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Different target genes and chimeric-gene hairpin structures affect
virus resistance mediated by RNA silencing in transgenic tobacco
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Abstract

Two types of hairpin RNA (hpRNA) constructions were designed using a chimeric gene formed from two genes, the
coat protein (CP) gene or the silencing suppressor gene, from the Cucumber mosaic virus (CMV) and the Potato virus Y
(PVYM), respectively; one type generated a single hairpin structure, whereas the other formed a two-hairpin structure.
Four constructs, pDCPSH (double CP gene fragments, single hairpin), pDCPDH (double CP gene fragments, double
hairpins), pHC2bSH (two silencing suppressor gene fragments, single hairpin), and pHC2bDH (two silencing
suppressor gene fragments, double hairpins), were individually introduced into tobacco plants. A transcript analysis
demonstrates that the small interference RNA (siRNA) processing efficiency was greater with the double-hairpin
construct than with the single-hairpin construct, although the expression of their target genes were similar. A viral
resistance assay shows that the transgenic tobacco plants effectively resisted a mixed infection of CMV and Potato
virus Y (PVY") and that pDCPDH exhibited the highest silencing efficiency. The accumulation of siRNA in the
inoculated transgenic plants expressing different hairpin structures was similar. A genetic analysis reveals that viral
resistance in the transgenic plants was stably inherited from the T, to T, generation. A transcript analysis and a viral
resistance assay indicate that the double-hairpin structure of the same target sequences tended to produce more siRNA
before the virus inoculation and thus strengthened RNA-mediated viral resistance.

Additional key words: coat protein, Cucumber mosaic virus, dual-virus resistance, Nicotiana tabacum, Potato virus Y, silencing
suppressor.

Introduction

RNA silencing is a sequence-specific process of
mRNA degradation (Hannon 2002). In this process,
small interference RNA (siRNA) derived from a virus
guides the homologous RNA degradation of invading
viruses, thus endowing transgenic plants with viral
resistance which is referred to as RNA-mediated virus
resistance (RMVR) (Prins et al. 2008). Previous studies
have shown that siRNA has a major role in RNA
silencing. The hairpin RNA (hpRNA) precursor
observed in plants is the most successful expression
cassette for the double-stranded RNA (dsRNA)
expression to date, particularly siRNAs with 21 to 25
nucleotides (Watanabe 2011).

Under field conditions, multiple viruses may attack

plants simultaneously, and the synergism of the viruses
may exacerbate disease hazards. Therefore, it is
particularly urgent and important to create transgenic
crops with multi-viral resistance. To expand the viral
resistance range, Prins et al. (2008) recommended
using a chimeric gene that was spliced with nucleic
acid fragments of different viruses or different strains
of the virus to build a multi-virus (multi-strain)
chimeric gene expression vector for plant trans-
formation. Through this strategy, transgenic plants with
multivirus resistance have been obtained in tobacco,
Nicotiana benthamiana, melon, potato, and tomato
(Boucher et al. 2006, Zhu et al. 2009, Wu et al. 2010,
Lin et al. 2011, Arif et al. 2012). However, previous
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studies have indicated that the construction of chimeric-
genes is repetitious, and the method multi-resistant
efficiency is low (Kung et al. 2009, Zhu et al. 2009, Lin
etal. 2011).

Potato virus Y (PVY) and Cucumber mosaic virus
(CMV) are two serious viruses that affect tobacco
production. PVY CP and CMV CP wrap the viral nucleic
acid and play a role in nucleic acid protection (Audy
et al. 1994, Takeshita et al. 2001). PVY HC-Pro is a viral
aphid accessory protein (Urcuqui-Inchima et al. 2001),
and CMV 2b is a viral operation protein (Praveen et al.

Materials and methods

The CP and the HC-Pro genes of PVY-SD (EU182576),
and the CP and the 2b genes of CMV-SD (AY792596,
EU414798) were selected as the target sequences. The
primers of the hpRNA target sequences in this study were
designed using the Primer5 software (Table 1 Suppl.).

Previous studies have shown that a length of 300 bp
can effectively initiate gene silencing (Jan et al. 2000,
Kotlizky et al. 2001). The cDNA fragments of PVY CP
(300 bp; F1), CMV CP (300 bp; F2), PVY HC-Pro
(300 bp; F5), and CMV 2b (300 bp; F6) were obtained by
PCR amplification using the corresponding primer pairs,
and then inserted into the cloning vector pUC19 to obtain
the chimeric-gene fragments of 600 bp of the CP genes
(F3) or the suppressor genes (F7). The F4 and F8
fragments were amplified by the corresponding primer
pairs using the F3 or F7 fragments as templates. The
peroxidase (POD) gene intron fragment (F9) was
amplified with primers P17 and P18. Fragments
F3+F9+F4 and F7+F9+F8 were inserted into the plant
expression vector, pROKII, to obtain the single-hairpin
plant expression vectors pDCPSH and pHC2bSH,
respectively (Fig. 14).

The cDNA fragments PVY CP (300 bp; F10 and F11)
and CMV CP (300 bp; F12 and F13) and the POD gene
intron fragment (F14) were obtained from their
corresponding primer pairs. These fragments were
inserted into the cloning vector, pBSK, to obtain the
recombinant fragments hpPVYCP (F10+F14+F11) and
hpCMVCP (F12+F14+F13), produced by the cloning
vector, pEASY-T, as were the recombinant fragments,
hpPVYHC (F15+F19+F16) and hpCMV2b
(F174F19+F18). These recombinant fragments were
digested by restriction enzymes BamHI/Xbal and
Sacl/Kpnl, respectively, and inserted into the plant
expression vector, pROKII, to obtain the double-hairpin
expression vectors pDCPDH and pHC2bDH, respectively
(Fig. 1B).

The recombinant plant expression vectors were
introduced into Agrobacterium tumefaciens strain
LBA4404 using the frost thawing method and introduced
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2008), both of which are silencing suppressors. In the
current study, single-hairpin or double-hairpin vectors
were constructed using CMV and PVY" CP genes or
suppressor genes. Plants that were resistant against the
two viruses were obtained by transforming tobacco plants
using these vectors. Viral resistance was correlated with
different types of hairpin structures and target genes. The
results provide useful information for the future
development of transgenic plants with highly efficient
resistance to multi-viral infection.

into tobacco (Nicotiana tabacum L.) cv. NC89 through
the leaf disk transformation method (Horsch ef al. 1985).
The transgenic plants were verified using PCR detection.

The transgenic plants were infected with a mixture of
CMYV and PVY", and wild type tobacco plants were used
as negative control. Virus infection in plants was detected
by an indirect enzyme-linked immunosorbent assay
(ELISA) three weeks after the inoculation (Guo et al.
2001). Three replicates were used in this study.

Total RNA was extracted with a Trizol reagent
(Invitrogen, Carlsbad, USA). siRNA was extracted using
a PureLink™ miRNA isolation kit (Invitrogen).

mRNA expression in the transgenic plants was
examined by real-time quantitative PCR (RT-qPCR)
(Chen et al. 2005). Total RNA was converted to cDNA
using a Prime-Script RT-qPCR reagent kit (7aKaRa,
Otsu, Shiga, Japan) primed with a RT-qPCR primer
(Table 2 Suppl.). The RT-qPCR was performed using a
SYBR PrimeScript RT-qPCR kit (TaKaRa) on a CFX96
real-time system (Bio-Rad, Shanghai, China). All
samples were run in triplicate.

For Northern blot and siRNA analyses, probe
preparation and blot hybridisation were performed using
a DIG Northern Starter kit (Roche, Mannheim,
Germany).

Total DNA was extracted from resistant plants by the
cetyltrimethylammonium bromide (CTAB) method using
2 % (m/v) CTAB (Huang et al. 2000). DNA
(100 pg) was digested with EcoRI. Southern blot was
performed using a DIG High Prime DNA labelling and
detection starter kit I (Roche), following the
manufacturer’s instructions. T; seeds of the transgenic
plants with one-loci detected by Southern bloy were
germinated on a Murashige and Skoog (MS) medium
containing 100 mg dm™ kanamycin for segregation
analysis to validate the Southern blot results. Wild type
NC89 tobacco seeds germinated on the medium without
kanamycin were used as control. These T; plants were
used in the subsequent virus resistance tests.
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Fig. 1. The construction strategy of plant expression vectors: A - the construction of expression vectors pDCPSH and pHC2bSH
containing a single-hairpin; B - the construction of expression vectors pDCPDH and pHC2bDH containing a double-hairpin.
RB - T-DNA right border, LB - T-DNA left border, Nos-P - nitrous oxide systems (Nos) promoter, npt I - neomycin
phosphotransferase gene, Nos-T - Nos terminator, 35S - Cauliflower mosaic virus (CaMV) 35S promoter, hpDCP - the inverted
repeat sequence (IRS) of chimeric coat protein (CP) genes of PVY™N and CMV, hpHC2b - the inverted repeat sequence (IRS) of
chimeric suppressor genes of PVY™ and CMV, hpPVYCP - IRS of the CP gene of PVY™, hpPVYHC - IRS of the HC-Pro gene of
PVY™, hpCMVCP - IRS of the CP gene of CMV, hpCMV2b - IRS of the 2b gene of CMV.

Results

The target sequences were amplified by PCR using the
corresponding primer pairs. The amplified fragments
were cloned into the pUCI19, pBSK, and pEASY-T
cloning vectors. The reverse chimeric gene structures
were constructed using these cloning vectors and were
then inserted into the plant expression vector, pROKII.
The plant expression vectors harbouring a single-hairpin
of the dual-virus chimeric-gene or a double-hairpin of the
dual-virus genes pDCPSH, pHC2bSH, pDCPDH, and
pHC2bDH were obtained (Fig. 1), and the vectors were
introduced into tobacco NCS89. Through kanamycin
selection and PCR detection, 106, 111, 104, and 108
plants from pDCPSH, pDCPDH, pHC2bSH, and
pHC2bDH were obtained, respectively. The transformed
plants grew normally, and there was no significant
difference between the wild type (WT) and transgenic
plants.

We measured the expression of the target genes using
RT-gPCR. The results showed that the p-value was lower
than 0.01 between pDCPDH and pDCPSH, and that the
p-value was also lower than 0.01 between pHC2bDH and
pHC2bSH. There was no significant difference in the
target gene expression between the transgenic plants
which were transformed with the single-hairpin structure
or double-hairpin structure vectors using the same target
genes. Northern blot was performed to examine the
accumulation of siRNA in the transgenic plants before
the inoculation. Because the total amount of siRNA from
each individual plant was small, 20 transgenic plants
expressing the same vector were used to extract the
siRNA, and the concentrated sample was used for the
Northern blot analysis. It shows that the accumulation of
siRNA in the transgenic plants transformed with the
double-hairpin structure vector was significantly greater
than in those transformed with the single-hairpin structure

pDCPDH pDCPSH
WT Gl G2 G3 G G2 G3
~21-25nt
pHC2bDH pHC2bSH
G1 G2 G3 WT &1 G2 G3
: -21-25nt

Fig. 2. The Northern blot analysis of siRNA processing
efficiency from transgenic plants. Northern hybridised probe 1
were chimerical CP genes of PVY™ and CMV for marking (the
length of 600 bp); Northern hybridised probe 2 were chimerical
suppressor genes of PVY™ and CMV for marking (the length of
600 bp). WT: Wild type plants (NC89) without viral infection;
G1, G2, G3 - group 1, group 2, and group 3; 10 pg of siRNAs
was extracted from 20 transgenic plants per group.

vector using the same target genes (Fig. 2).

We manually inoculated the transgenic tobacco plants
of the T, generation, which were validated by PCR, and
the non-transgenic plants (wild type NC89) with a CMV
and PVY"N mixture. After three weeks, all of the wild
tobacco plants showed the typical symptoms of CMV and
PVY™ infections. In comparison, both resistant and
susceptible plants were observed among the transgenic
plants. No viral infection symptoms were observed in the
resistant plants, and the ELISA assay did not detect the
accumulation of the virus in these plants (data not
shown). In contrast, the susceptible plants displayed
symptoms of distinct vein-clearing, mosaic leaves,
necrotic vein, and wilted sprout that were similar to those
displayed by the infected wild type plants (data not
shown). The percentage of resistant plants in the
pDCPSH, pDCPDH, pHC2bSH, and pHC2bDH
transgenic plants were 47.08, 63.25, 25.78, and 37.98 %,
respectively (Table 1). These results show that the
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expression vectors (pDCPSH and pDCPDH) that targeted
the CP gene provided higher resistance efficiency in the
transgenic plants (Table 1). The resistance might be
affected by different functional genes. The expression
vectors (pDCPDH and pHC2BDH) with the double-
hairpin structure provided greater resistance efficiency
than did those with the single-hairpin structure (Table 1)
suggesting that the resistance ratio was affected by
differences in the structures.

Table 1. The response of transgenic plants to CMV and PVYN
infection. Data represent the average of three replicates + SE.

Plants Number of Number of Resistant Average
infected  resistant plants ratio [%]
plants plants [%]

pDCPSH 40 19 47.50 47.08+£1.91
35 17 48.57
31 14 45.16

pDCPDH 40 24 62.50 63.25£0.75
38 25 63.16
33 21 63.64

pHC2bSH 40 11 27.50 25.78%1.75
35 9 25.71
29 7 24.14

pHC2bDH 39 15 38.46 37.98+1.87
36 13 36.11
33 13 39.39

WT 50 0 0 0.00

The total RNA analysis of the inoculated resistant
plants shows that no exogenous hybridisation signals
were detected in the WT plants, whereas specific
hybridisation signals were observed in the transgenic
plants transformed with four different constructs (Fig. 3).
The accumulation of viral RNA in the resistant plants was
lower than that in the susceptible transgenic plants
(Fig. 34). The siRNA analysis shows that siRNA
(approximately 21 to 25 nt in length) hybridisation
signals were detected in all of the inoculated transgenic
plants, whereas a signal was not observed in the
inoculated wild type plants (Fig. 3C). These results
suggest that the viral resistance was indeed induced by
RNA silencing.

Total DNA was extracted from some resistant plants
transformed with pDCPDH, pHC2bSH, pHC2bDH, and
pDCPSH and from WT tobacco NC89 as the control.
Southern blot shows that hybridisation signals were
detected in all of the resistant transgenic plants, but no
signal was observed in the WT plants (Fig. 4). This result
demonstrates that the exogenous genes were integrated
into the tobacco genome. The resistant T, generation
plants which showed one band in the Southern
hybridisation analysis (from lines of pDCPSH-28R,
pDCPDH-48R, pHC2bSH-72R, and pHC2bDH-29R),
were selected for the kanamycin segregation analysis.
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The segregation result shows that the ratios of resistant to
non-resistant plants were 3:1 in the pDCPDH-48R,
pHC2bSH-72R, and pHC2bDH-29R lines, whereas in
pDCPSH-28R, it showed the ratio of 15:1.

Approximately 15 transgenic tobacco plants
containing each vector were grown in a greenhouse and
were inoculated with the CMV and PVY™ mixture. Three
replicates were used in this study. After three weeks,
there were no symptoms of viral diseases on most of the
plants, and the percentage of resistance plants reached

pDCPDH pDCPSH

WT

Ab“ “H
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pHCZbDH pHCZbSH

B —a®
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Fig. 3. The Northern blot analysis of inoculated transgenic
plants. Probe 1 and probe 2 were used for hybridisations. 4 - the
results of total RNA Northern blot; B - rRNA was used to show
that the equal amount of total RNA was loaded; C - the results
of siRNA assay. R - resistant, S - susceptible, WT - wild type
(NC89), plants.

Table 2. The genetic analysis of resistant transgenic tobacco
plants with one insert band. Data represent the average of three
replicates £ SE. +CK - plants rooted in a medium containing
100 mg dm> kanamycin, -CK - plants rooted in a medium
without kanamycin, R - resistant, S - susceptible, I - infected.

Plants Kanamycin CMV and PVY
resistance resistance

R/S ratio R/l ratio [%]

T,.pDCPDH -48R  177:66 3:1 53/54 98.79+0.62
55/56
51/51

T,.pHC2bSH -72R  188:71 3:1 54/55 98.12+0.09
50/51
53/54

T,.pHC2bDH-29R  173:64 3:1 52/53 98.13+0.08
55/56
51/52

T,. pPDCPSH-28R 161:13  15:1  55/57 96.83+0.81
49/51
47/48

WT + CK 0:77 - - -

WT - CK 49:6 - - -




95 % or greater, whereas viral disease symptoms
appeared in all of the inoculated WT plants (Table 2).
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This result indicates that the resistance was stably
inherited by the T generation.

pDCPSH-R
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19 28
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Fig. 4. The Southern blot analysis of T, resistant plants. Total DNA from resistant plants transformed with pDCPSH,
pDCPDH, pHC2bSH, and pHC2bDH were hybridised with Southern blot probes. Southern blot probe 1 and probe 2 were PVY
CP300 (the length of 300 bp) or PVY HC-Pro300 (the length of 300 bp), respectively. WT - wild type plants (NC89), P - plasmid

containing expression vector.

Discussion

To obtain viral-resistant transgenic plants using the
RMVR strategy, the construction of an efficient hpRNA
expression vector is vital (Stoutjesdijk et al. 2002). The
silencing efficiency of hpRNA generated by the variation
in the stem length (Hammond et al., 2000), the loop
position (Yoshinari et al. 2004), the target gene
(Yoshinari et al. 2004), and the suitable promoter (Zhang
et al. 2012) has been reported. However, most previous
studies were focused on a single construction of a viral
chimeric-gene, and therefore, a multi-resistant ratio was
undesirable. In this study, in order to acquire dual-viral
resistance, we selected four 300 bp sequences from the 3’
end of the CP genes and the suppressor genes of CMV
and PVY" as target sequences to construct different
hpRNA constructions of a chimeric gene. The results
show that the transgenic tobacco plants containing each
vector exhibited resistance against both the viruses.
Constructions targeting the CP genes triggered a greater
silencing efficiency. We inferred that different functional
genes could affect the gene silencing efficiency (Chen et
al. 2010). Moreover, with the same target genes, the
silencing efficiency of the double-hairpin construction
was 50 % greater than that of the single-hairpin
construction. The results suggest that the chimeric-gene
construction strategy may have more extensive
applications.

With the same target genes, there was a significant
difference in the silencing efficiency between the two
constructs. This difference may be attributed to the
efficiency of siRNA processing. The results of the
transcript assay show that the siRNA processing
efficiency of the double-hairpin constructs with the
double-hairpin was significantly greater than that of the
single-hairpin constructs. Several studies have indicated
that the minimum free energy (AG) of the construct may
significantly influence the silencing efficiency (Khvorova
et al. 2003, Schwarz et al. 2003). In our study,
AG pucobony = -1889.49 kI mol!  was greater than
AG(pHCZbSH) = -244579 kJ mol'l, and AG(pDCPDH) =
-1939.31 kJ mol! was greater than AG pcpsny =
-2478.02 kJ mol™ (AG calculated using the formula from
the  website:  http://www.bioinfo.rpi.edu/applications
/mfold) which suggests that the double-hairpin was a
comparatively steady structure. Duan et al. (2008)
inferred that target recognition in a highly structured area
inhibits the siRNA processing efficiency by influencing
siRISC catalysis. In addition, the accessibility of the
target site may be another cause of this discrepancy.
Previous studies have found that the secondary
construction can influence the accessibility of siRNA
target sites, affecting the assembly between siRNA and
target RNA. In particular, the accessibility of the target
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site may be restricted when the siRNA target sites are
located in the complex stem-loop structure (Molnar et al.
2005, Overhoff et al. 2005), thereby reducing the
production of siRNA.

In the same type of constructs, construct targeting the
CP genes induced a greater silencing efficiency. So we
inferred that different functions of gene products working
in the viral reproduction may be the cause of this
phenomenon. In the PVY genome, the function of the
target gene significantly influences the silencing
efficiency (Chen et al. 2010). Some mRNA binding
proteins may block the access of the special siRNAs to
the target mRNAs (Qi er al. 2009). In addition, the
PVY HC protein and the CMV 2b protein, as viral
suppressors of RNA silencing, may regulate the
production of siRNAs in tobacco (Mallory et al. 2002).
Moreover, Duan et al. (2008) found that although the
resistance may be obtained by the selection of optimal
accessible target sites in the 3’ end of the CMV 2b gene,
the CMV CP gene is a better site to identify siRISC than
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