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Abstract

CHRISTOVA, P., R. BATCHVAROVA and N. CHRISTOYV, 2016. Expression of four transgenes in one tobacco

line. Bulg. J. Agric. Sci., 22: 437-441

Pyramiding of four transgenes in one tobacco line led to a complex resistance against two viruses (TSWV, PVY) and one bacterial
pathogen (Pseudomonas syringae pv. tabaci), as well as the herbicide Glean®. Expression analyses of the corresponding transgenes
(Np, CP, ttr and ahas 3R) were performed with selected tobacco lines of the cross 2002. The RNA gel blot hybridization analyses
of all tested tobacco plants showed an expression of the akas 3R gene, but no signal was detected for the other three transgenes. Ex-
pression of the Np, CP and ftr genes was detected by RT-PCR analyses, suggesting low level of accumulation of the corresponding
mRNAs in the transgenic tobacco lines. Involvement of RNA silencing as a mechanism of resistance to plant pathogens is discussed.
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Introduction

Pyramiding of genes for resistance to various pathogens
aims to enhance the protection of plants to broad spectrum of
diseases. This leads to improvement of crop production, but
also gives opportunities to investigate the mechanisms of resis-
tance and the interactions between plants and pathogens. The
most important and crucial step in the combination of different
transgenes in one genome is selection of plants that expressed
genes for resistance and thus provide increased protection to
various stress factors.

The RNA silencing is a part of a natural protection mecha-
nism of plants against viral pathogens. It has become a power-
ful tool for engineering resistant plants in the last two decades.
Plant protection to viral pathogens based on degradation of their
RNA by RNA interference mechanism is also known as post-
transcriptional gene silencing (PTSG) (Metzlaff et al., 1997,
Hamilton et al., 1998; Waterhouse et al., 1998; Waterhouse et
al., 1999). Various approaches have been developed based on
sense/antisense RNA, hairpin RNA and artificial miRNA pre-
cursors (Duan et. al., 2012). A sense RNA-mediated protection
against PVY (Potato virus Y) of tobacco plants transformed
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with the viral coat protein (CP) cistron was reported (Van der
Vlugt et al., 1992). Tobacco plants expressing CP protein dem-
onstrated virus specific resistance to Tobacco etch virus (TEV)
by targeting specific RNA sequences for inactivation (Lindbo et
al., 1993). Resistance of Nicotiana benthamiana against Turnip
mosaic potyvirus (TuMV) was achieved by PTGS (Jan et al.,
1999). RNA silencing has been used for protection of barley
from Barley yellow dwarf virus (BYDV) (Wang et al., 2000).
Resistance to multiple viruses based on PTGS was reported
for different transgenic plants (Jan et al., 2000; Bucher et al.,
2006; Praveen et al., 2006; Zhu et al., 2009; Yu et al., 2011; Wu
et al., 2010; Lin et al., 2011; Lin et al., 2012). Transformation
of Nicotiana benthamiana with full-length CP gene of turnip
mosaic virus (TuMV) linked to a 218 bp N gene segment of
the TSWV (Tomato Spotted Wild Virus) conferred resistance
to both viruses (Jan et al., 2000). Nuclear run-on and RNA gel
blot hybridization experiments confirmed that resistance was
achieved by RNA-mediated PTGS. Resistance to both TSWV
and TOLCTWYV in transgenic Arabidopsis and tomato plants via
PTGS have been obtained by fusion of a partial N gene with
the C2 gene segment (Lin et al., 2011). The study demonstrated
that linkage of gene segments from two viruses with distinct
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genomic organization (one DNA and the other RNA) can confer
multiple virus resistance in transgenic plants via gene silenc-
ing. A fusion of different viral CP gene fragments in transgenic
watermelon contributed to multiple virus resistance (Lin et al.,
2012). Low level accumulation of transgene transcripts in re-
sistant plants and small interfering (si)RNAs specific to CMV
and WMV were detected in the resistant R1 plants by RNA gel
blot analysis, indicating that the resistance was established by
RNA-mediated PTGS.

Recently, involvement of RNA silencing mechanism of
plant defence against non-viral pathogens was investigated
(Pumplin and Voinnet, 2013). RNA-mediated gene regulation
model was indentified in the interactions between Arabidop-
sis thaliana and the bacterial pathogen P. syringae pv. tomato.
RNA silencing has also been reported as a resistance mecha-
nism against the fungal pathogen Verticillium dahliae in Arabi-
dopsis (Ellendorff et al., 2009).

In our previous report, four transgenes (Np, CP, ttr and ahas
3R) that conferred resistance to TSWV, PVY, P. syringae pv.
tabaci and the herbicide Glean®, respectively were combined
into the genomes of tobacco lines (cross 2002) by a sexual
crossing approach (Christova and Batchvarova, 2015). The re-
sistance to all three pathogens and the herbicide Glean® in these
lines, containing four transgenes in a single tobacco genome,
was confirmed in both F1 and F2 progenies of the cross 2002.
In the present study, expression of the four transgenes was ana-
lyzed by RNA gel blot hybridization and RT-PCR. RNA gel blot
hybridization analyses of transgenic tobacco lines of the cross
2002 showed expression of the ahas 3R gene, but the accumula-
tion of the other three transgenes was below detection limits of
the method. Expression of the Np, CP and ftr genes was proven
by RT-PCR analyses, implying low accumulation level of the
corresponding RNAs.

Materials and Methods

Plant material

Pyramiding of four transgenes that conferred resistance to
TSWYV, PVY, P. syringae pv. tabaci and the herbicide Glean®
into one tobacco genome (cross 2002) by a cascade of sexual
crosses was previously reported (Christova and Batchvarova,
2015). Tobacco plants of F1 generation of the cross 2002 that
showed resistance to all pathogens and had four transgenes (Np,
CP, ttr and ahas 3R) pyramided in their genome were selected
for expression analyses.

Total RNA extraction

Total RNA was extracted from leaf tissue using RNeasy
Plant Mini Kit (Qiagen, GmbH), according to the manufac-
turer’s instructions.

RNA gel blot hybridization analyses

Total RNA (10 pg) was separated on 1.2% formaldehyde
agarose gel and transferred on a Hybond N+ membrane (GE
Healthcare Life Sciences). Prehybridization for 1 h was per-
formed using DIG hybridization solution (DIG Easy Hyb,
Roche Diagnostics, GmbH). Four hybridization procedures
were performed subsequently on the same membrane using
specific for each gene DIG-dUTP labeled probe (50 ng/ml).
The hybridization probes were prepared by PCR amplifica-
tion of Np, CP, ttr and ahas 3R genes, respectively by using
PCR DIG Probe Synthesis Kit (Roche Diagnostics GmbH).
Detection was done with the DIG Luminescent Detection Kit
(Roche Diagnostics GmbH) according to the manufacturer’s
instructions.

RT-PCR analyses

RT-PCR analyses were performed using Ready-To-Go™
RT-PCR Beads (GE Healthcare Life Sciences) according to
the manufacturer’s instructions following the two step pro-
tocol. To eliminate potential genomic DNA contamination,
the total RNA samples were treated with DNasel prior to
RT-PCR experiments. Each RT-PCR reaction was performed
using 1-2 pg total RNA and the first strand cDNA was syn-
thesized using random hexamer primers (0.5 pg/ml). Result-
ed first strand cDNA samples were directly used for PCR
amplification by adding specific for each transgene prim-
ers for 40 cycles (Np gene: 5’-AGC TAT CAA GCC TTC
TGAAGGTC-3’ and 5’-ACC TTG AGT TTG AGG AAG
ATCAG-3’; CP gene: 5’-TCG ATG CAG GAG GAA GCA
CTA-3’and 5’-TTC CGT CGC GCA GAT TAC GAA-3’; 1tr
gene: 5’-CTT CGC CCA TTA TCG CCA TGG TC-3’ and
5’-CAG CCC GCG TTT GTG TTT TAC TG-3’). For each
RNA sample, a control RT-PCR reaction where the reverse
transcriptase was heat inactivated prior to adding RNA tem-
plate was prepared. The RT-PCR products were visualized
by Ethidium bromide staining after electrophoresis in 1.5%
TAE agarose gel.

Results and Discussion

RNA gel blot hybridization analyses of F1 tobacco lines
of the cross 2002

F1 tobacco lines of the cross 2002 with pyramided
genes for resistance to TSWV, PVY, P. syringae pv. tabaci
and herbicide Glean® were selected for analyses of trans-
genes expression. The tobacco lines were resistant to all
tree pathogens and the herbicide and the integration of
transgenes Np, CP, ttr and ahas 3R into tobacco genome
was proven by PCR amplification (Christova and Batchva-
rova, 2015).
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RNA gel blot hybridizations analyses of selected tobacco
plants were performed with DIG-labeled DNA of the trans-
genes. Two RNA membranes were prepared and were hy-
bridized with the four labeled probes.

A positive signal for the expression of ahas 3R gene was
detected in all tested F1 plants of the cross 2002 while hy-
bridization signal was absent in nontransgenic control tobac-
co Nevrokop 1146 (Figure 1). These results indicate that the
intact ahas 3R gene was successfully transferred by sexual
crosses in all analyzed plants and their resistance to the her-
bicide Glean® is conferred by its expression.
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Fig. 1. RNA gel blot hybridization analyses of ahas 3R
gene of plants from the cross 2002

RNA gel blot hybridization was performed using DIG la-
beled ahas 3R DNA probe
1-6 —plants of the cross 2002; 7 — nontransgenic tobacco
cultivar Nevrokop 1146
In the lower panel, Ethidium bromide stained gel for loading
control was shown

In contrast to ahas 3R gene, no signal was detected by
RNA hybridization analyses for Np, CP and #tr genes in the
selected plants of the cross 2002, suggesting low expression
of the transgenes, that was below the detection limits of the
method (data no show). Nevertheless, the analyzed plants
were resistant to TSWV, PVY and P. syringae pv. tabaci.
Moreover, all of them showed positive PCR signal for all three
corresponding transgenes, indicating their successful transfer
by the sexual crossing (Christova and Batchvarova, 2015).

A diseases resistance of transgenic plants with intro-
duced viral genes based on RNA degradation has been es-
tablished earlier (Van der Vlugt et al., 1992; Waterhouse et
al., 1998; Waterhouse et al., 1999). Other authors reported
lack of RNA expression of the integrated viral genes in trans-
genic plants that were resistant to the corresponding virus
(Van der Vlugt et al., 1992; Malnoe et al., 1994; Savenkov
and Valkonen, 2001). It was found that the resistance of the
transgenic plants is conveyed mainly at RNA level and is

associated with low expression of the transgenes (Lindbo et
al., 1993; Smith et al., 1994; Mueller et al., 1995; Dawson
1996; Goodwin et al., 1996; Pang et al., 1996; Sijen et al.,
1996).

RT-PCR analyses of F1 tobacco lines of the cross 2002

The expression of Np, CP and f#r genes in plants of the
cross 2002 was investigated by RT-PCR analyzes. This
method allowed verification of a very low expression level of
transgenes. RT-PCR of each transgene was performed using
gene-specific primers and 40 cycles of amplification. Results
of the analyses showed amplifications of all three genes in
the analyzed F1 plants of the cross 2002 (Figure 2). No PCR
product was detected in the control nontransgenic tobacco
cultivar Nevrokop 1146. The lack of PCR products in the
control RT-PCR reactions with inactivated reverse transcrip-
tase ruled out the possibility for contamination of the RNA
samples with genomic DNA. Results of the RT-PCR analy-
ses revealed the expression of Np, CP and #fr genes, although
it was too low to be detected by RNA blot hybridization.
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Fig. 2. RT-PCR of Np, CP and ttr genes of plants from
the cross 2002
1 — DNA ladder (A Hind III/ $X Hae I); 2-8 — plants of
the cross 2002; 9 — nontransgenic control tobacco cultivar
Nevrokop 1146; 10-17 — No Template Control (NTC) reac-
tions with inactivated reverse transcriptase of the samples
2t09

RT-PCR approach has been extensively used by other au-
thors for investigation of low transgene expression. Expres-
sion of the CP gene in the resistant to PVY transgenic potato
has been proven by RT-PCR analyses (Saker, 2003). Activa-
tion of gene silencing mechanism in transgenic peanut lines,
containing multiple copy insertions of the N gene of TSWV,
was suggested based on the results from Northern blot, RT-
PCR and ELISA analyses (Yang et al., 1998). CP gene ex-
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pression of TEV was analyzed in transgenic peanut lines by
RT-PCR, real-time PCR and ELISA (Mehta et al., 2013).

Succesful pyramiding of genes for resistance to multiple
plant viruses have been reported in various plants species
(Bucher et al., 2006; Jan et al., 2000; Lin et al., 2011; Lin
et al., 2012). The N gene sequence fragments of the four
major tomato-infecting tospoviruses, TSWYV, Groundnut
ringspot virus (GRSV), Tomato chlorotic spot virus (TCSV)
and Watermelon silver mottle virus (WSMoV), have been
constructed in a single small chimaeric hairpin RNA vector
(Bucher et al., 2006). Due to simultaneous RNA silencing,
as demonstrated by specific siRNA accumulation, the trans-
gene expression of these cassettes rendered up to 82% of the
transformed plant lines heritably resistant to all four viruses.

RNA gel blot hybridization analyses of transgenic M.
benthamiana showed that a multiple viral resistance to PVY,
TSWYV and TuMV was based on PTGS (Jan et al., 2000). A
complex resistance to TSWV and ToOLCTWYV in transgenic
Arabidopsis and tomato plants via PTGS have also been
demonstrated (Lin et al., 2012). The involvement of RNA
mediated PTGS in the transgenic plants resistance to both
PVY and TSWYV conferred respectively by CP and Np genes
have been well documented. This mechanism is further sup-
ported by the low expression levels of both transgenes in
resistant tobacco plants observed in the present study.

The role of RNA silencing as a mechanism of plant de-
fence to non-viral pathogens was established in recent years
(Navarro et al., 2008; Mosher and Baulcombe, 2008; Pump-
lin and Voinnet, 2013). RNA-mediated gene regulation was
investigated in the plant-pathogen interaction between A.
thaliana and P. syringae pv. tomato (Pst) (Pumplin and Voin-
net, 2013). The P, syringae pv. tabaci - ttr gene encodes an
acetyltransferase that is produced by the bacteria to acetylate
the tabtoxin and thus protect itself (Wencewicz and Walsh,
2012). It is believed that the similar mechanism applies
when the #tr gene is expressed in transgenic plants but to our
knowledge there is no experimental evidence confirming it.
However, the low expression level of the ##r gene, proven by
RT-PCR in the present study, suggests involvement of RNA-
mediated process in the resistance mechanism to P. syringae
pv. tabaci. Further studies are warranted to elucidate the ex-
act mechanism of this resistance in transgenic plants.

Conclusion

Our results demonstrated the different level of the expres-
sion of four transgenes in one tobacco genome that leads to
a complex resistance to three pathogens and one herbicide.
Resistance to the herbicide Glean® is a result of accumulation
of the ahas 3R gene product in the selected lines, whereas re-

sistance to TSWV and PVY is a result of RNA silencing of
the Np and CP genes. The data, presented here contributes to
the design and implementation of effective strategies for pyr-
amiding of multiple resistance genes with different modes
of action. The selected in this study transgenic tobacco lines
will be useful tool for future experiments for elucidation of
the mechanism of transgenic resistance to pathogens as well
as expression stability of multiple transgenes combined in a
single tobacco genome by sexual crossing.
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