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ABSTRACT

Tobacco mosaic virus (TMV) causes severe damages and economic losses of tomato crop production and quality
worldwide. In the current study, the nucleotide sequence with NCBI-BLAST and phylogenetic analysis for the
movement protein gene revealed that the Egyptian TMV isolate (Acc# MG264131) exhibited 99% identity with that of a
Slovenian isolate (Acc# KY810785). Moreover, the transcription profiles of PR1, PR2, PR3, PR5 and PR7 genes in
TMV-infected tomato tissues were analysed using semi-quantitative RT-PCR technique. Compared to mock-inoculated
plants, the statistical analysis revealed significant changes in the relative expression level of both PR2 and PR7 at the two
intervals 6 and 15 days, post-inoculation with 32.3 and 34.7-fold change respectively. A significant change in
transcription level of the two genes suggests that they play an essential role in the tomato defence system and could be
disease-specific genes induced with the TMV infection. Based on the data obtained in this study and the previous studies,
the down-regulation of PR2 and/or overexpression of PR7 in tomato plants could provide new insights in developing
efficient strategies for reducing the tomato susceptibility to TMV infection.
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INTRODUCTION

Tomato (Solanum lycopersicum L.) is one of the
most important vegetable crops cultivated all over the
world (Wang et al. 2018). The crop suffers moderate to
severe losses due to different damages including abiotic
and biotic stresses. Pathogens and pests are the major
cause of crop deterioration causing different symptoms to
the plant. Infection of the cultivated seedlings and/or
mature plant can cause moderate to complete loss of the
crop of the season; the magnitude of the infection
depends on the time, location, environmental conditions
as well as the causal agent (Barboza et al. 2018). Tobacco
mosaic virus (TMV, genus Tobamovirus) causes
systematic infection characterized by mosaic and\or
chlorotic lesions on the leaves of infected plants,
morphological alteration of the infected plants, and
eventually complete loss of the plant productivity
followed by plant death (Pfitzner et al. 2006;
Abdelkhalek and Sanan-Mishra 2019). This disease can
cause up to 100% crop loss as a result of blocking the
development of reproductive organs, particularly
flowering (Bazzini et al. 2007).

In order to achieve a successful systemic
infection to the host plant, the virus establishes a
mechanism to cell-to-cell transport and overcome the
cellular barriers in the plant. Plant cell wall represents the
first contact area that plays a crucial role in cellular
signalling therefore, it is a target for different plant
viruses (Otulak and Garbaczewska 2011; Otulak-Koziel

et al. 2018). Callose acts as a physical barrier to the
intracellular spreading of the viruses (Wu and Dimitman
1970; Ariizumi and Toriyama 2011).

Upon viral infection, plant starts serial changes
in gene expression and the defence responses include the
induction of numerous pathogenesis-related (PR) genes
(Whitham et al. 2006; van Loon et al. 2006; Tabassum et
al. 2013). PR genes play important roles in plant defence
against biotic stresses and set genes of this group might
be responsible for systemic acquired resistance against
pathogens including plant viruses (van Loon et al. 2006;
Elmorsi et al. 2015; Abdelkhalek et al. 2018). Hence, in
this study, TMV was inoculated on tomato seedlings and
the expression pattern of selected PR genes (PR1, PR2,
PR3, PR5, and PR7) was studied at different time points
of infection.

MATERIALS AND METHODS

Plant materials, viral infections, RNA extraction and
cDNA synthesis: Infected tobacco plants exhibiting
characteristic TMV symptoms were collected from the
open fields at Alexandria government in Egypt. The
collected samples were tested for TMV infection by
DAS-ELISA as described by Clark and Adams (1977)
and by using RT-PCR with specific primers (Table 1) as
described previously by Jacobi et al. (1998). The TMV
strain was maintained in Nicotiana banthemiana plants
by mechanical inoculations. Under controlled conditions,
Heinz 1706 tomato cultivar seeds were sterilized and
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grown in vermiculite pots. At 35 days of seedlings, the
true leaves were dusted with carborundum and gently
inoculated with 1 ml of semi-purified TMV. Three
independent biological replicates from mocked-
inoculated and TMV-inoculated leaves were collected at
6, 9 and 15 days post-inoculation (dpi) and pooled for
RNA isolations. Total RNA was extracted using Trizols
(Invitrogen, CA, USA) according to the manufacturer
procedure. A 1 µg of total RNA was used for cDNA
synthesis using Superscript reverse transcriptase
(Invitrogen, USA) according to manufacturer’s
instructions.

Semi-quantitative RT-PCR Analysis: Five primers
(Table 1) specific to tomato PR genes (Kavroulakis et al.
2007) were used to check the expression levels. Actin
gene was used as an internal control (Abdelkhalek and
Sanan-Mishra 2019). Semi-quantitative RT-PCR reaction
was carried out in 25 μl with an initial denaturation at
95°C for 2 min followed by 34 cycles at 95°C for 30s,
56°C for 30s, 72°C for 1 min and final extension step at
72°C for 5 min. A 10 μl of PCR products were by
electrophoresed in 1.5% agarose gels and visualized
under UV light after staining with ethidium bromide.

Sequencing analysis and phylogenetic construction:
The PCR product was sequenced directly after
purification with a PCR clean-up column kit (QIAGEN,
Germany). Sequencing was performed using BigDye®
Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, Foster City, CA, USA) and model 3130xl
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). The obtained DNA nucleotide sequences were
analysed using NCBI-BLAST for confirming the identity
of the obtained sequences. The phylogenetic tree was
tested with a bootstrap method with 2,000 replications
and generated based on UPGMA statistical method using
MEGA 5 software according to Tamura et al. (2011).

Statistical Analysis: The relative expression values of
the three biological replicates for each time interval were
statistically analyzed by one-way analysis of variance
one-way (ANOVA) using the CoStat software and means
were separated by least significant difference (LSD) test
at P≤0.05 levels. The significant differences of the
relative expression levels were plotted and standard
deviation (± SD) is shown as a column bar. The values
higher than 1 demonstrated an increase in the gene
expression (up-regulation) while values lower than 1
means a decrease in expression levels (down-regulation).

RESULTS AND DISCUSSION

Molecular detection and characterization of TMV:
TMV-inoculated tomato plants showed severe systemic
mosaic with chlorosis symptoms at 15 days post-
inoculation (dpi). The observed symptoms are identical to

those reported by Cherian et al. (1999), Nassar et al.
(2012) and Abdelkhalek and Sanan-Mishra (2019). By
using RT-PCR, a 422 bp DNA fragment within the
coding region of viral movement protein (MV) was
amplified (Fig. 1). The amplified product was purified,
sequenced and submitted to GenBank database under the
accession number MG264131. NCBI-BLAST and
phylogenetic analysis indicated that the TMV-Egyptian
isolate is closely related to Slovenian (Acc# KY810785),
USA (Acc# AF273221) and Finland (Acc# AF546184)
isolates with a 99% identity (Fig. 2).

Response of PR genes to TMV infection: In order to
clarify the molecular basis of the interaction between
tomato plants and TMV, semi-quantitative RT-PCR
technique was applied for the rapid identification of the
changes of the expression level of PR1, PR2, PR3, PR5,
PR7 genes in tomato during TMV infection (Fig. 3). By
using TMV-MV gene specific primer, the inoculated
plants gave positive results at 6, 9 and 15 dpi (Fig. 1).
Comparing to mock-inoculated tomato and according to
the one-way ANOVA analysis, the relative expression
levels of some PR genes had significant differences at
different time intervals (Fig. 4). Among these PR genes,
the PR2 and PR7 were up-regulated with significant
differences at 6 and 9 dpi for PR2 and 6, 9 and 15 dpi for
PR7 (Fig. 3,4).

The gene expression profiling results revealed
that PR1 was rapidly expressed in the mocked-treatment
plants with 1-fold change (Fig. 4). Despite the expression
was slightly down-regulation at 6 dpi with 0.9-fold
change there was no statistically significant difference
with mocked (Fig. 4). The continue decreasing of the
relative expression to completely down-regulation at 15
dpi with 0.1-fold change (Fig. 4) suggesting that PR1 was
not specifically associated with tomato-TMV infection.
Thus, the expressed of PR1 in the mock plants might be
the result of tomato wounding. As support for this
hypothesis, the results of Chen et al. (2014) who
observed that high expression of PR1 in mechanically
wounded tomato with no significant expression in the
unwounded plant. Although some results indicated that
tobacco and tomato PR1 proteins have antiviral activity,
the role of PR1 in plant defence remains poorly unclear
(Cutt et al. 1989; Elmorsi et al. 2015). Many research
groups have reported that overexpression of PR1 in
transgenic plants resulted in increased resistance to
oomycetes, fungi, bacteria, but not to viruses (Klessig et
al. 2016; Breen et al. 2017).

Comparing to the mocked-treatment, PR2 gene
showed significantly high transcriptions level at 6 dpi
with 32.3-fold change (Fig. 3,4). Although the expression
level was decreased to reach 6.6-fold change at 9 dpi
there was a significant difference with mock treatment
(Fig. 4). At 15 dpi (1.1-fold change), there was no
statistically significant difference with mocked. The high
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expression level of PR2 at 6 dpi suggesting that PR2 gene
was associated with TMV infection. In addition, the
decreasing of PR2 gene expression at 9 and 15 dpi could
be explained by the silencing activity of TMV.

PR2 gene encodes a β-1,3-glucanases, plays a
role in cell-cell spread of the virus movement complexes
through limits callose accumulation near PD (Gillespie et
al. 2002; Kawakami et al. 2004; Otulak and
Garbaczewska 2011). It has been postulated that TMV
increases the activity of tobacco PR2 genes to facilitate
its movement (Iglesias and Meins 2000). The results are
in agreement with the previous finding that reported a
clear induction of PR2 during viral infections in tobacco
(Linthorst et al. 1990; Rezzonico et al. 1998; Sindelarova
and Sindelar 2005), Arabidopsis (Oide et al. 2013), onion
(Elmorsi et al. 2015) and potato (Otulak-Koziel et al.
2018) plants.

Several studies have shown that callose
deposition at PD leads to decreased cell-to-cell
movement, whereas callose deposition inhibiting
treatments lead to increased size-exclusion limits of PD
(Beffa et al. 1996; Iglesias and Meins 2000; Lee et al.
2011). Mutant tobacco plants deficient for PR2 showing
reducing PD size exclusion limit and increased callose
deposition thus decreased in their susceptibility to virus
infection (Otulak-Koziel et al. 2018). Moreover,
overexpression of β-1,3 glucanase in PVY infection
expedited virus spread between cells (Bucher et al. 2001;
Dobnik et al. 2013).

PR3 exhibit chitinase activity that catalyses the
hydrolysis of chitin (Xayphakatsa et al. 2008; Jannoey et
al. 2017). In this study, PR3 showed a steady-state
expression level at all time points post-infection (Fig. 3).
Although there was slightly up-regulation with 1.3-fold
change at 6, 9 and 15 dpi there was no statistically
significant difference between mock and different
intervals (Fig. 4). Like PR1, the expression in both
mocked- and infected-plants suggesting that PR3 is not
specifically tomato-TMV infection. At 10 dpi, it was
reported that treatment of both Brachypodium distachyon
and Setaria viridis with the same virus showed altered
PR3 gene expression, where the expression level was
highly down-regulated in the later and increased in the
former (Mandadi and Scholthof 2012; Mandadi et al.
2014). Moreover, up- and down-regulation of PR3 gene
were observed in different genotypes of the same plant
species using the same virus (Andronic et al. 2015).
Thus, the up- or down-regulation of PR3 may depend on
the type of plant and the plant genotype.

PR5 gene exhibited slight induction only in
mock-treated plants and was completely down-regulated
at all dpi (Fig. 3). PR5 gene that encodes thaumatin-like
proteins is found in cell vacuoles and showed antifungal

activities (Li et al. 2015). Chen et al. (2010) reported that
Beet severe curly top virus infection increased the
expression level of PR5 in Arabidopsis thaliana.
Moreover, up-regulation of PR5 gene in Tobacco vein
banding mosaic virus-infected tobacco plants was
observed (Yang et al. 2016). Thus, the complete down-
regulation of PR5 gene in the infected tomato tissues
could be explained as either it is not a target to TMV
infection, or the virus suppressed its expression.

PR7, the most conspicuous PRs in tomato that
encodes plant proteases, known to be an important
component of defence responses proteins and involved in
microbial cell wall dissolution (van Loon and van Strien
1999; Jorda et al. 2000; Roylawar et al. 2015). In this
study, although PR7 showed slightly induction in the
mock-treatment, the transcription levels increase
dramatically at 6 dpi to reach 3.6-fold change (Fig. 3,4).
The expression level continued increased to 11.1-fold
change at 9 dpi reaching the maximum levels of 34.7-fold
change at 15 dpi (Fig. 4). The increasing the expression
of PR7 with increasing the time of infection indicated
that PR7 has some roles in defence responses against
TMV in tomato cells. The results agree with Roylawar et
al. (2015) who reported up-regulation of tomato PR7 in
response to pathogen infections. Nevertheless, further
characterisation and functional analysis of PR7 will lead
to a more comprehensive understanding of tomato-TMV
interactions.

It can be concluded that tomato PR1, PR3 and
PR5 may not function as antiviral factors against TMV
infection. On the other hand, the overexpression of PR7
with silencing of PR2 genes could enhance host defence
and decrease susceptibility to TMV disease.

Table 1. List of primer sequences of the polyphenol
biosynthetic genes and the housekeeping gene
(β-actin) used in real-time PCR.

Gene
name Direction Sequence 5'...........................3'

MV Forward GACCTGACAAAAATGGAGAAGATCT
Reverse GAAAGCGGACAGAAACCCGCTG

PR1 Forward CCAAGACTATCTTGCGGTTC
Reverse GAACCTAAGCCACGATACCA

PR2 Forward TATAGCCGTTGGAAACGAAG
Reverse TGATACTTTGGCCTCTGGTC

PR3 Forward CAATTCGTTTCCAGGTTTTG
Reverse ACTTTCCGCTGCAGTATTTG

PR5 Forward AATTGCAATTTTAATGGTGC
Reverse TAGCAGACCGTTTAAGATGC

PR7 Forward AACTGCAGAACAAGTGAAGG
Reverse AACGTGATTGTAGCAACAGG

β-actin Forward ATGCCATTCTCCGTCTTGACTTG
Reverse GAGTTGTATGTAGTCTCGTGGATT
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Figure 1. Agarose gel electrophoresis (1.5%) in TAE buffer stained with ethidium bromide showing RT-PCR of
TMV-MV gene at 6, 9, and 15 day post inoculation (dpi) as well as mocked-inoculated plants. Lane M:
100 bp ladder DNA marker; Lane M: genetic pool for a mocked plant; Lanes 6 dpi, 9 dpi and 10 dpi:
inoculated plants after 6, 9, and 15 days, respectively.

Figure 2. Phylogenetic analysis showing the genetic relationship between nucleotide sequence of the movement
protein (MV) of the Egyptian TMV isolate (MG264131) and other MV genes of TMV isolates available in
GenBank. The phylogeny tested with bootstrap method with 2,000 replications and generated based on
UPGMA statistical method.
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Figure 3. Agarose gel electrophoresis (1.5%) in TAE buffer stained with ethidium bromide showing RT-PCR for
expression patterns of tomato PR genes (PR1, PR2, PR3, PR5 and PR7) upon TMV infection at 6, 9, and
15 dpi as well as mocked-treated plants. Actin gene used as reference gene.

Figure 4. The relative expression levels of tomato PR genes upon TMV infection at 6, 9, and 15 dpi comparing to
mocked tissues. The mocked sample was normalized to 1. Columns represent mean value from three
biological replicates and bars indicate Standard Deviation (±SD). Significant differences between samples
were determined by one-way ANOVA using CoStat software. Means were separated by Least Significant
Difference (LSD) test at P≤ 0.05 levels and indicated by small letters. Columns with the same letter means
do not differ significantly.
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