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Virus-induced gene silencing (VIGS) is used extensively for gene function studies in plants. VIGS is inexpensive and rapid
compared with silencing conducted through stable transformation, but many virus-silencing vectors, especially in grasses,
induce only transient silencing phenotypes. A major reason for transient phenotypes is the instability of the foreign gene
fragment (insert) in the vector during VIGS. Here, we report the development of a Brome mosaic virus (BMV)-based vector that
better maintains inserts through modification of the original BMV vector RNA sequence. Modification of the BMV RNA3
sequence yielded a vector, BMVCP5, that better maintained phytoene desaturase and heat shock protein70-1 (HSP70-1) inserts in
Nicotiana benthamiana and maize (Zea mays). Longer maintenance of inserts was correlated with greater target gene silencing and
more extensive visible silencing phenotypes displaying greater tissue penetration and involving more leaves. The modified
vector accumulated similarly to the original vector in N. benthamiana after agroinfiltration, thus maintaining a high titer of virus
in this intermediate host used to produce virus inoculum for grass hosts. For HSP70, silencing one family member led to a large
increase in the expression of another family member, an increase likely related to the target gene knockdown and not a general
effect of virus infection. The cause of the increased insert stability in the modified vector is discussed in relationship to its
recombination and accumulation potential. The modified vector will improve functional genomic studies in grasses, and the
conceptual methods used to improve the vector may be applied to other VIGS vectors.

RNA silencing (RNAi) is a powerful tool for reverse
and forward genetic analyses in plants (Baulcombe,
2004; Brodersen and Voinnet, 2006; Eamens et al., 2008;

Martínez de Alba et al., 2013). RNAi can be achieved
in multiple ways, including stable transformation
or transient expression of silence-inducing fragments
with virus vectors (virus-induced gene silencing
[VIGS]). VIGS is triggered by double-stranded RNAs
that accumulate during a virus infection in the host and
function as substrates for RNase III-like (dicer-like) en-
zymes to yield small interfering RNA (siRNA) duplexes
(Baulcombe, 2004; Waterhouse and Fusaro, 2006; Ding
and Voinnet, 2007). Single strands of these siRNA
duplexes are then incorporated into RNAi-induced
silencing complexes containing proteins encoded by
the host ARGONAUTE gene family (Montgomery et al.,
2008; Vaucheret, 2008; Poulsen et al., 2013; Fang and Qi,
2016). The single-stranded siRNAs serve as reverse
complementary guides in RNAi-induced silencing
complexes to bind mRNAs for targeted degradation.
For many plant genes, knockdown of their expression
leads to the onset of visible phenotypes in the plant (e.g.
necrosis, photobleaching, and stunting). Because the
preparation of a VIGS construct and plant inoculation
are inexpensive and not labor intensive, and the silenc-
ing results can be achieved in weeks, VIGS technology
for gene function studies in dicotyledonous and mono-
cotyledonous plants has advantages over stable RNAi
transformation, which requires more reagents and labor
and months to complete (Robertson, 2004; Scofield and
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Nelson, 2009; Senthil-Kumar andMysore, 2011; Ramanna
et al., 2013; Lee et al., 2015).
Brome mosaic virus (BMV) has been used as a vector

for VIGS in grasses over the last 11 years (Ding et al.,
2006, 2007, 2010; Pacak et al., 2010; Martin et al., 2011;
Shi et al., 2011; van der Linde et al., 2011, 2012;
Benavente et al., 2012; Cao et al., 2012; Hemetsberger
et al., 2012; Ramanna et al., 2013; Sun et al., 2013; Kong
et al., 2014; Zhu et al., 2014; Zhan et al., 2016). BMV is a
tripartite, single-stranded, positive-sense RNA virus
(Noueiry and Ahlquist, 2003). BMV genomic RNA1
and RNA2 encode 1a and 2a protein, respectively,
both required for virus replication (Kroner et al., 1990;
Quadt and Jaspars, 1990; Kao andAhlquist, 1992). BMV
genomic RNA3 is dicistronic, encoding a 3a protein
required for virus cell-to-cell movement in the plant
and a capsid protein (CP) necessary for virion forma-
tion and virus movement in the plant (Dasgupta and
Kaesberg, 1982; Ahlquist et al., 1984;Mise andAhlquist,
1995; Schmitz and Rao, 1996). The CP is translated from
a subgenomic RNA (RNA4). For both reported BMV
vectors, foreign gene fragments are inserted into ge-
nomic RNA3 (Ding et al., 2006, 2010; Pacak et al., 2010;
Sun et al., 2013).
Perhaps the most important factor during VIGS

that ensures gene silencing in the most tissue for the
longest period of time is the genetic stability of the
foreign insert in a vector during infection (Scofield and
Nelson, 2009; Ramanna et al., 2013; van der Linde and
Doehlemann, 2013). Using Barley stripe mosaic virus,
Bruun-Rasmussen et al. (2007) showed that inserts of
275, 400, and 584 nucleotides representing phytoene
desaturase (PDS) were increasingly unstable in the vec-
tor in the inoculated plant. They concluded that this
instability could explain the transient nature of silenc-
ing when using Barley stripe mosaic virus-based vector in
barley (Hordeum vulgare). Using Potato virus X as a si-
lencing vector in dicotyledonous species, inserts were
lost with each subsequent passage to an uninfected
Nicotiana benthamiana plant (Avesani et al., 2007). A
Peanut stunt virus vector also displayed greater insta-
bility for maintaining larger PDS inserts (Yamagishi
et al., 2015). Recently, Mei et al. (2016) demonstrated a
good correlation between the loss of a PDS fragment
insert in a Foxtail mosaic virus silencing vector and the
loss of post-transcriptional silencing. For BMV, loss of
the PDS insert from the BMV-based VIGS vector during
virus infection in rice was correlated with a transient
photobleaching phenotype affecting only two to three
leaves (Ding et al., 2006).
Although the molecular mechanism underlying

the deletion of foreign inserts is mostly unstudied
during VIGS, it is known that replicase template
switching is an accepted model for BMV recombi-
nation (Bujarski and Kaesberg, 1986; Nagy et al.,
1998; Kim and Kao, 2001; Shapka andNagy, 2004; Barr
and Fearns, 2010; Simon-Loriere and Holmes, 2011;
Bujarski, 2013; Rao and Kao, 2015). RNA recombina-
tion occurs within and between the BMV genomic
RNAs (Sztuba-Soli�nska et al., 2011). Consequently, a

foreign sequence introduced into the BMV RNA3 39
untranslated region, the region we utilize as an inser-
tion site in our BMV vector (Ding et al., 2006; Zhu et al.,
2014), potentially could be removed through this ac-
tivity, leading to the loss of silencing. Additionally, it
has been suggested that loss of silencing during VIGS
could be due to base pairing between the plant gene
fragment present in BMV and the plant target mRNA,
with the resulting double-stranded structure targeted
for removal from the virus sequence by enzymes in the
RNAi pathway (Pacak et al., 2010).

Here, we report our work directed toward producing
a better BMV-based VIGS vector by improving the ge-
netic stability of foreign inserts in BMV genomic RNA3.
We demonstrated that our modified vector retained its
foreign gene fragment insert longer in N. benthamiana
andmaize (Zea mays), and this observation is correlated
with enhanced target gene silencing and more exten-
sive visible silencing phenotypes, involving additional
leaves and greater penetration of leaf tissue in maize.

RESULTS

Modification of BMV RNA3 Sequences

In an effort to improve insert stability in the BMV
VIGS vector during virus infection, we utilized the
mFold Web Server to predict the folding of the full-
length BMV RNA3 sequence from the original vector,
BMVF13m, and identify secondary structure(s) in the
region where we insert foreign gene fragments. Based
on the prediction, a hairpin-like structure was found in
the region (nucleotide positions 1,820–1,844) flanking
the two insert cloning sites,NcoI andAvrII (Supplemental
Fig. S2A, arrows). To alter this hairpin-like structure, we
deleted nucleotidesU andGpresent between theCPopen
reading frame (ORF) stop codon and the NcoI restriction
site and made synonymous substitutions in the third
nucleotide in each amino acid codon for the C-terminal
five, 14, or 19 amino acids through mutagenic PCR of the
plasmid containing the RNA3 sequence of the original
vector (i.e. pC13/F3-13m; Fig. 1). The computer-predicted
structures forRNA3of one of themodifiedvectors,within
plasmid pC13/F3CP5 of modified vector BMVCP5,
showed that the region containing the original hairpin-
like structure was modified to place the two insert
cloning sites on the same side of a long stem loop-like
structure (Supplemental Fig. S2, A and B, arrows).
Considering that a gene fragment insert in BMV RNA3
is present during VIGS, we also modeled RNA3 (+) and
(2) strand sequence structures for the BMVF13m and
BMVCP5 vectors containing antisense gene fragments
utilized in this work. Differences in the folded structure
for both the full-length (+) and (2) strand sequences,
primarily near the NcoI cloning site, were apparent for
RNA3 of the modified vector BMVCP5 containing
250-bp inserts of ZmPDS, ZmHSP70-1, and GFPuv
comparedwith the original vector with the same inserts
(Supplemental Figs. S2, C–H, and S3, A–F). For the
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250-bp insert representing ZmPDS, where the least
difference in structure was apparent between the full-
length (+) RNA3 sequence of the original and modified
vectors with insert (Supplemental Fig. S2, C and D), the
structure difference was enhanced when folding only
the CP subgenomic RNA of each vector with insert
(Supplemental Fig. S4, A and B). Thus, the folding
predictions suggest that sequence modifications intro-
duced into the original vector would alter the structures
of (+) and (2) strands of RNA3 and the (+) strand of
RNA4 in the modified BMV vector, BMVCP5, in the
presence of inserts.

Local and Systemic Infection of the Original and Modified
BMV Vectors in Their Host Plants

N. benthamiana plants Agrobacterium tumefaciens
infiltrated with the original BMVF13m vector showed
mild mosaic symptoms in their upper noninfiltrated
young (i.e. systemic) leaves by 5 d post A. tumefaciens
infiltration (dpai). N. benthamiana plants A. tumefaciens
infiltratedwith novel modified BMVCP5, BMVCP14, or
BMVCP19 vectors developed mild mosaic symptoms
in their systemic leaves by 5, 6, and 6 dpai, respec-
tively. Through semiquantitative reverse transcription
(RT)-PCR of extracts from A. tumefaciens-infiltrated
leaves, it was determined that RNA3 of BMVF13m and
BMVCP5 accumulated to similar levels by 4 dpai (Fig.
2A). This indicated that the sequence modification
made within pC13/F3CP5 did not affect BMVCP5
RNA3 accumulation in the initial stages after infiltra-
tion of N. benthamiana.

To determine whether the modified BMV vectors
could be used as VIGS vectors in plants, a 250-bp
ZmPDS sequencewas cloned into the BMVRNA3 of the
original or modified vectors. N. benthamiana plants
infiltratedwithA. tumefaciens containingBMVF13m:PDS

displayed systemic mosaic symptoms by 5 dpai,
while plants infiltrated with A. tumefaciens containing
BMVCP5:PDS displayed systemic virus symptoms by
6 dpai. Plants infiltrated withA. tumefaciens containing
BMVCP14:PDS or BMVCP19:PDS did not show sys-
temic virus symptoms until 8 dpai. By 10 dpai, BMV
CP was detected in stem sections infected with any of
the vector constructs containing the PDS fragment,
with the strongest and most extensive CP signal from
the stems infected with BMVF13m:PDS (Fig. 2B). None
of the vectors containing the PDS fragment accumulated
as well as the modified virus vector without insert
(BMVCP5), indicating that the foreign insert delayed
systemic virus accumulation (Fig. 2B). When maize
seedlings were inoculated with virion prepared from
extracts of the N. benthamiana leaves infected with
BMVF13m:PDS or BMVCP5:PDS, mosaic symptoms
were observed in the base of the first systemically
infected young leaves by 6 d post inoculation (dpi;
BMVF13m:PDS) or 7 to 8 dpi (BMVCP5:PDS). Interest-
ingly, maize seedlings inoculated with virion prepared
from extracts of N. benthamiana leaves infected with
BMVCP14:PDS or BMVCP19:PDS did not show sys-
temic mosaic symptoms for approximately 2 weeks post
virus inoculation, suggesting that the sequence modifi-
cations in these two vectors affected their ability to
spread systemically or accumulate to levels capable of
causing mosaic symptoms in maize. Consequently, only
BMVF13m and BMVCP5 vectors were selected for fur-
ther comparison in this study.

To investigate why systemic symptoms induced by
BMVCP5:PDS were slightly delayed in these two host
plants compared with BMVF13m:PDS, virion of these
two viruses were inoculated to leaves of Chenopodium
amaranticolor, a local lesion host of BMV. By 6 dpi,
local lesions induced by BMVCP5:PDS were small
and defined, while most local lesions induced by
BMVF13m:PDS continued to expand and formed large

Figure 1. Modification of the RNA3 sequence in the original BMV silencing vector. Portions of the transcribed plasmid sequences
in pC13/F3-13m (plasmid containing BMV RNA3 from the original virus vector, BMVF13m) and pC13/F3CP5, pC13/F3CP14, or
pC13/F3CP19 (plasmids containing BMV RNA3 from the modified virus vector BMVCP5, BMVCP14, or BMVCP19) proximal to
the NcoI and AvrII cloning sites are shown. Nucleotide substitutions (black and boldface uppercase letters) in the sequence
representing RNA3 from the modified plasmids pC13/F3CP5, pC13/F3CP14, and pC13/F3CP19 are shown. The sequence of the
original RNA3 in pC13/F3-13m is shown for comparison (bottom). Lowercase letters represent the two cloning sites. Underlined
uppercase letters are two nonviral nucleotides between the CP ORF and the NcoI restriction site in pC13/F3-13m. Nucleotide
substitutions are shown in context with the full BMV genome (RNA1, RNA2, and RNA3). Within the genome schematic, lines
represent untranslated regions and rectangular boxes represent ORFs. 1a and 2a, Proteins associated with virus accumulation;
MP, movement protein; CP, coat protein. Cloverleaf shapes show the approximate location of the tRNA-like structure.
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chlorotic rings surrounding the initial necrotic lesions
(Fig. 2C). The absence of large chlorotic rings around
the BMVCP5:PDS-induced necrotic lesions suggested

that intercellular spread was impeded, and this might
be correlated with the maintenance of insert.

Stability of Foreign Inserts in the BMVF13m and BMVCP5
Vectors during Infection

To compare insert stability within the BMVF13m and
BMVCP5 vectors during infection in N. benthamiana,
leaves infiltratedwithA. tumefaciens containingBMVF13m:
PDS or BMVCP5:PDS were harvested at 3, 6, and
9 dpai. Results from RT-PCR analysis of virion RNA
from infiltrated leaves showed that BMVF13m:PDS
had begun to lose the PDS fragment insert by 3 dpai,
and by 6 dpai, most BMVF13m:PDS had lost its PDS
insert, as indicated by the appearance of a strong and
smaller sized band in the gel similar in size to the PCR
product of pC13/F3CP5 without a PDS insert (Fig. 3A;
Supplemental Fig. S5A). In contrast, the PCR products
obtained from the BMVCP5:PDS-infiltrated leaves har-
vested at 3 to 9 dpai appeared mostly as a single band
of similar size to the band amplified from pC13/F3CP5
with a PDS insert (pC13/F3CP5:PDS250). This result
indicated that insert stability in the modified BMVCP5
vector was improved over the original vector in the
N. benthamiana infiltrated leaves.

To compare insert stability within the BMVF13m:
PDS and BMVCP5:PDS vectors during infection of
maize, virion RNAwas isolated from leaves inoculated
with partially purified virion from N. benthamiana tis-
sues or from the first systemically infected leaves of the
same inoculated plants at 5 dpi. Through RT-PCR
analysis, it was observed that, by 5 dpi, BMVF13m:PDS
had lost its PDS insert in all inoculated leaf samples
(Fig. 3B, top). In contrast, BMVCP5:PDS maintained a
majority of full-length PDS insert (Fig. 3B, top). Also at
5 dpi, BMVCP5:PDS again maintained more full-length
insert than BMVF13m:PDS in the first systemically
infected leaves, although loss of full-length insert was
more noticeable in these leaves than in the inoculated
leaves for BMVCP5:PDS (Fig. 3B, bottom). In a separate
experiment, improved insert maintenance was demon-
strated from 3 to 5 dpi in inoculated leaves for BMVCP5:
PDS comparedwith BMVF13m:PDS, although some loss
of insert occurred at a higher frequency for BMVCP5:
PDS than in the previously described experiment (com-
pare Fig. 3B, top, with Supplemental Fig. S5B). Also, in
an experiment conducted separately from all other ex-
periments, BMVCP5:PDS maintained a high percentage
of full-length insert in the second systemically infected
leaves from three of four plants, while BMVF13m:PDS
lost its PDS insert in all four analyzed plants at 7 dpi
(Supplemental Fig. S5C). To determine if inserts from
other host genes also were more stable in the BMVCP5
vector in infected maize plants, maize seedlings were
inoculated with BMVF13m:HSP70-1 or BMVCP5:
HSP70-1 virion (insert size, 250 nucleotides). The in-
oculated and the second systemically infected leaves
were harvested at 5 and 10 dpi, respectively, for the
analyses of insert stability. Through RT-PCR analyses,

Figure 2. Modified BMV vectors can accumulate similarly to the orig-
inal BMV vector in N. benthamiana after agroinfiltration. A, Accumu-
lation of BMVCP5 and BMVF13m inN. benthamiana leaves at 4 dpai as
measured through semiquantitative RT-PCR. PCR product from BMV
genomic RNA3 after 25 cycles (top) and 30 cycles (bottom) is shown.
Maize translation elongation factor 1A (ZmEF-1A) transcript levels were
used as internal normalization controls. Each lane represents PCR
product from an individual plant. Lane L is DNA ladder. Lane M rep-
resents amplification from extract of mock-inoculated tissue, as nega-
tive control. Lane P represents amplification from plasmid pC13/F3CP5
as positive control. B, Accumulation of BMV vectors inN. benthamiana
stems at 10 dpai. BMV CP was detected through a tissue-print assay
using a polyclonal antibody against the BMV CP. Purple color in stem
longitudinal prints indicates positive detection of the virus CP. The ex-
periment was repeated twicewith similar results. C, Local lesions (noted
by arrows) imaged at 6 dpi with BMVF13m:PDS or BMVCP5:PDS in
leaves of C. amaranticolor. Strong chlorotic rings outside of necrotic
lesions are marked with circles. Bars = 7 mm.
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although BMVF13m:HSP70-1 displayed increased insert
stability compared with BMVF13m:PDS, it was still less
than that observed for BMVCP5:HSP70-1 in both inoc-
ulated and systemically infected leaves (Fig. 3C).

An additional experiment was conducted to further
support these observations. Virus RT-PCR fragments
from leaves inoculated or systemically infected with
BMVF13m:PDS or BMVCP5:PDS were cloned and the
plasmids were sequenced to determine the presence
and the length of insert (Fig. 4). By 5 dpi, 100% of the
clones from the leaves inoculated with BMVCP5:PDS
retained some PDS insert sequence, with approxi-
mately 20% maintaining the full-length PDS insert.
However, none of the clones from the leaves inoculated

with BMVF13m:PDS maintained any PDS insert. In the
second systemically infected leaves harvested at 7 dpi,
82% of the clones from the BMVCP5:PDS-infected tis-
sues retained some PDS sequence, with 56% maintain-
ing the full-length PDS insert. In contrast, none of the
clones from the BMVF13m:PDS-infected tissues main-
tained a full-length insert, although a large percentage
(96%) maintained a partial sequence. Results from all
the experiments reported in this section indicated the
increased stability of gene inserts in the BMVCP5 vector
compared with the original BMVF13m vector.

Visual Phenotypes and Target Gene Transcript Levels in
Leaves Targeted for PDS or HSP70-1 Gene Silencing
through VIGS

To demonstrate that the BMVCP5 vector could induce
stronger and more uniform gene silencing in maize than
the original BMVF13 vector, we analyzed maize leaves
targeted for PDS silencing. Maize plants inoculated with
BMVF13m:PDS virion isolated from A. tumefaciens-
infiltratedN. benthamiana leaves at 4 dpai first developed
multiple photobleaching streaks in the second systemi-
cally infected leaves by 10 dpi thatwere further apparent
at 12 dpi (Fig. 5A, arrows, right). Photobleaching streaks
continued to appear in the third systemically infected
leaves, but the number decreased significantly (Fig. 5A,
arrowheads). Maize plants inoculated with BMVCP5:
PDS displayed numerous photobleaching streaks in the
second and third systemically infected leaves by 12 dpi
(Fig. 5A, right). Plants inoculated with BMVCP5:GFP
showed onlymosaic symptoms in their second and third
systemically infected leaves (Fig. 5A, left). Knockdown
of PDS expression in the second and third systemically
infected leaves at 14 dpi with BMVCP5:PDS was ap-
proximately twice the relative levels observed with
BMVF13m:PDS (Fig. 5B). Photobleaching streaks also
were prominent in the fourth and fifth systemically
infected leaves of plants at 30 dpi with BMVCP5:PDS
(Fig. 5C). In contrast, very few photobleaching streaks
were seen in the fourth systemically infected leaves and
none in the fifth systemically infected leaves of plants
inoculated with BMVF13m:PDS (Fig. 5C). The emerging
sixth systemically infected leaf of plants inoculated with
BMVCP5:PDS also displayed photobleaching streaks
(Fig. 5C). Results from quantitative reverse transcription
(qRT)-PCR analyses indicated that knockdown of PDS
expression in BMVCP5:PDS-infected maize plants was
about 50% to 70%, while knockdown of PDS expression
in BMVF13m:PDS-infected maize plants was less than
20% at 30 dpi in the fourth and fifth systemically infected
leaves (Fig. 5D).

To knock down maize HSP70-1 gene expression
through VIGS, we inoculated maize seedlings with
BMVF13m:HSP70-1, BMVCP5:HSP70-1, or BMVCP5:GFP
virion. Themaize plants inoculatedwith BMVF13m:HSP70-1
started to show systemic mosaic symptoms by 6 dpi. By
2 weeks post inoculation, the second and third system-
ically infected leaves showed chlorotic streaks along the

Figure 3. BMVCP5 displays greater insert stability than BMVF13m in
N. benthamiana and maize. A, N. benthamiana leaves were harvested
at various dpai with BMVCP5:PDS or BMVF13m:PDS. Virion RNAwas
isolated and subjected to RT-PCR assays. RT-PCR products were
obtained using pooled cDNA reactions from three plants representing
leaves infiltrated with BMVCP5:PDS or BMVF13m:PDS, respectively.
The experiment was repeated twice with similar results. B, RT-PCR
products from extracts of individual inoculated (top) or systemically
infected (bottom) maize leaves infected with BMVF13m:PDS or
BMVCP5:PDS. Each lane represents extract from an individual
plant. All samples were taken at 5 dpi. C, RT-PCR products from
extracts of inoculated (top) or systemically infected (bottom) maize
leaves infected with BMVF13m:HSP70-1 (F13m:HSP70-1) or BMVCP5:
HSP70-1 (CP5:HSP70-1). Each lane represents extract from an indi-
vidual plant. Samples were taken at 5 dpi (inoculated leaves) or 10 dpi
(systemically infected leaves). All PCR products were visualized on
1% agarose gels after electrophoresis. Lanes labeled 1 and 2 are PCR
products from pC13/F3CP5 or pC13/F3CP5:PDS plasmid DNA and
show the positions of bands expected when the full-length insert is
absent (410 bp; lane 1) or present (660 bp; lane 2). Lane L is 1 kb plus
DNA ladder.
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veins. These streaks continued to expand and later
became necrotic, causing leaf collapse. By 1 month post
inoculation, most of the plants inoculated with
BMVF13m:HSP70-1 died while a few plants continued
to grow, often with severe necrosis in their leaves
and plant stunting (Fig. 6B). Plants inoculated with
BMVCP5:HSP70-1 developed systemic mosaic by 7 to
8 dpi followed by the appearance of chlorotic streaks in
their systemic leaves (Fig. 6A). By 1 month post inocu-
lation, all the plants inoculatedwith BMVCP5:HSP70-1 died
(Fig. 6B). Similar results were obtained in two additional
experiments (Table I). In all three experiments, the
BMVCP5:GFP-inoculated plants showed mosaic symp-
toms only in leaves and stunting of the plants compared
with the mock-inoculated plants (Fig. 6B). qRT-PCR
analyses demonstrated that BMVCP5:GFP infection in
maize plants generally increased the expression of cy-
tosolic HSP70 in systemically infected leaves compared
with those from mock-inoculated plants (Fig. 6C). We
observed a similar effect on the HSP70 protein in barley
leaves infected with BMV, as determined through im-
munocytochemistry with leaf tissue sections and anti-
BMV CP or anti-HSP70 antibodies (Supplemental Fig.
S6). In spite of the potential of induced gene expres-
sion during BMV infection, inoculation of maize with
BMVCP5:HSP70-1 resulted in lessHSP70-1 expression in
the upper leaves compared with the tissue infected with
BMV expressing the GFP fragment or mock inoculated
(Fig. 6C). An apparent bimodal expression ofHSP70-1was
evident in tissues infected with BMVF13m:HSP70-1, with
some extracts displaying transcript levels similar to
those frommock-inoculated plants and others similar to
those from plants infected with BMVCP5:HSP70-1. We
considered that the inability to statistically separate

results from BMVF13m:HSP70-1-infected tissue from
those from BMVCP5:HSP70-1-infected and mock-
inoculated tissues was due to this apparent bimodal
distribution of HSP70-1 transcript expression between
plants infected with BMVF13m:HSP70-1. Expression
values for ZmHSP70 transcript from plants infected
with BMVF13m:HSP70-1 were analyzed for unimodal
expression using results from three experiments. A
test for unimodal expression using Hartigans dip test
(Maechler, 2015) showed at least bimodality (P =
0.086), with marginal significance for transcripts from
this population. The bimodal expression distribution
likely reflected enhanced selection against virus with
an HSP70-1 insert compared with a PDS insert, since
silencing HSP70-1 resulted in tissue death, while silenc-
ing PDS resulted in chlorotic, but living, cells that could
continue to produce virus with insert.

HSP70 is encoded by a gene family, and we were
interested in determining whether other gene members
also were altered in expression when we targeted
HSP70-1 for silencing. A BLAST search of the maize
genome sequence using the GRMZM2G428391 se-
quence (our HSP70-1 sequence) indicated that maize
may have 18 HSP70 genes in its genome. Phylogenetic
analysis against the known Arabidopsis (Arabidopsis
thaliana) HSP70 protein sequences suggested that 10 of
the maize HSP70s may be cytoplasmic (Fig. 7). Further
analysis of the 10 possible maize cytoplasmic HSP70
nucleotide sequences showed that only HSP70-2,
HSP70-3,HSP70-4, andHSP70-5 contained one or more
stretches with more than 21 nucleotides identical to
stretches in theHSP70-1 insert (Supplemental Fig. S1A).
qRT-PCR analysis with primers designed to amplify
individual HSP70-1 to HSP70-5 transcripts showed

Figure 4. Stability of the PDS insert in the BMVF13m or BMVCP5 vector during infection in maize. Virion RNAwas isolated from
BMVF13m:PDS (F13m:PDS)- or BMVCP5:PDS (CP5:PDS)-inoculated leaves harvested at 5 dpi or from the second systemically
infected leaves harvested at 7 dpi and used for RT-PCR. Three maize plants were used for each treatment, PCR products from the
same treatment were gel purified, pooled, and cloned, and plasmids were sequenced for the presence of insert. The top diagram
illustrates the RNA3 39 sequence organization in the BMV vectors. The black lines and numbers in the far left column under the
diagram show the lengths of retained PDS sequences in the progeny virus populations from the pooled samples for each treatment
(250 nucleotides representing the full-length insert). #, Values in the table represent the number of clones from each treatment
containing a particular length of insert; *, the total number of clones sequenced for the treatment. UTR, Untranslated region.
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induction of each after infection with BMVCP5:GFP
(Fig. 6D). qRT-PCR analysis of the tissues infected with
BMVCP5-HSP70-1 using primers designed to amplify
the sequence of maize HSP70-2 (GRMZM2G056039;
Supplemental Fig. S1B) indicated that this gene was
silenced when compared with the values from tissues
infected with BMVCP5:GFP (Fig. 6D). A similar result
was observed when the same tissues were analyzed
using primers designed to amplify the sequence of
HSP70-4, and a similar trend (not statistically signifi-
cant within the sample size studied) was observed with
primers specific for HSP70-5 (Fig. 6D). Interestingly,
qRT-PCR analyses using the primers designed to

amplify HSP70-3 (GRMZM2G366532; Supplemental
Fig. S1B) indicated a large induction of expression for
this gene in plants inoculated with BMVCP5:HSP70-1
compared with its expression in plants inoculated with
BMVCP5:GFP or phosphate buffer only (Fig. 6D).

DISCUSSION

During VIGS, a poorly visible silencing phenotype,
observed as less complete penetration within specific
organs or decreased appearance in newly developing
leaves, is often correlated with the loss of the foreign
gene insert in the VIGS vector (Bruun-Rasmussen et al.,

Figure 5. Silencing the PDS gene inmaize usingBMVF13m:PDSor BMVCP5:PDS. Similar amounts of BMVCP5:GFP, BMVF13m:PDS,
or BMVCP5:PDS virion were inoculated to maize seedlings. A, Systemically infected leaves above the inoculated leaves from
BMVCP5:GFP-inoculated plants (left image) or BMVF13m:PDS- or BMVCP5:PDS-inoculated plants (right image) were photo-
graphed at 12 dpi. Arrows indicate the second systemically infected leaves, and arrowheads indicate the third systemically infected
leaves. Similar visual phenotypeswere observed in two additional experiments. B, Relative expression levels of ZmPDS transcript in
maize plants inoculated with BMVCP5:GFP, BMVF13m:PDS, or BMVCP5:PDS were determined through qRT-PCR of extracts from
the second and third systemically infected leaves harvested 2 weeks post inoculation. The expression of the maize EF-1A gene in
these plantswas analyzed and used to normalizeZmPDS expression levels across treatments. Each bar represents expression froman
individual plant. C, Maize plants inoculated with BMVF13m:PDS or BMVCP5:PDS virion were photographed at 30 dpi (bottom
image). Images at top are magnifications of the blades from the fourth systemically infected leaves shown in the image below (red
rectangular boxes). Photobleaching streaks are indicatedwith arrows. Images in yellow rectangular boxes indicate unmagnified and
magnified images of the emerging sixth systemically infected leaf with photobleaching streaks. D, Relative expression levels of
ZmPDS in maize plants inoculated with BMVCP5:GFP, BMVF13m:PDS, or BMVCP5:PDS were determined through qRT-PCR of
extracts from the fourth and fifth systemically infected leaves harvested at 30 dpi. The qRT-PCR assay was done as described in B. For
B and D, different letters above each treatment group indicate significant differences in values between those treatments at the 0.05
significance level as determined by ANOVA and LSD test.
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2007; Mei et al., 2016; Wang et al., 2016). Foreign gene
insert loss can occur soon after virus inoculation or after
serial passage through a host (Avesani et al., 2007;
Igarashi et al., 2009; Yuan et al., 2011). The correlation of
silencing phenotype with the presence of insert in the
VIGS vector is consistent with the notion that the virus
vector is the ultimate initial substrate for silencing
pathway enzymes. Here, we modified our BMV VIGS
vector to address this issue, creating a vector that
maintains its insert for longer periods during infection

in N. benthamiana and maize, therefore providing an
increased tissue penetration and longer-lived silencing
phenotype. We modified the BMV RNA3 sequence just
59 of the restriction sites for foreign gene fragment in-
sertion through a computer-assisted sequence modifi-
cation strategy. The modified BMVCP5 vector has a
deletion of two nucleotides immediately after the CP
stop codon and synonymous substitutions in the third
position nucleotides of the five C-terminal amino acid
codons encoding the CP. This modification resulted in

Figure 6. A more extensive necrosis phenotype is correlated with greater target transcript silencing in maize infected with
BMVCP5:HSP70-1. Similar amounts of BMVCP5:GFP, BMVF13m:HSP70-1, or BMVCP5:HSP70-1 virion were inoculated to
maize seedlings. A, Systemically infected leaves from maize plants inoculated with BMVCP5:HSP70-1 (left) or BMVCP5:GFP
(right) were photographed 2weeks post inoculation. Arrows indicate pale green streaks in the BMVCP5:HSP70-1-infected leaf. B,
Chlorotic streaks continued to expand and eventually changed to necrosis, resulting in leaf death for many plants infected with
BMVF13m:HSP70-1 and all plants infected with BMVCP5:HSP70-1 at 1 month post virus inoculation. Three plants inoculated
with BMVF13m:HSP70-1 (arrows) showed necrosis and severe stunting but did not die. C, Relative expression levels of
ZmHSP70-1 transcript in the mock-inoculated (Mock), BMVCP5:GFP-, BMVCP5:HSP70-1-, or BMVF13m:HSP70-1-inoculated
maize plants were determined through qRT-PCR of extracts from second and third systemically infected leaves harvested at
18 dpi. Maize EF-1A transcript levels in these plantswere determined and used to normalize ZmHSP70-1 expression levels across
treatments. Each bar represents expression from a single plant. Different letters above each treatment group indicate significant
differences in mean values between those treatments at the 0.05 significance level determined by ANOVA followed by LSD test.
The experiment was repeated twice with identical findings. D, Analysis of transcript levels of five different ZmHSP70s in plants
silenced for HSP70-1 at 18 dpi. Primers used for qRT-PCR are listed in Supplemental Table S1. The expression of maize EF-1A in
these samples was used to normalize HSP70 expression levels across treatments for each HSP70 family member. Each bar and
error bracket represents the mean value 6 SD for results from three plants. Different letters above each treatment group indicate
significant differences in values between those treatments at the 0.05 significance level determined by ANOVA followed by LSD

test. The experiment was repeated with similar results.
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greater retention of gene fragments complementary
to ZmPDS and ZmHSP70-1 during virus infection in N.
benthamiana and maize (Fig. 3; Supplemental Fig. S5).
We also observed greater retention of PDS insert within
the BMV vectors having synonymous third position
nucleotide substitutions in codons encoding the
C-terminal 14 and 19 amino acids of the CP during their
infection inN. benthamiana. The enhanced foreign insert
retention in the BMVCP5 vector in maize was associ-
ated with a greater penetration of visible silencing
phenotypes in leaf tissue and silencing in additional
developing leaves compared with the original BMV
vector (Figs. 5 and 6). Although the BMVCP5 vector
retained inserts better than the original vector in N.
benthamiana and maize, it had a 1- to 2-d delay in sys-
temic infection in these two hosts compared with the
original vector. We speculate that the slower systemic
infection caused by BMVCP5:PDS or BMVCP5:HSP70-1
in plants was due mainly to the improved insert sta-
bility in the modified vectors, and from this, attenu-
ated virus accumulation in systemically infected tissue
often associatedwith nonviral inserted sequences (Bujarski
and Kaesberg, 1986; Nagy and Bujarski, 1996; Bruun-
Rasmussen et al., 2007)

Regarding the mechanism by which the new VIGS
vector retains insert longer, decreased recombination
by the modified vector is one possibility. It is known
that many viruses undergo recombination during in-
fection (Bujarski, 2013). BMV undergoes recombination
during infection and is a model virus for RNA recom-
bination studies (Bujarski and Kaesberg, 1986; Nagy
and Bujarski, 1996; Bruyere et al., 2000; Alejska et al.,
2005; Urbanowicz et al., 2005; Kwon and Rao, 2012;
Kolondam et al., 2015). Our modeling of secondary
structures for RNA3 from both vector species (original
or modified) with inserts indicated that, regardless of
the insert fragment modeled, there was a difference in
structure between the original BMVF13m RNA3 vector
sequence and the modified BMVCP5 RNA3 vector se-
quence (Supplemental Figs. S2, C–H, S3, A–F, and S4, A
and B). It is generally considered that most RNA re-
combination events proceed through template switch-
ing and that RNA structures that cause the polymerase
to pause may enhance its release from the donor tem-
plate strand, leading to association with the acceptor
template strand (Sztuba-Soli�nska et al., 2011). Olsthoorn
et al. (2002) determined that insertion of structured
stem-loop sequences into regions where recombination
occurred could influence the accumulation of recombi-
nants. It will be important to determine whether struc-
tural differences caused by the nucleotide deletions and
substitutions in our modified vector altered stem loops
in planta, leading to decreased recombination by this
vector. Additionally, it would seem that altering RNAi-
mediated deletion of the antisense foreign gene fragment
within RNA3 of the virus vector when base paired with
target host mRNA, a mechanism suggested by Pacak
et al. (2010) to explain the loss of VIGS in some instances,
is less likely to account for insert stability in ourmodified
vector, since foreign gene fragment sequences in the

original and modified vectors were identical. However,
considering that the RNA structures involving foreign
gene fragment sequences differ in the (+) strands be-
tween the original and modified vectors (Supplemental
Fig. S2, C–G), there could be diminished base-pairing
ability between host mRNA and the gene fragment in
the modified vector in planta, supporting this explana-
tion for insert stability. Further work is necessary to
determine whether this or another mechanism explains
why inserts are more stable within this modified VIGS
vector.

Many silencing studies with BMV vector used
N. benthamiana as an intermediate host to increase virus
titer for reliable infection of the subsequent monocoty-
ledonous hosts (Ding et al., 2007; van der Linde et al.,
2011, 2012; Hemetsberger et al., 2012; Zhu et al., 2014;
Zhan et al., 2016). Therefore, it was important to de-
termine that, in addition to maintaining foreign gene
fragment inserts, the modified vector accumulated well
in this intermediate host. BMVCP5 accumulated to
similar levels to the original vector, BMVF13m, in the
infiltrated leaves of N. benthamiana (Fig. 2A). It should
be noted, however, that the BMV vectors were infil-
trated into large areas of the N. benthamiana leaves,
negating much of the need for local intercellular spread
within this tissue for infection. Additionally, tissue-
print assays using BMVF13m:PDS, BMVCP5:PDS,
BMVCP14:PDS, and BMVCP19:PDS showed that the
three modified vectors accumulated less in the stems of
A. tumefaciens-infiltrated N. benthamiana plants than the
original BMVF13m:PDS vector, and the symptoms in-
duced in systemically infected leaves of N. benthamiana
and maize were delayed for all the modified vectors.
Thus, it is possible that these vectors move less effi-
ciently between cells, through the vasculature, or both,
due to the maintenance of their inserts. It is known that
a negative correlation exists between the length
of a foreign insert and the accumulation of a BSMV-
silencing vector in systemically infected leaves of bar-
ley (Bruun-Rasmussen et al., 2007). Our findings with
C. amaranticolormay provide further explanation of this
phenomenon in that lesions induced by BMVCP5:PDS
on inoculated leaves stayed small while lesions induced
by BMVF13m:PDS continued to expand and formed
chlorotic rings surrounding the initial lesions, the
latter correlated with the loss of insert. While the re-
sults from C. amaranticolor alone could not distinguish
between poor accumulation per cell or poor intercel-
lular movement of the improved vector, the results
from the N. benthamiana infiltrated leaves suggest that
accumulation per cell is similar between the two BMV
vectors and that intercellular or vascular spread is
delayed for the improved vector. This delay, which
could lead to fewer rounds of virus replication and
less opportunity for recombination, is modest for
BMVCP5, however, and does not negate the benefit
of the improved insert stability to induce target gene
silencing by this vector.

Findings from our HSP70-silencing studies not only
supported our PDS-silencing results, showing that the
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modified BMVCP5 vector induced better gene silencing
in maize than our original vector, but also provided
additional information for those interested in the reg-
ulation of genes in this family. HSP70 members are
core components of the cellular chaperone complex,
with roles in various cellular processes including pro-
tein folding, assembly, translocation, and degradation
(Mayer and Bukau, 2005; Bukau et al., 2006; Park and
Seo, 2015). They prevent the aggregation of denatured
proteins and assist in protein refolding during stress

conditions (Mayer and Bukau, 2005; Tyedmers et al.,
2010). Plant HSP70s also are influenced by and influ-
ence virus infection in plants (Verchot, 2012; Park and
Seo, 2015). Regarding the influence of virus infection
on HSP70 expression, immature pea (Pisum sativum)
cotyledons infected with four different plant RNA vi-
ruses displayed increasedHSP70 transcript levels in the
region where virus was rapidly accumulating (Aranda
et al., 1996; Escaler et al., 2000). Aranda et al. (1996) also
observed during infection with Pea seed-borne mosaic
virus that one HSP70 family member, PsHCP71.2, was
induced while another, PsHSC71.0, was marginally
reduced in transcript level in the tissue where virus was
replicating. In N. benthamiana, challenge with five RNA
viruses showed significant increases in the expression
of multiple HSP70 genes, many encoding proteins that
resided in the cytoplasm (Chen et al., 2008; Alam and
Rochon, 2015). HSP70 family members also were in-
duced by multiple viruses in Arabidopsis (Whitham
et al., 2003). Regarding HSP70 expression and its effect
on virus accumulation or plant phenotype, when one of
the HSP70 family members, NbHSP70c-1, was overex-
pressed, the accumulation of Tobacco mosaic virus was
increased (Chen et al., 2008). In Chenopodium quinoa

Table I. Plant death caused by the knockdown of maize HSP70 using
BMVF13m:HSP70-1 or BMVCP5:HSP70-1

Maize seedlings were inoculated with same amount of virion of
BMVCP5:GFP, BMVF13m:HSP70-1, or BMVCP5:HSP70-1. The num-
ber of dead plants was counted at 1 month post virus inoculation. The
experiment was repeated twice. Values shown are numbers of dead
plants/total plants inoculated.

Virus
Experiment

I II III

BMVF13m:HSP70-1 16/18 16/18 15/18
BMVCP5:HSP70-1 18/18 18/18 18/18
BMVCP5:GFP 0/18 0/18 0/18

Cytoplasm

ER

Mitochondria

Plastid

Plastid

Cytoplasm

ER

Figure 7. Phylogenetic tree of HSP70 proteins from Arabidopsis and maize. The tree was constructed by aligning the maize
HSP70 protein sequenceswith the protein sequences of Arabidopsis HSP70s using theMEGA6.0 program. The percentage values
of 1,000 bootstrap trials are indicated near the nodes. The subcellular localizations of maize HSP70s were determined based on
clustering with the known Arabidopsis HSP70s (Lin et al., 2001). ER, Endoplasmic reticulum.
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plants heat shocked to induce HSP70 expression and
then challenged with CNV, viral genomic RNA accu-
mulation increased (Alam and Rochon, 2015). Silencing
the expression of cytosolic Nicotiana HSP70 family
members in N. benthamiana using the TRV- or PVX-
based VIGS vectors resulted in dwarfed and crinkled
leaves or white spots near major veins in developing
leaves (Chen et al., 2008; Wang et al., 2009). We previ-
ously observed a dwarfing phenotype after we si-
lenced HSP70 in barley with our original BMV vector
(Ramanna et al., 2013). Based on this finding, we spec-
ulated that silencingHSP70with BMVF13m:HSP70-1 or
BMVCP5:HSP70-1 would produce easily differentiated
visible silencing phenotypes in maize by these vectors.
Indeed, our new vector did produce a more dramatic
visible stunting and death phenotype than the original
vector (Fig. 6B). We also analyzed the expression pat-
terns for HSP70-1 and four additional cytosolic HSP70
family members (HSP70-2 to HSP70-5) that were po-
tential off targets during the silencing of HSP70-1. For
all five HSP70 members, we observed increased tran-
script levels in plants infected with BMVCP5:GFP
versus mock-inoculated plants (Fig. 6D). Additionally,
we observed that infection with one of our BMV vec-
tors induced a higher level of HSP70 protein in barley
(Supplemental Fig. S6). Thus, BMV is similar to other
viruses in its ability to induce the expression of this
gene family during infection.

Interestingly, during the silencing of HSP70-1, we
observed decreased levels of HSP70-2, HSP70-4, and
HSP70-5 transcript, but an over 100-fold increase in
HSP70-3 expression, compared with levels from
tissue infected with BMVCP5:GFP (Fig. 6D). Sequence
alignment of maize cytosolicHSP70s indicated that the
four HSP70s (HSP70-2 to HSP70-5) harbored varying
numbers and lengths of nucleotide stretches identical

with the HSP70-1 insert in our BMV vector (one
32-nucleotide stretch in HSP70-2, 26- and 25-nucleotide
stretches in HSP70-3, one 41-nucleotide stretch in
HSP70-4, and 24-, 23-, and 41-nucleotide stretches in
HSP70-5; Supplemental Fig. S1). HSP70-3, therefore,
has the shortest stretch of identity with the HSP70-1
target sequence among all the HSP70s studied. We
speculate from this that a portion of the over 100-fold
increase of HSP70-3 expression in the BMVCP5:
HSP70-1-inoculated maize plants could be due to in-
efficient off-target silencing during VIGS of HSP70-1.
A further component of the increased HSP70-3 ex-
pression could be compensation by the host to bal-
ance the loss of expression of the other HSP70s due to
silencing.

It is noteworthy that the two quantitative PCR
(qPCR) primers used to amplify HSP70-1 had only one
nucleotide difference from the corresponding regions in
HSP70-5 (Supplemental Fig. S1B). From this, it could be
considered that HSP70-5 transcript was amplified by
the primers designed for HSP70-1, leading to an un-
derestimate of the true silencing level of HSP70-1 ex-
pression. We consider this to be less likely, since qPCR
primers designed for HSP70-4 transcript amplification
had only two nucleotide differences (one in each primer
and in similar locations within the primers to the po-
sition of the nucleotide difference betweenHSP70-1 and
HSP70-4 transcript in the primer for HSP70-1) from the
HSP70-3 sequence (Supplemental Fig. S1B), and we did
not observe a large increase in HSP70-4 transcript from
tissue infected with BMVCP5:HSP70-1, as would be
expected considering the over 1003 increase in HSP70-
3 transcript levels compared with those of HSP70-4
(Fig. 6D).

Whether necrosis observed in HSP70-1-silenced
maize plants was due to silencing the expression of

Table II. Maize and Arabidopsis HSP70s

Maize HSP70s were identified through BLAST search of the maize genome sequence at Phytozome (http://www.
phytozome.net) using the HSP70-1 insert sequence. *The numbering of maize HSP70s is arbitrary.

Maize Arabidopsis

Gene Name Accession No. Gene Name Accession No. Protein Identifier No.

ZmHSP70-1* GRMZM2G428391_T01 AtHSP70-1 AT5G02500.1 CAB85987
ZmHSP70-2 GRMZM2G056039_T01 AtHSP70-2 AT5G02490.1 CAB85986
ZmHSP70-3 GRMZM2G366532_T02 AtHSP70-3 AT3G09440.1 AAF14038
ZmHSP70-4 GRMZM2G340251_T01 AtHSP70-4 AT3G12580.1 BAB02269
ZmHSP70-5 GRMZM5G802801_T01 AtHSP70-5 AT1G16030.1 AAF18501
ZmHSP70-6 AC209784.3_FGT007 AtHSP70-6 AT4G24280.1 CAB45063
ZmHSP70-7 GRMZM2G310431_T01 AtHSP70-7 AT5G49910.1 BAA97012
ZmHSP70-8 GRMZM2G106429_T01 AtHSP70-8 AT2G32120.1 AAD15393
ZmHSP70-9 GRMZM2G066902_T01 AtHSP70-9 AT4G37910.1 CAB37531
ZmHSP70-10 GRMZM2G145275_T01 AtHSP70-10 AT5G09590.1 CAB89371
ZmHSP70-11 GRMZM2G415007_T01 AtHSP70-11 AT5G28540.1 AAF88019
ZmHSP70-12 GRMZM2G365374_T01 AtHSP70-12 AT5G42020.1 BAB08435
ZmHSP70-13 GRMZM2G153815_T01 AtHSP70-13 AT1G09080.1 AAB70400
ZmHSP70-14 GRMZM2G471196_T01 AtHSP70-14 AT1G79930.1 AAG52240
ZmHSP70-15 GRMZM2G415007_T01 AtHSP70-15 AT1G79920.1 AAG52244
ZmHSP70-16 GRMZM2G114793_T01 AtHSP70-16 AT1G11660 AAD30257
ZmHSP70-17 GRMZM2G161035_T01 AtHSP70-17 AT4G16660.1
ZmHSP70-18 AC211651.4_FGT007 AtHSP70-18 AT1G56410.1 AAG51503
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multiple HSP70s or the induction of HSP70-3 expres-
sion requires further investigation. It was demonstrated
that transient overexpression of a cytoplasmic pepper
(Capsicum annuum) HSP70 (HSP70a) during heat stress or
Xanthamonas campestris pv vesicatoria infection caused cell
death in pepper leaves (Kim and Hwang, 2015). Chen
et al. (2008) did not observe increased expression for any
of the six HSP70 gene family members after infecting
N. benthamiana plants with a PVX VIGS vector harbor-
ing a fragment of NbHSP70c-1. They did, however, ob-
serve a cell death phenotype in that study.
It is difficult to compare our findings showing the

duration of the silencing phenotype with our modified
BMV vector with the durations reported for other virus
vectors infecting grasses. This is due to differences in
growth conditions, different sizes or forms (i.e. anti-
sense versus inverted repeat) of inserts, or different
target genes and hosts, all of which affect virus accu-
mulation and VIGS efficiencies (Senthil-Kumar and
Mysore, 2011; Ramanna et al., 2013; Lee et al., 2015).
With this caveat in mind and considering only vectors
studied in maize, our modified vector, containing a
250-bp insert of PDS and inoculated by mechanical
abrasion with partially purified vector virus from
N. benthamiana onto the first two leaves of 8-d-old
seedlings, induced visible silencing through the sixth
systemically infected leaf at 30 dpi (Fig. 5), the last time
point measured for visible phenotype or target tran-
script silencing. The maize-infecting Cucumber mosaic
virus vector, containing a 215-bp fragment of IspH
(a gene important for early stages of chloroplast de-
velopment) and inoculated by a modified vascular
puncture inoculation technique for maize seeds, in-
duced silencing through the fifth systemically infected
leaf and 60 dpi, again the last time points and growth
stages measured (Wang et al., 2016). The Foxtail mosaic
virus vector, containing a 313-bp insert of PDS and in-
oculated by DNA bombardment onto leaves of 7-d-old
seedlings, induced photobleaching in most plants
through the seventh systemically infected leaf, al-
though virus harvested from leaves above sometimes
contained full or partial inserts (Mei et al., 2016). It
should be noted that all of these vectors utilize plasmids
fromwhich infectious virus ismade in planta (Sun et al.,
2013; Mei et al., 2016; Wang et al., 2016; this work).
Thus, costs to conduct VIGS studies are reduced com-
pared with vectors requiring in vitro transcription to
produce infectious virus. Most importantly, from the
findings reported in this study, it may be possible to
apply the concept of modifying nucleotide sequences in
the region of the insertion sites to limit virus recombi-
nation for each of these vectors. This is particularly
relevant for virus vectors having multipartite ge-
nomes with an insertion site in or near a conserved
domain between the genomes available for recom-
bination. However, considering that the mechanism
of recombination in this BMV system is not under-
stood, this concept may still be relevant for monopartite
viruses or multipartite viruses with insertion sites in
nonconserved regions.

In summary, our findings demonstrated that modi-
fication of nucleotide sequences in a BMV-based VIGS
vector can improve the stability of foreign inserts in
the vector. Computer-assisted sequence modification
methods may be considered to improve insert sta-
bility in other VIGS vectors, leading to enhanced
gene-silencing phenotypes. The combination of vec-
tor improvement with other modifications, such as
inoculation of assay plants with normalized, partially
purified virus (van der Linde et al., 2011; Zhu et al.,
2014), can improve the usefulness of VIGS for plant
gene function studies in grasses.

MATERIALS AND METHODS

Modification of BMV Vector RNA3

Construction of the DNA-based BMV-silencing two-part vector, pC13/F1+2
and pC13/F3-13m, was reported previously (Sun et al., 2013). To improve the
genetic stability of foreign inserts in this VIGS vector during RNA silencing in
plants, we first predicted the structure formed by the full-length BMV RNA3
(F3-13m) sequence in the pC13/F3-13m vector using the mFold Web Server
(http://mfold.rna.albany.edu/). Based on our interpretation of the predicted
BMV RNA3 folding structure (Fig. 1B), we substituted nucleotides in the third
position of codons for the last five, 14, or 19 amino acids at the C terminus of the
CP through PCR using three primer sets (i.e. B3-1490F and B3-CP19R, B3-1490F
and B3-CP14R, and B3-1490F and B3-CP5R; Supplemental Table S1). None of
the nucleotide changes modified the CP amino acid sequence. The resulting
PCR fragments were digested with AflII and NcoI restriction enzymes (New
England Biolabs) and individually ligated into the original pC13/F3-13m
vector predigested with AflII and NcoI to generate pC13-F3CP5 (five codon
modifications), pC13/F3CP14 (14 codon modifications), and pC13/F3CP19
(19 codon modifications), respectively. All the modified RNA3 constructs
contained two unique cloning sites (NcoI and AvrII) immediately down-
stream of the stop codon for the CP ORF. The modified vectors were se-
quenced to verify the expected sequence modifications.

Insertion of Foreign Gene Fragments into RNA3 Vectors

To investigate insert stability in these modified BMV vectors during virus
infection in Nicotiana benthamiana and maize (Zea mays), 250-bp fragments
representing partial sequences of ZmPDS (GenBank accession no.
NM_001111911.1) and ZmHSP70 (X73472.1; Bates et al., 1994) were amplified
from a maize cv Va35 leaf cDNA (synthesized using oligo[dT] primer) with
primer sets PDS-F and PDS-R or HSP70-1F and HSP70-1R (Supplemental Table
S1). Through DNA sequencing and BLAST search of genomic sequences
(Phytozome; http://www.phytozome.net), ZmHSP70 was determined to be a
partial sequence of a cytoplasmic ZmHSP70 gene (GRMZM2G428391; here
referred to as ZmHSP70-1). After digestion of the RT-PCR fragments with AvrII
andNcoI restriction enzymes, each was ligated into the pC13/F3-13m or pC13/
F3CP5 RNA3 vector predigested with AvrII and NcoI to generate pC13/
F13m:PDS, pC13/F13m:HSP70-1, pC13/F3CP5:PDS, and pC13/F3CP5:HSP70-1.
The PDS fragment also was inserted into the pC13/F3CP14 and pC13/F3CP19
RNA3 vectors to produce pC13/F3CP14:PDS and pC13/F3CP19:PDS. A control
RNA3 vector plasmid containing a 250-bp insert from a variant of the GFP gene,
GFPuv (Wang et al., 2007), was produced through PCR using primers GFP-F and
GFP-R (Supplemental Table S1) followed by digestion and ligation of the frag-
ment into the pC13/F3CP5 vector, as described above, to produce pC13/F3CP5:
GFP. TheGFP,HSP70-1, andPDS gene fragment insertswere all placedwithin the
virus sequence so that their antisense orientation would be present in the infec-
tious virus transcript.

Identification and Phylogenetic Analysis of Maize
HSP70 Genes

Additional maize HSP70 genes were identified through a BLAST search of
the maize genome using the GRMZM2G428391 sequence (Phytozome). To
predict the subcellular localizations for these additional ZmHSP70 genes, we
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aligned their predicted protein sequences against the known Arabidopsis
(Arabidopsis thaliana) HSP70 proteins (Lin et al., 2001) using the ClustalW al-
gorithm (Larkin et al., 2007) and constructed a neighbor-joining phylogenetic
tree based on 1,000 bootstrap trials using theMEGA 6.0 program (Tamura et al.,
2013). Names and accession numbers of the analyzed Arabidopsis and maize
HSP70s are shown in Table II.

Agrobacterium tumefaciens Transformation and Virus
Inoculation and Propagation

To transform A. tumefaciens with plasmid containing the BMV RNA3 ge-
nome with inserts, approximately 3 mg of plasmid DNA containing a gene
fragment insert (eitherGFP, PDS, orHSP70-1) within the sequence representing
BMVRNA3wasmixedwith 25mL ofA. tumefaciens strain C58C1 (OD600 = 20) in
a 1.5-mL Eppendorf tube. The tube was incubated on ice for 10 min, plunged
into liquid nitrogen for 10 s, and then incubated at 37°C for 5 min. One milliliter
of Yeast Extract Peptone (YEP) liquid medium (20 g of peptone, 10 g of yeast
extract, and 5 g of NaCl in 1 L of distilled water) was added to the tube followed
by a 5-h incubation at 28°C with 250 rpm shaking. The cells were pelleted,
resuspended in 100mL of YEP, and spread onto a YEP/kanamycin plate (24 g of
Bacto agar and 50 mg of kanamycin in 1 L of YEP solution). After 2 d of incu-
bation at 28°C, a single C58/C1 colony was selected and grown overnight in
1 mL of YEP/kanamycin/rifampicin medium (10 mg of rifampicin in 1 L of
YEP/kanamycin liquid medium), and the culture was mixed (1:1, v/v) with
50% glycerol and stored at 280°C as a stock. A. tumefaciens cultures containing
sequences for BMV RNA1 and RNA2 and BMV RNA3 with gene inserts
were initiated from glycerol stocks, grown to OD600 = 1, pelleted, resuspended
in infiltration buffer to OD600 = 2, and then equal amounts of eachA. tumefaciens
culture were mixed together and infiltrated into leaves of 3-week-old
N. benthamiana plants using a needleless syringe. The infiltrated plants
were grown inside a greenhouse set at 22°C/20°C (day and night) with a light
intensity of approximately 140 mmol photons m–2 s–1. The resulting viruses were
referred to as BMVF13m:PDS, BMVF13m:HSP70-1, BMVCP5:PDS, BMVCP14:
PDS, BMVCP19:PDS, BMVCP5:HSP70-1, and BMVCP5:GFP.

BMV virion was partially purified from A. tumefaciens-infiltrated N. ben-
thamiana leaves harvested at various dpai and analyzed for maintenance of the
gene insert, all as described (Zhu et al., 2014). Approximately 20 mg of BMV
virion in 40 mL of 0.1 M phosphate buffer, pH 7, representing virus with a
specific gene insert, was rub inoculated to both sides of two leaves on an 8-d-old
maize seedling (cv Va35). The inoculated maize plants were covered with
plastic domes to maintain high humidity and grown inside a growth chamber
set at 20°C and 16 h of light and 8 h of dark for 1 week prior to transferring to a
greenhouse for phenotype observations.

Virus Accumulation in N. benthamiana

Todeterminewhether themodifiedBMVvectors cancause systemic infection
in N. benthamiana plants, A. tumefaciens-infiltrated plants were harvested at
10 dpai and analyzed for virus accumulation in stems through an antibody-
based tissue-printing assay described previously (Nelson et al., 1993). After
removing all leaves, freehand longitudinal stem sections were made from each
assayed plant starting from the shoot apex down to the stem node just below the
top infiltrated leaf. Stem section prints were made on nitrocellulose membranes
(Bio-Rad) by pressing the stem sections against the membranes for 10 s. The
membranes were air dried and then probed with a BMV CP-specific antibody
(Ding et al., 1999) followed by an alkaline phosphatase-conjugated goat anti-
rabbit IgG antibody, as instructed by the manufacturer (Promega). The probed
membranes were scanned using the Epson Perfection V700 Photo scanner, and
the images were processed with Adobe Photoshop Elements 9.

The accumulationofBMVF13mandBMVCP5 in theA. tumefaciens-infiltrated
N. benthamiana leaves was analyzed through semiquantitative RT-PCR. Ini-
tially, the two largest leaves of 3-week-oldN. benthamiana plants were infiltrated
with BMVF13m or BMVCP5. Four N. benthamiana plants were used for each
virus, and the infiltrated leaves were harvested at 4 dpai. Total RNA was iso-
lated from individual leaves using TRIzol Reagent (Life Technologies) and
treated with DNase I (New England Biolabs). After phenol/chloroform ex-
traction and ethanol precipitation, the quality and concentration of each total
RNA sample were monitored with a TECAN Infinite M200 PRO instrument
(Tecan Systems). cDNA synthesis was done using 0.5 mg of total RNA, 0.5 mL of
10 mM BMV R primer (Supplemental Table S1), 0.5 mL of Moloney murine
leukemia virus reverse transcriptase, and 0.25 mL of RNase inhibitor (New England
Biolabs) in a 10-mL reaction. The relative accumulation level of BMV RNA3 in each

sample was determined using 2 mL of 20-fold diluted cDNA in a 20-mL PCR con-
taining primers B3-633F and B3-1003R (Supplemental Table S1), specific for the BMV
3a gene, and 20, 25, and 30 reaction cycles. Virus RNA levels were normalized be-
tween samples by determining the expression level of N. benthamiana EF-1A in each
sample using primers EF-F and EF-R (Supplemental Table S1). The PCR products
were visualized on 1% agarose gels through electrophoresis.

Insert Stability in N. benthamiana and Maize

Foreign gene fragment insert stability in the BMV VIGS vectors was initially
determined through RT-PCR of virion RNAs from extracts of A. tumefaciens-
infiltrated N. benthamiana leaves harvested at 3, 6, and 9 dpai. BMV RNA iso-
lation and cDNA synthesis were as described in the previous section. PCR was
performed using primers B3-1564F and B3-1974R (Supplemental Table S1), and
the products were visualized on 1% agarose gels through electrophoresis.

To determine the insert stability during virus infection in maize, partially
purified BMV virionwas rub inoculated to the leaves of 8-d-oldmaize seedlings
as described in the section, “Agrobacterium tumefaciensTransformation andVirus
Inoculation andPropagation.”The virion-inoculatedmaize leaveswereharvested
individually at 5 dpi and rinsed five times in distilled water to remove the inoc-
ulated virion remaining on the leaf surface. The first or second systemically
infected leaf of each assayed plant was harvested at various times (5–10 dpi).
Virion RNA was isolated from each sample and analyzed for insert stability
throughRT-PCRas described forN. benthamiana in the previous section. For DNA
sequencing, PCR products from three leaves inoculated or systemically infected
with BMVF13m:PDS or BMVCP5:PDS were gel purified, pooled, and cloned into
the pGEM-T Easy vector (Promega). After transformation into the JM109 com-
petent cells (Promega), approximately 25 colonies were randomly selected from
each treatment and plasmid DNA from these colonies was sequenced using
primer B3-1564F (Supplemental Table S1) and the BigDye Terminator version 3.1
sequencing kit on an Applied Biosystem 3730 DNA Analyzer as per the manu-
facturer’s instructions (Life Technologies).

Gene-Silencing Assays in Maize

To silence ZmPDS or ZmHSP70-1 expression in maize, partially purified
BMVF13m:PDS, BMVF13m:HSP70-1, BMVCP5:PDS, BMVCP5:HSP70-1, or
BMVCP5:GFP virion was inoculated to leaves of maize seedlings as described
in the section, “Agrobacterium tumefaciens Transformation and Virus Inoculation
and Propagation.” The inoculated maize plants were photographed at various
dpi. Gene knockdown efficiency by the original or the modified BMV vectors
was determined through qRT-PCR as described previously (Bhat et al., 2013)
with specific modifications. Total RNA from pooled second and third system-
ically infected maize leaves was extracted and treated with DNase I enzyme as
described in the section, “Virus Accumulation in N. benthamiana.” First-strand
cDNA was synthesized using an oligo(dT) primer, and the resulting cDNA
diluted 20-fold in water was used for qPCR. qPCR was conducted using
primers specific for ZmPDS (PDS-Fq and PDS-Rq) or ZmHSP70-1 (HSP70qF1
and HSP70qR1, designed based on the X73472.1 sequence). Because maize has
multiple cytoplasmic HSP70members (Fig. 7) and the insert we used to silence
the ZmHSP70-1 gene in this host through VIGS might also knock down other
ZmHSP70 family members based on sequence comparison (Supplemental Fig.
S1A), we designed additional qPCR primers, HSP70qF2 and HSP70qR2 for
HSP70-2, HSP70qF3 and HSP70qR3 forHSP70-3, HSP70qF4 and HSP70qR4 for
HSP70-4, and HSP70qF5 and HSP70qR5 for HSP70-5 (Supplemental Table S1;
Supplemental Fig. S1B), using Primer Express Software version 3.0.1 (Life
Technologies). The relative expression level of each analyzed gene in individual
samples was normalized across treatments by determining ZmEF-1A transcript
levels in the same samples using primers EF1A-Fq and EF1A-Rq (Supplemental
Table S1) and calculated using the 22DDCT method.

Statistics

ANOVA and LSD tests were conducted using eitherMSTAT-C (https://msu.
edu/;freed/mstatc.htm) or, respectively, lm function and the R/base package
(R Core Team, 2016) and LSD.test function in the R/agricolae package (de
Mendiburu, 2016).

To test unimodal expression, the expression values for ZmHSP70 transcript
from plants infected with BMVF13m:HSP70-1 were standardized with median
and median absolute deviation. The standardized expression values were an-
alyzed for unimodality using dip.test function within the R/diptest package
(Maechler, 2015).
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Accession Numbers

Sequence data from this article can be found in Genbank/EMBL data li-
braries under accession numbers NM_001111911.1 (ZmPDS); U62636.1 (pDSK-
GFPuv); X73472.1 (ZmHSP70); GRMZM2G428391_T01 (ZmHSP70-1);
GRMZM2G056039_T01 (ZmHSP70-2); GRMZM2G366532_T02 (ZmHSP70-3);
GRMZM2G340251_T01 (ZmHSP70-4); GRMZM5G802801_T01 (ZmHSP70-5).
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The following supplemental materials are available.

Supplemental Figure S1. Nucleotide sequence alignment for maize cyto-
plasmic HSP70 family members.

Supplemental Figure S2. Computer-predicted BMVF13m and BMVCP5
(+) strand RNA3 folding with and without gene fragment inserts.

Supplemental Figure S3. Computer-predicted BMVF13m and BMVCP5
(2) strand RNA3 folding with and without gene fragment inserts.

Supplemental Figure S4. Computer-predicted BMVF13m and BMVCP5
RNA4 folding with ZmPDS gene fragment insert.

Supplemental Figure S5. BMVCP5 displays greater insert stability than
BMVF13m in N. benthamiana and maize.

Supplemental Figure S6. Detection of BMV CP and HSP70 protein in
barley leaf cells.

Supplemental Table S1. Primer sequences used in this study.
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