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Introduction

Virus-induced gene silencing (VIGS) has been developed 
as an important tool for gene function analysis [1–3]. This 
method has several advantages over conventional transgenic 
technologies in that it is easy to manipulate, saves time and 
has a low cost [4]. Barley stripe mosaic virus (BSMV) is 
a Hordeivirus which can cause mild to moderate mosaic 
symptoms [4,5]. It has been genetically reconstructed to a 
VIGS vector for monocots [6] and has been widely utilized 
in gene silencing [6–13].

 However, there are some drawbacks in utilizing BSMV-
VIGS, in that the high virus level can alter plant develop-
ment, particularly in relation to height and leaf morphology 
[4]. The infection of BSMV can cause non-specific stress 
responses, resulting in delayed biosynthesis processes and 
accelerated senescence [14]. Such results could mask, or 
be confused as, effects of gene silencing. Progeny testing of 
infected plants can be used to obtain a mild viral symptom in 

order to elucidate the true effects of VIGS [15,16], however 
the extra time taken mitigates one of the primary advantages 
of the quick results that this method offers.

Tibetan hulless barley (Hordeum vulgare var. nudum) is an 
annual, self-pollinated species with adaptations to drought, 
salinity and low temperature conditions associated with its 
domestication on the Qinghai-Tibet plateau. These hulless 
barleys grow on a broad range of environments with large 
differences in water availability, temperature and soil type, 
giving rise to a range of adaptive diversity to abiotic stresses. 
Thus they are likely to contain good sources of drought resis-
tance alleles suitable for breeding purposes [17]. Identifying 
genes involved in the drought tolerance is a challenge as this 
a quantitative trait that involves many metabolic pathways. 
VIGS is a potential tool to help characterize the functions 
of prospective stress-response genes [18]. However, to 
apply BSMV-VIGS in characterizing drought stress related 
candidate genes, it is important to understand how BSMV 
accumulation affects plant morphology, vegetative growth 
and water retention capacity of Tibetan hulless barley.

Phytoene desaturase (PDS) is normally used as a reporter 
gene to test if a VIGS vector works in a certain species and 
can be used as an indicator to show the best time period 
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Abstract

Barley stripe mosaic virus (BSMV) is an established and extensively used virus-induced gene silencing (VIGS) vector 
for gene function analysis in monocots. However, the phenotypes generated by targeted gene silencing may be affected or 
masked by symptoms of BSMV infection. To better understand the potential effects of BSMV-VIGS in hulless barley (Hor-
deum vulgare var. nudum), the accumulation pattern of BSMV and its impacts on vegetative growth and water status were 
investigated. The results indicated that the vegetative growth of infected plants was significantly and continuously impacted 
by BSMV from 10 to 40 days post inoculation (dpi). When the accumulation of BSMV was extremely high (7 to 11 dpi), 
infected plants displayed twisted leaf tips with an increased water lose rate (WLR) and decreased water content (WC). Virus 
accumulation declined and stabilized after 25 dpi, at this stage, the WLR and WC were unaffected in the infected plants. 
The efficiency of VIGS was tested by the silencing of Phytoene desaturase (PDS). RT-qPCR indicated that BSMV-VIGS 
can be sustained with good efficiency for up to 40 dpi under an altered condition with lower temperature (22 ±1°C) and 
higher relative humidity (70 ±10%). It was concluded that 25 to 40 dpi was the appropriate time zone for drought-related 
gene analysis by BSMV-VIGS under such condition.
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for gene silencing. The reduction or loss of this enzyme 
results in inhibition of the carotenoid biosynthesis pathway 
leading to a photo-bleaching phenotype due to chlorophyll 
photo-oxidation [1,19–22].

In this study, the relationship between BSMV virus ac-
cumulation and its impact on vegetative growth and water 
retention capacity of Tibetan hulless barley was analyzed 
from 10 to 40 days post inoculation (dpi). BSMV accumu-
lation was checked by quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) and its effect on plant 
height, total dry weight (TDW), water loss rate (WLR) and 
water content (WC) was investigated. Plant growth condi-
tions were optimized with lower temperature (22 ±1°C) 
and higher relative humidity (70 ±10%). The efficiency of 
gene silencing under thus condition was analyzed from 7 
to 60 dpi using PDS as an indicator. The impacts of PDS 
silencing on vegetative growth and water retention capacity 
and the possibility of setting PDS-silenced plants as a control 
group to compare phenotype changes caused by targeted 
gene silencing were also investigated.

Material and methods

Plant material and growth conditions
The hulless barley line Z033 is drought tolerant and 

has good early vigor [23] and was employed for BSMV 
inoculation. All seeds were germinated in half-strength 
Murashige and Skoog (MS) solid medium for 3 d and uni-
formly germinated seeds were transplanted into plastic pots 
(5 cm in height and 5 cm in diameter; one plant per pot) 
that contained 100 g of potting mixture. The potting mix 
consisted of local soil, nutrient soil and vermiculite (7:2:1, 
v:v:v). The seedlings were cultivated in a greenhouse with a 
temperature range of 22 ±1°C, a relative humidity of 70 ±10% 
and a photoperiod of 16 h/8 h (light/dark). All plants were 
watered every second day and pots were free draining.

BSMV inoculation
The BSMV vectors BSMV-α (U35767.1), BSMV-β 

(U35770.1), BSMV:GFP and BSMV:PDS were kindly pro-
vided by Prof. Daowen Wang (Institute of Genetics and 
Developmental Biology, Chinese Academy of Sciences, 
Beijing, China). Genomic organization of BSMV (ND18 
strain) RNAs α, β and γ were described by Zhou et al. [24]. 
RNA β do not have the coat protein beta A deletion. The 
vector, BSMV:GFP was previously described in Haupt et al. 
[25] and its sequence is listed in Tab S1. A PDS of 200 bp 
was inserted in an antisense orientation (Fig. S1) to form the 
construct BSMV:PDS. The sequence of BSMV:PDS is listed in 
Tab. S2. The plasmid components of BSMV-α and BSMV-γ 
(BSMV:GFP and BSMV:PDS) were linearized by MluI while 
the BSMV-β plasmid was linearized by SpeI, extracted with 
phenol/chloroform and used as templates for in vitro tran-
scription by the RiboMAX™ Large Scale RNA Production 
System-T7 (Promega, United States) with Ribo m7G Cap 
Analog (Promega) for 3 h at 37°C. The three viral RNA 
components were first mixed using a 1:1:1 (v:v:v) ratio, then 
the combined components were mixed with nuclease-free 
water and GKP buffer [50 mM glycine, 30 mM dipotassium 

hydrogen phosphate, pH 9.2, 1% (w:v) bentonite, and 1% 
(w:v) celite] with a ratio of 1:3:4 (v:v:v). Three leaf stage 
seedlings (3rd leaf less than 5 cm) were inoculated with 8 μl 
of this mixture, with the solution being applied with gentle 
strokes using rubber gloves to the bottom of the second and 
the third leaves. For mock inoculation on control seedlings, 
8 μl of nuclease-free water and GKP buffer in a 1:1 (v:v) 
ratio was applied as described above. After inoculation, the 
seedlings were fog sprayed with nuclease-free water and 
covered with plastic film to maintain high humidity for 3 d. 
All the inoculated and control plants were maintained in a 
greenhouse with a temperature range of 22 ±1°C, a relative 
humidity of 70 ±10%, and a photoperiod of 16 h/8 h (light/
dark). All plants were watered every alternate day to soil 
water holding capacity.

Biomass accumulation tests
Plants were harvested at 10, 20, 30 and 40 days post 

inoculation (dpi). Entire plants were harvested (soils ad-
hering to the roots was gently removed), and placed in a 
70°C oven for 3 d to dry. Roots and the aerial parts of the 
plant were weighed separately. Biomass accumulation was 
determined by TDW.

Water loss rate and water content analysis
WC was used for the investigation of water status of 

BSMV-infected and mock-inoculated control plants under 
optimized condition with normal water supply. A 10 cm 
leaf length was collected from the newest leaves by excis-
ing the newest leaf to its base (if this was less than 10 cm) 
and making up the remaining length with the penultimate 
leaf, as measured from the leaf base. These were weighed to 
calculate fresh weight (FW) and oven dried at 70°C for 3 d 
to calculate dry weight (DW). WC, as a percentage of fresh 
mass, was calculated according to the following formula: 
WC = (FW – DW) / FW.

 To investigate the water holding capacity of BSMV-
infected and mock-inoculated controls under detached 
drought stress, WLR of excised newly grown leaves were 
measured as described by a detached drought stress as 
previously reported [23] at 10, 20, 30 and 40 dpi. WLR over 
6 h was calculated by the following formula: WLR6 (g h−1 
g−1 DW) = (FW – W6) / (DW × 6), where FW: fresh weight, 
W6: weight of 6 h, DW: dry weight).

RT-qPCR analysis
Total RNA from the newly grown leaves (10 cm leaf 

length, as described above) of BSMV:PDS-inoculated plants 
and BSMV:GFP-inoculated plants were isolated every two 
days from 7 to 19 dpi and every five days from 25 to 60 dpi 
(each sample contained leaves from at least 5 individual 
plants). A total of 5 μg RNA were treated with DNaseI and 
used for first-strand cDNA synthesis using M-MLV reverse 
transcriptase (TaKaRa). The cDNA reaction mixture was 
diluted tenfold, and 1 μl was used as a template in a 20-μl 
PCR reaction. PCR was performed after pre-incubation 
at 95°C for 5 min followed by 40 cycles of denaturation 
at 95°C for 15 s, annealing at 60°C for 15 s, and extension 
at 72°C for 15 s. All the reactions were performed in the 
Chromo4 real-time PCR detector system (Bio-Rad) using 
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iQ SYBR green supermix (Bio-Rad). To normalize the 
cDNA templates, the housekeeping gene elongation factor 
1α (EF) was co-amplified. All primers were synthesized by 
Invitrogen (Shanghai, China). Their sequences and efficiency 
are shown in Tab. 1. The primers, PDS P1 and P2, which are 
designed for PDS expression analysis, targeted regions of PDS 
other than the section used for silencing. The amplification 
specificity was checked with a heat-dissociation protocol 
(melting curves in the 65 to 95°C range) as a final step of 
the PCR. Primer pairs showed a single peak on the melting 
curve, and a single band with the expected size was detected 
by agarose gel electrophoresis.

The stability of BSMV-VIGS
The insertion site flanking primers for BSMV-γ, named 

PDSs P1 and P2, were designed for the amplification of the 
silencing inducing fragment (the PDS insert) and subsequent 
sequencing (Fig. S1). Their sequences are shown in Tab. 1. 
The PCR products from the cDNA templates of control plants 
and BSMV:PDS-inoculated plants (7 to 60 dpi) were checked 
by agarose gel electrophoresis. Products with expected sizes 
from BSMV:PDS-inoculated plants at 45, 50, 55 and 60 dpi 
were sequenced at GENEWIZ (Suizhou, China).

Data analysis
Means, standard deviation (SD), standard error (SE) of 

plant height, TDW, WLR, WC and expression data (RT-
qPCR results) were performed using the SPSS package 
(version 17.0, SPSS Inc.). All data obtained were subjected 
to one way analysis of variance (ANOVA) and the mean 
differences were compared by the least significant differ-
ence (LSD) test. All analyses were conducted according to 
a completely randomized design.

Results

Dynamic accumulation of BSMV from 7 to 60 dpi
The accumulation of BSMV-α, BSMV-β and BSMV-γ 

from 7 to 60 dpi was analyzed by RT-qPCR and the results 
showed similar accumulation patterns (Fig. 1). BSMV 

accumulation in BSMV:PDS-inoculated plants reached a 
peak from 7 to 11 dpi and declined from 11 to 17 dpi. After 
25 dpi, BSMV:PDS was at a low and relatively stable level.

The impacts of BSMV accumulation on plant growth
Plant height and the TDW of BSMV-infected plants and 

mock-inoculated wild type (WT) controls were measured 
at 10, 20, 30 and 40 dpi (Fig. 2, Fig. 3a,b). Average height of 
BSMV-infected plants were significantly (P < 0.05) shorter 
than controls at all time points (Fig. 2, Fig. 3a). TDW of 
BSMV:GFP-inoculated and BSMV:PDS-inoculated plants 
also showed lower values than controls from 10 to 40 dpi 
(Fig. 3b). At 10 dpi, the mean TDW of BSMV:GFP-inoculated 
infected plants were 25 mg less than the control, and the 
difference increased to 53 mg and 98 mg at 20 and 30 dpi, 
and finally to 282 mg at 40 dpi. The morphology of the leaves 
were also monitored at 10, 20, 30 and 40 dpi (Fig. 4), with the 
blades in BSMV-infected plants being significantly smaller 
at 30 and 40 dpi when compared to controls. Furthermore, 

Name Primer sequences Product size Efficiency

EF P1: 5'-AAGGATCTCAAGCGTGGG-3'
P2: 5'-GTGGGATGTGTGGCAGTC-3'

154 bp 102.30%

PDS P1: 5'-CACTTACTGACGGGACTCA-3'
P2: 5'-AGAAGGTGGTCGTATGTGTT-3'

198 bp 99.96%

BSMV-α P1: 5'-AGAAGGTAACAGGGACGGTG-3'
P2: 5'-TGAGTGTGATGGAGTTGACCC-3'

178 bp 89.10%

BSMV-β P1: 5'-ACTTTAGCGTTGCTTCCTCTC-3'
P2: 5'-CGATTGTTGTGCGGCTGA-3'

219 bp 103.00%

BSMV-γ P1: 5'-GTCCTTACGCTTTCATCACCT-3'
P2: 5'-TTCAGACGGAGAACAGGCG-3'

245 bp 94.73%

PDSs P1: 5'-TGGCTAAGCTTGAAAGTGAGG -3'
P2: 5'-GTGGACTTGCAAACACTCC-3'

396 bp

Tab. 1 PCR primers used to amplify reference and target genes.

EF: elongation factor 1α; PDS: Phytoene desaturase; BSMV-α, -β 
and -γ represent the three components of barley stripe mosaic 
virus; PDSs: situated at both sides of the PDS insert on BSMV-γ
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Fig. 1 The accumulation of BSMV-γ (a), BSMV-α (b) and BSMV-β 
(c) from 7 to 60 dpi. Barley stripe mosaic virus (BSMV) accumula-
tion in BSMV:PDS-inoculated plants was analyzed by quantitative 
reverse transcriptase polymerase chain reaction (RT-qPCR) using 
elongation factor 1α (EF) as the reference from 7 to 60 days post 
inoculation (dpi). 0 dpi refers to mock-inoculated wild type (WT) 
control plants (three- to four-leaf stage). Each sample contained 
newly grown leaves from at least 5 individual plants. All data rep-
resent the average value of three technical repeats and are shown 
as the means ±SD (n = 3).
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lower values of TDW of the root system in all BSMV-infected 
plants indicated decreased biomass accumulation in roots 
after infection. (Fig. 3c).

The impacts of PDS silencing on vegetative growth was 
also measured. The height of BSMV:GFP-inoculated plants 
was significantly higher than BSMV:PDS-inoculated plants 
at 10 dpi, but showed no obvious differences from 20 to 
40 dpi (Fig. 3a). The biomass accumulation of BSMV:GFP-
inoculated plants was significantly higher than BSMV:PDS-
inoculated plants at 20 and 30 dpi, but showed no significant 
(P < 0.05) differences at 40 dpi (Fig. 3b).

The impact of BSMV on the water retention capacity
The 6-h WLR of BSMV-infected plants were significantly 

(P < 0.05) higher than that of mock-inoculated WT controls 
at 10 and 20 dpi (Fig. 5a). The water status under normal 
growth conditions was also investigated using WC as an 

indicator. The WC of all the BSMV-infected plants was 
significantly (P < 0.05) lower than that of controls at 10 dpi 
(Fig. 5b). Distinct from controls, the leaf tips of these plants 
became withered and twisted (Fig. 4).

 The 6-h WLR of BSMV-infected plants showed no 
significant differences (P < 0.05) with the controls at 30 and 
40 dpi (Fig. 5a). The WC of the BSMV:GFP-inoculated plants 
also showed no significant differences (P < 0.05) at 20 and 
30 dpi, but was higher than the controls at 40 dpi (Fig. 5b). 
These results indicated that the impact of BSMV on WLR 
and WC reduced after 20 dpi.

 The influence of PDS silencing on WLR and WC was 
also investigated. The 6-h WLR of BSMV:PDS-inoculated 
plants was higher than that of BSMV:GFP-inoculated plants 
at 10 dpi and significantly (P < 0.05) higher than BSMV:GFP-
inoculated plants at 20 dpi (Fig. 5a). The WC of BSMV:PDS-
inoculated plants was significantly (P < 0.05) lower than that 

	
  Fig. 2 Comparison of the vegetative growth state of mock-inoculated wild type (WT) control plants and BSMV-infected plants. (a) and 
(b) indicate the vegetative growth of mock-inoculated WT control plants, BSMV:GFP-infected and BSMV:PDS-infected plants at 10 and 
30 days post inoculation (dpi) respectively. WT – mock-inoculated WT control plants; BSMV:GFP – plants inoculated by BSMV:GFP 
vector; BSMV:PDS – plants inoculated by BSMV:PDS vector.
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of BSMV:GFP-inoculated plants at 10 and 20 dpi (Fig. 5b). 
These results indicated that the highly suppressed expression 
of PDS may impair the water retention capacity of hulless 
barley.

The silencing efficiency and the stability of 
BSMV-VIGS in Tibetan hulless barley
The silencing efficiency of BSMV-VIGS under our ex-

perimental condition was checked by RT-qPCR from 7 
to 60 dpi using PDS as an indicator. From 7 to 17 dpi, the 
expression level of PDS in BSMV:PDS-inoculated plants was 
much lower than that of the BSMV:GFP-inoculated controls 
(4.46% to 10.20% of the latter). The PDS expression level in 
BSMV:PDS-inoculated plants increased gradually from 25 to 
45 dpi and maintained at a relatively higher level after 45 dpi 

(Fig. 6), although this was still lower than the expression ob-
served for BSMV:GFP. The leaves of BSMV:PDS-inoculated 
plants showed the classic white photo-bleaching phenotype 
from 10 to 40 dpi, indicating that the BSMV-VIGS worked 
well and the silencing phenotype could be maintained at 
least 40 days (Fig. 4).

The stability of BSMV-VIGS was investigated by checking 
the PCR products of BSMV:PDS-inoculated plants from 7 to 
60 dpi by agarose gel electrophoresis. All the products ampli-
fied prior to 45 dpi showed a single band with an expected 
size of around 400 bp (Fig. 7), while the products after 40 dpi 
had another obscure band at about 200 bp. The sequencing 
result showed that the PCR products were composed of 
the whole PDS insert which was designed for silencing and 
some of the flanking BSMV-γ sequences (Fig. S2). In all, 
these results indicated that the designed PDS insert existed 
in almost all BSMV:PDS-inoculated plants from 7 to 60 dpi, 
and suggested that the stability of BSMV:PDS under our 
condition is acceptable before 40 dpi.

Discussion

The pattern of BSMV accumulation in Tibetan hulless barley
Virus accumulation in plants is regulated by the balance 

of defense and counter-defense mechanisms [26]. At the very 
beginning of the infection, when the amount of BSMV is low, 
the virus may not be detected by the defense system [27] and 
thus accumulates quickly. When viral dsRNA is abundant, 
the RNA-induced silencing complex (RISC) begins to target 
viral RNA. The virus accumulation is then slowed down and 
even declined [27,28]. In this study, BSMV accumulation 
showed this similar pattern where the virus reproduced at 
a peak rate from 7 to 11 dpi and declined rapidly from 11 
to 17 dpi. After 25 dpi, BSMV was rebalanced to a lower but 
relatively stable level.

The impact of BSMV on vegetative growth and leaf morphology
Previous researches indicated that virus infection could 

impair photosynthesis, reduce chlorophyll content, decrease 
activities of some photosynthetic enzymes, elevate sugar or 
starch contents [29–31] and reduce plant growth rate. In our 
study, the biomass accumulation was significantly retarded 
after BSMV infection. Although we suspected that after the 
virus level decreased, the biomass accumulation of BSMV 
infected plants would become comparable to the controls, the 
final results clearly indicated that the gap of TDW between 
BSMV infected plants and controls increased.

 As BSMV affects plants in a systemic manner, we also 
checked the root system of the infected plants. The results 
showed that the root TDW of BSMV infected plants were also 
significantly less than that of WT controls. This may not be 
so important when scoring drought tolerance by a detached 
leaf assay, but may impact on other drought related assays.

 Almási et al. [14] reported that BSMV infection can 
accelerated senescence. In our study, we noticed that the 
tip of new leaves lost water and withered at 10 dpi. Cells 
in new leaves senesced faster than those in mature leaves, 
suggesting that BSMV-VIGS analysis of genes related to the 
leaf morphology is probably not appropriate before 10 dpi.
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Fig. 3 Comparison of plant height and biomass accumulation of 
BSMV-infected plants and mock-inoculated WT control plants. 
a The height of BSMV-infected plants and mock-inoculated wild 
type (WT) control plants at 10, 20, 30 and 40 days post inocula-
tion (dpi). b The biomass accumulated of BSMV-infected plants 
and mock-inoculated WT control plants at 10, 20, 30 and 40 dpi. 
c The biomass accumulated of the roots of BSMV-infected plants 
and mock-inoculated WT control plants at 10, 20, 30 and 40 dpi. 
All data represent the average of three experiments with at least 6 
replicates. Data are shown as means ±SE (n = 3). The marker *, ** 
and *** indicate that the means are significantly different at P = 0.05 
as determined by the least significant difference (LSD) test using 
Tukey’s test (SPSS package, version 17.0). WT – mock-inoculated 
WT control plants; BSMV:GFP – plants inoculated by BSMV:GFP 
vector; BSMV:PDS – plants inoculated by BSMV:PDS vector.
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The relationship between BSMV accumulation and 
its impacts on water holding capacity
Our data indicated that the 6-h WLR of BSMV infected 

plants was significantly higher, while the WC of BSMV 
infected plants was significantly lower than the controls 
at 10 dpi, suggesting that the high accumulation of BSMV 
from 7 to 11 dpi greatly impacted the water holding capac-
ity. When virus accumulation dropped from 11 to 17 dpi, 
its impact on water holding capacity also weakened. As our 
data indicated, the WC of BSMV:GFP infected plants had 
improves and had no significant difference compared to 
control plants at 20 dpi. After 25 dpi, the reproduction of 
BSMV virus declined gradually and became stable and its 
impact on WLR and WC also reduced to an undetectable 
level. These results suggested that the restricted reproduction 
of BSMV had only marginal impact on the water retention 
capacity of hulless barley seedlings. Therefore the best time 
to compare phenotypic changes related to water status is 
after 25 dpi.

 As our results indicated that the silence of PDS impaired 
the water retention capacity of hulless barley at 10 and 20 dpi. 
Therefore, the PDS-silenced plants were not suitable for 
being a control when analyzing water status related genes 
before 20 dpi.

The prolonged VIGS obtained by lower temperature and high humidity
Previous studies showed that VIGS persists for longer 

if there is a continuous presence of the virus [5,32,33], 
however if the viral infection symptoms disappeared, the 
subsequent gene silencing phenotype would also disappear. 
It was reported that the most efficient time period for VIGS 

	
  Fig. 4 Comparison of the leaf morphology of BSMV-infected plants and mock-inoculated wild type (WT) control plants. Leaves of 
mock-inoculated WT control plants, BSMV:PDS-inoculated and BSMV:GFP-inoculated plants (from left to right) at 10, 20, 30 and 40 
days post inoculation (dpi), respectively.
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Fig. 5 Comparison of water loss rate (WLR) and water content 
(WC) of BSMV-infected plants and mock-inoculated wild type 
(WT) control plants. a The 6-h WLR of BSMV-infected plants 
and mock-inoculated WT control plants at 10, 20, 30 and 40 days 
post inoculation (dpi). b The WC of BSMV-infected plants and 
mock-inoculated WT control plants at 10, 20, 30 and 40 dpi. All 
data represent the average of three experiments with at least 6 
replicates. Data are shown as means ±SE (n = 3). The marker *, ** 
and *** show that the means are significantly different at P = 0.05 
as determined by the least significant difference (LSD) test using 
Tukey’s test (SPSS package, version 17.0). WT – mock-inoculated 
WT control plants; BSMV:GFP – plants inoculated by BSMV:GFP 
vector; BSMV:PDS – plants inoculated by BSMV:PDS vector.
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is within 3 weeks [34] and the efficiency of VIGS decreased 
after 1 month when plants start to recover from silencing 
[22]. The results of this study suggested that the best time for 
highly efficient silencing is from 7 to 17 dpi. The results also 
indicated that the most significant impacts of BSMV on the 
water status occurred prior to 25 dpi. This severely limited 
the potential for the conventional BSMV-VIGS assay to 

analyze drought related candidate genes. It was reported that 
lower temperatures can lead to better silencing phenotypes 
and targeted gene silencing [32,35–37]. Compared with the 
experimental condition of our previous BSMV-VIGS study 
[23], we found that by adjusting greenhouse temperatures 
from 24 ±1°C to 22 ±1°C, the time period for efficient BSMV-
VIGS can be maintained to at least 40 days after inoculation. 
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Fig. 6 Expression of Phytoene desaturase (PDS) in BSMV:GFP-inoculated plants and BSMV:PDS-inoculated control plants from 7 to 
60 days post inoculation (dpi). The relative expression level of PDS in BSMV:GFP-inoculated plants and BSMV:PDS-inoculated control 
plants were analyzed by quantitative reverse transcription polymerase chain reaction (RT-qPCR) using elongation factor 1α (EF) as the 
reference from 7 to 60 dpi. Each sample contained newly grown leaves from at least 5 individual plants. All data represent the average 
value of three technical repeats and are shown as the means ±SD (n = 3). BSMV:GFP – plants inoculated by BSMV:GFP vector; BSMV:PDS 
– plants inoculated by BSMV:PDS vector.

	
  Fig. 7 The PCR products of PDSs of BSMV:PDS-inoculated plants from 7 to 60 days post inoculation (dpi). Agarose gel electrophoresis 
of the PCR products of using PDSs as the primer and the cDNA of BSMV:PDS-inoculated plants (from 7 to 60 dpi) as the templates. The 
predicted PCR product is 396 bp in length, including both the PDS insert and part of the BSMV-γ sequences as well. 0 – mock-inoculated 
wild type plant; 7, 9 ,11, 13, 15, 17, 19, 25, 30, 35, 40, 45, 50, 55, 60 – BSMV:PDS-inoculated plants from 7 to 60 dpi; blank – water template.
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Furthermore, Cakir and Tör [37] reported that the PDS 
bleaching can be extend further to the forth leaves and to 
the tillering leaves of plants treated at the lower tempera-
tures. In our tests, we also noticed that the PDS-silencing 
phenotype on some plants can even persisted to 150 dpi 
(the initial shoot died, but the BSMV-VIGS still persisted in 
the tiller). Fu et al. [35] indicated that low humidity (30%) 
enhanced the silencing of PDS. But in our experiment, the 
rate of successful infection was extremely low under the low 
relative humidity of 30% (data not shown). On the contrary, 
we achieved much better infection rate and good silencing 
efficient with a higher relative humidity of 70 ±10%.

The unstable BSMV
The uneven distribution of BSMV in infected plants has 

been reported by many researchers [14,38]. The silencing 
induced by BSMV is not uniform from tissue to tissue, 
plant to plant or from experiment to experiment, and the 
phenotype of VIGS is not very stable [39,40]. Through our 
observation, the instability of VIGS is exacerbated after 
40 dpi, a small part of PDS-silenced plants had completely 
lost the photo-bleaching phenotype, and some even lost the 
classic phenotype of BSMV infection (stripes and mosaics 
on leaves). While most of the plants retained their photo-
bleaching phenotype until 60 dpi, the color of leaves turned 
from white into a green-white mix with only a few indi-
viduals retaining pure white leaves. The result of agarose gel 
electrophoresis also showed that the products after 40 dpi had 

a second band, suggesting that some of plants had begun to 
lose the PDS insert on BSMV-γ vector. Considering that the 
efficiency of BSMV-VIGS was relative low and the instability 
of VIGS has also been exacerbated after 40 dpi, we suggest 
it is necessary to finish data sampling before 40 dpi and to 
use large numbers of infected plants for statistical analysis.

Summary

BSMV accumulated at high level from 7 to 13 dpi and 
significantly impacted the water holding capacity of Tibetan 
hulless barley. The virus reproduction level declined and 
became relatively stable after 25 dpi, correlating with reduced 
impacts on WLR and WC. For the purpose of maintaining 
efficient BSMV-VIGS for extended periods, we put our 
inoculated plants under a lower temperature and higher 
relative humidity condition. The efficiency and the stability 
of BSMV-VIGS were checked, and proved to be acceptable 
for VIGS prior to 40 dpi. Thus, we conclude that the optimal 
time period for testing the function of drought stress related 
genes is between 25 and 40 dpi. As the vegetative growth 
was affected by the BSMV virus throughout the experiments, 
the study on related genes should be carefully interpreted, 
regardless of whether the gene is expressed in the aboveg-
round parts of the plant or in the roots. We suggest that it is 
more reliable if different control groups and large numbers 
of infected plants can be employed.
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