonucle-
otide concentration, and input template; (iv) qPCR ef-
ficiency between 95-105% by standard curve analy-
sis using cDNA as template. A similar strategy was 
utilized for developing primers for the maize PDS 
sequence. Primers for the genes encoding Gapdh, 
Histone 2B, EF-1a, and H-ATPase were selected by 
these criteria and were thus used as the set of refer-
ence genes. Relative expression of the PDS transcript 
was calculated using the normalization factors based 
on the geometric mean of selected reference genes 
as described (Vandesompele et al, 2002). Details of 
all primers used are listed in Table 1. The statistical 
software MSTAT-C (1990, Michigan State University) 
was used for analysis of the RT-qPCR results. Ex-
perimental designs were completely randomized and 
an analysis of variance was conducted for each trial. 
If a significant F value was obtained indicating dif-
ferences between all treatment means, then a least 
significant difference (lsd) value was calculated to 
determine which individual means differed from one 
other (Steel et al, 1997).

Agroinfiltration of Nicotiana benthamiana and 
evaluation of insert stability

The stability of inserted sequences in the BMV 
vector was analyzed in N. benthamiana using the 
DNA-based vector and an agroinfiltration procedure 
(Annamalai and Rao, 2005). Agrobacterium tumefa-
ciens strain C58 was transformed with either the bi-
nary plasmid pC13/F1+2, containing BMV RNAs 1 
and 2, or pC13/F3-13m, containing the engineered 
BMV RNA3 with a fragment of interest inserted (e.g. 
PDS). Transformants were maintained by culturing on 
LB plus rifampicin (strain selection) and kanamycin 
(for binary vector selection). Equal concentrations of 
cultures harboring the RNA1/RNA2 plasmid or the 
RNA3 plasmid were mixed to yield a final OD (260 
nm) of 1.0. Non-transformed A. tumefaciens C58 was 
used as an inoculation control.

Three to four week old N. benthamiana plantlets 
were used for agroinfiltration. Prior to infiltration, the 
plantlets were transferred to a dark chamber for 16 
h in a tray filled with water to induce stomata open-
ing. The mixed cultures were then infiltrated into the 
abaxial leaf surface using a needless syringe until the 
entire leaf surface was fully infiltrated as determined 
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by visible water-soaking. Typically four plants were 
used per treatment. Inoculated leaves were collected 
from three to seven days post-infiltration (dpi) and 
immediately frozen in liquid nitrogen and stored at 
-80°C for further processing. 

To detect the presence or absence of the in-
sert in the BMV vector after inoculation, RNA was 
isolated from the leaf tissue using Trizol reagent as 
described above. RT-PCR was carried out as previ-
ously described using primers FBMV3-F1 (5’-GAATA-
AGGAGCTTAAGGTCGG-3’) and FBMV3-R1 (5’-TG-
GTCTCTTTTAGAGATTTACAGTG-3’ for amplification 
of a region containing the insert cloning site and 
inserted fragments in the F-BMV RNA 3 sequence. 
The PCR reaction buffer contained 1X buffer, 0.2 mM 
dNTPs, 1 mM of each oligonucleotide, 2 mM MgCl2, 
and 0.1 µL of Taq polymerase. Amplification products 
were then evaluated by agarose gel electrophoresis.

Figure 1 - (A) An example of the mounted pins used for VPI.  (B)  An example of the VPI procedure.  Pins are held at a 45° angle 
form the surface of the kernel to puncture vascular tissues without injuring the embryo. This is covered in more detail elsewhere 
(Louie, 1995). 

Results and Discussion
The BMV-VIGS system effectively induces gene 

silencing in barley and rice (Ding et al, 2007). This 
system also has been shown to work with the maize 
line, Va35, but its utility in other varieties has not been 
reported. In order to further optimize the BMV-VIGS 
system for maize we had two goals. 

i. Develop a robust set of inoculation procedures 
leading to gene silencing 

ii. Screen a collection of maize inbred lines to 
identify those most compatible with BMV-mediated 
VIGS. Our initial attempts to inoculate maize with in 
vitro-derived transcripts of the BMV RNAs using the 
traditional leaf rub mechanical technique (Ding et al, 
2006) yielded very low infection rates under our ex-
perimental conditions. We subsequently performed 
BMV-VIGS using the VPI method (Louie, 1995; Redin-

baugh et al, 2001). Using this method, an infection 
rate above 70% was achieved and we subsequently 
used this technique to determine the VIGS response 
achieved in a panel of 30 genetically diverse maize 
lines including: B52, B73, CML247, Mo17, CML103, 
Tx303, CML333, NC358, Ki11, Oh7b, Ky21, Ki3, 
CML322, Oh28, CML228, B97, CML277, CML69, 
NC350, Oh43, CML52, Mo18W, M37W, Tzi8, M162W, 
Il14h, P39, H95, A632 and the sweet corn hybrid Spirit 
(Table 2 and data not shown). For logistical reasons, 
lines were tested in individual experiments involving 
four to six lines per experiment. NC300 was used as 
a positive control in each set of inoculations after ini-
tial experiments indicated strong photobleaching in 
leaves in this line in response to VIGS. 

Inoculation of maize lines with BMV-GUS or BMV-
PDS through VPI resulted in three general findings. 
Firstly, for lines A632, B52, B73, CM103, CML69, 
CML247, CML322, CML333, H95, Il14h, Ki3, NC350, 
Mo17, Mo18W, Oh28, Oh43, P39, Spirit, Tx303 and 
Tzi8, a large proportion (>50%) of inoculated seeds 
did not germinate. Of the seedlings that did germi-
nate, most were severely stunted and died within 10 
days, and a few grew normally (indistinguishable from 
the control) without BMV symptoms. Since in each 
case a high percentage of mock-inoculated seeds 
for these lines germinated, it is clear that germina-
tion was not being inhibited by the VPI procedure per 
se. Rather, we hypothesize that germinating seed-
lings of these lines were so sensitive to BMV infection 
that they do not emerge, and that the asymptomatic 
seedlings that germinated were escapes. In all cases 
the stunting and eventual death of the seedlings ap-
peared to be associated with a hypersensitive type 
of response rather than typical viral mosaic/streaking 
symptoms (data not shown). This implied that it was 
an extreme defense response rather than disease 
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Figure 2 - Examples of Ki11 line plants inoculated with the BMV-PDS vector by vascular puncture inoculation. (A) 10 days and 
(B) 21 days after inoculation with BMV-PDS.  (C) 21 days after inoculation with BMV-GUS.  Comparing B and C, the difference 
between the bleaching caused by knockdown of PDS expression and the general streaking caused by viral symptoms can be 
observed.

symptoms per se that may have killed the seedlings. 
Secondly, for lines CML228, Ky21 and NC358, the 
majority of seed germinated and most plants devel-
oped severe virus symptoms, with many dying during 
the four week course of the experiment. Photobleach-
ing was observed occasionally in the surviving plants 
(Table 2). Thirdly, for lines CML52, Ki11, M162W, 
NC300, Oh7b, and Va35, modest virus-induced dis-
ease symptoms (thin chlorotic strips with little lamina 
penetration) were observed on most plants inocu-
lated with BMV-PDS followed by the appearance of 
photobleached leaves on more than half of the plants 
as early as 9 days post-inoculation (Table 2 and Fig-
ure 2), consistent with the VIGS visual phenotype pre-
viously described (Ding et al, 2006). For these lines, 
seed inoculated with BMV-GUS developed symp-
toms typical of the previously reported BMV infec-
tion in Va35 (Ding et al, 2006) including thin chlorotic 
strips and slight stunting, but no photobleaching was 
observed. In all experiments the mock-inoculated 
plants did not show virus-like symptoms or photo-
bleaching, indicating that the photobleaching was a 
phenotype uniquely associated with the BMV-PDS 
infection.

Photobleaching phenotypes induced by BMV-
PDS varied both within and between lines. This varia-
tion might be attributed to a number of factors. Seed-
to-seed variation in the VPI procedure was expected 
due to variation in seed shape and internal morphol-
ogy, and to inconsistencies in inoculation technique 
(e.g. duration and depth of the vascular puncture). 
This variation may have contributed to differences in 
initial infectious viral transcript load in target tissues, 
and may have also been the cause of the occasional 
examples of symptomless plants that had been inoc-
ulated with BMV-PDS or BMV-GUS. Reasons for in-
efficient transmission using VPI have been discussed 
previously (Louie, 1995; Redinbaugh et al, 2001). In 
addition, the physiological variations between seeds 
and plants at the time of inoculation and after infec-

tion will influence their response to the virus, possibly 
by directly influencing expression of the silencing and 
PDS pathway enzymes in the plant. Nonetheless, in-
fection rates and the level of photobleaching within 
lines were improved and consistent enough after VPI 
compared with those after mechanical rub inocula-
tions that this procedure will be useful for research-
ers to test phenotypes associated with silencing of 
specific genes in maize seedlings.

Deletion of the insert (in this case the PDS insert) 
directing silencing from viral genomes is a well-known 
feature of VIGS, especially in cereal-virus systems, 
and is a major cause of its transient nature (Bruun-
Rasmussen et al, 2007; Ding et al, 2006; Scofield et 
al, 2005). If deletion of the insert occurred very early, 
little or no reduction in PDS expression would occur, 
and photobleaching would be reduced or absent. It 
is likely that the time after inoculation that deletion 
occurs varies from plant to plant in a random manner 
such that some plants may show extensive silencing 
while others, treated identically, will show extensive 
viral symptoms but no silencing. Time of deletion may 
also be influenced by the host genetic background. 
Consistent with this is our observation that photo-
bleached sectors were occasionally observed in indi-
vidual plants of the lines CML228, NC358, Ky21, and 
Oh43 on just one or two leaves on each plant (data 
not shown). 

To further investigate the transient nature of the 
photobleaching phenotype and to test the hypoth-
esis of insert instability in BMV-mediated VIGS, we 
utilized an agroinfiltration system to inoculate N. ben-
thamiana, a host for BMV. In these experiments, the 
three BMV RNAs were inoculated to N. benthamiana 
through infiltration of Agrobacterium containing plas-
mids capable of transcribing full length, infectious 
BMV RNA genomes. The plasmid expressing BMV 
RNA3 contained a GUS fragment insert, allowing for 
analysis of its stability in the virus vector through RT-
PCR analysis. For the initial experiment, we collected 
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leaves at 8 dpi and performed RT-qPCR using prim-
ers flanking the insertion site of the GUS fragment in 
the BMV RNA3 vector. We observed an almost com-
plete loss of the insert at 8 dpi (results not shown). 
Subsequently we performed a more detailed analysis 
of insert stability, assaying for the presence of the 
GUS insert from 3 dpi to 7 dpi via RT-PCR (Figure 3). 
The larger RT-PCR product, diagnostic of an RNA3 
carrying an intact GUS insert, decreased in relative 
abundance over time with a concurrent increase in 
relative abundance of a smaller product, represent-
ing an amplified fragment with no insert. The loss of 
insert is in concordance with results obtained with 
VIGS vectors in cereal species (Bruun-Rasmussen 
et al, 2007; Ding et al, 2006; Scofield et al, 2005). It 
has been suggested that both homologous and non-
homologous recombination might play a role in dele-
tions of this type (Brunn-Rasmussen et al, 2007).

Photobleaching was most commonly observed 
from leaves 1 to 3 (Figure 2B) and occasionally on 
leaves 4 to 6. The pattern of photobleaching on a leaf 
varied from one to many small sectors to a large area 
of the leaf surface. The photobleached phenotype 
developed mostly along the veins and spread in as-
sociation with them. This was typically observed in 
leaves from infected Va35, NC300, and Ki11 lines. In 
contrast, in some plants from all BMV-VIGS compat-
ible lines, and in many from Oh7b and M162W, the 
white sectors deeply penetrated the lamina, covering 
large sectors of the leaves. Stunting due to viral infec-
tion was observed in all varieties that showed silenc-
ing and was particularly severe in Oh7b plants (data 
not shown). 		

In order to determine if the visual photobleaching 
phenotype was indeed associated with the silencing 
of the target gene, RT-qPCR was utilized in replicated 
randomized experiments to quantify endogenous PDS 
mRNA levels in 4 maize lines (NC300, Oh7B, Ki11 and 
M162W) inoculated with BMV-PDS. Expression levels 
were normalized against four non-targeted reference 
genes. In the bleached sectors we observed a con-
sistent and, for most lines, statistically significant 50-
75% reduction in the endogenous PDS mRNA levels 

when compared with levels in corresponding mock-
inoculated control plants or control plants infected 
with BMV carrying the GUS insert (Figure 4). For 
Oh7b and Ki11the the differences between mock and 
BMV-PDS were significant at, p<0.05 and for M162W 
and NC300, they were significant at p<0.1 (Figure 4). 
We also included in the analysis two M162W plants 
that displayed virus symptoms, but no photobleach-
ing (PDSg in Figure 4). In these plants, the levels of 
PDS transcript were somewhat higher than the levels 
in the photobleached sectors, in other plants, though 
this difference was not statistically significant. While 
careful tissue harvesting was done to excise the pho-
tobleached area, most tissue samples tested includ-
ed a small proportion of non-photobleached tissue. 
These areas may have had less silencing of the PDS 
transcript. Thus the level of endogenous PDS mRNA 
reduction in the photobleached areas may have been 
somewhat under-estimated. In addition, in results 
with other plant species undergoing VIGS, we have 
determined that a threshold level of PDS transcript 
silencing, likely at a critical developmental time point, 
is necessary to induce the visual photobleached phe-
notype (Nelson RS, unpublished). 

The identification of additional maize lines that 
display no virus-induced systemic necrosis and vis-
ible gene silencing is a significant step forward in 
supplying maize researchers with germplasm for rap-
id functional genomic studies. Silencing phenotypes 
were observed in lines Va35, NC300, Oh7b, Ki11, 
M162W, and CML52. These lines represent a sig-
nificant portion of maize diversity, including two lines 
(Va35 and M162W) that had been placed in separate 
subgroups of the “non stiff-Stalk” group, three lines 
(CML52, NC300 and Ki11) placed in separate sub-
groups of the “tropical” group and one (Oh7B) placed 
in the “mixed” group according to analysis based on 
2039 alleles identified at 94 microsattelite loci (Liu 
et al, 2003). Additionally, the use of VPI was identi-
fied as a reliable and generally inexpensive method 
to achieve BMV infection leading to gene silencing in 
young tissue. 

Although this report represents one step fur-
ther in the optimization of the BMV-VIGS system for 
functional gene studies in maize, the system still has 
significant limitations. The main limitations are plant-
to-plant variation in silencing within a line and the 
transient and sectored nature of the silencing pheno-
type due to the frequent loss of the target insert as the 
virus replicates. These limitations can be addressed 
to some extent by inclusion of appropriate controls 
and appropriate experimental designs (i.e., multiple 
replications of treatments in randomized blocks). A fi-
nal significant issue to consider is that BMV inoculat-
ed through VPI induced significant stunting and viral 
symptoms independent of any gene silencing effects. 
Here we were able to readily differentiate virus symp-
toms from the PDS silencing phenotype (Figure 2), 
but these symptoms might significantly interfere with 

Figure 3 - RT-PCR of BMV-GUS in agroinfiltrated N. benthami-
ana. Leaves were collected at different days post-infiltration 
and RT-PCR was performed to determine the presence or 
absence of insert. Results shown below are representative 
of four independent biological inoculations. The upper band 
corresponds to an amplicon carrying insert. The smaller 
band corresponds to an amplicon without the insert. B in-
dicates a no RNA control and P indicates a positive PCR 
control using plasmid containing the insert as a control.  
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Figure 4 - Relative expression compared to mock-inoculated plants of the phytoene desaturase gene as determined by real-
time RT-qPCR in three maize lines, Oh7b, Ki11,M162W.  Data shown are the means ± s.d. for two to six independent plants per 
treatment.  Mock inoculated plants were assessed as well as plants inoculated with the BMV-GUS and BMV-PDS constructs. 
Expression levels were normalized against a composite level for four non-targeted reference genes.  Photobleached tissue was 
excised for assessment of PDS expression in BMV-PDS inoculated plants except for M162W PDSg in which green sectors were 
excised from two plants in which virus symptoms, but no photobleaching was observed. For each maize line, pairs of means, 
represented by columns, which do not share the same letter, indicated at the base of the column, are significantly different from 
one another at p<0.1.  

the analysis of some traits. This might be particularly 
important when studying disease phenotypes (Tufan 
et al, 2011).
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