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Flavonoids, a class of secondary metabolites, are derived from phenylalanine and acetate metabolism to 
protect higher plants from biotic and abiotic stress. By using a sensitive and reliable quantitative Real-
time PCR technique, the transcriptional changes of thirteen tomato genes encoded for the polyphenol 
biosynthetic pathway enzymes were evaluated at 12 and 15-day post Tobacco mosaic virus (TMV) 
inoculation (dpi). Compared to mock- plants, only four genes were up-regulated at 12 dpi while at 15dpi 
the expression level changes of almost genes was up-regulated. Intriguingly, flavonoid biosynthetic 
enzyme chalcone isomerase (CHI) showed the highest relative expression levels at 12 and 15dpi with 
242 and 369-fold respectively. Our results provide valuable information on key polyphenol biosynthetic 
genes and tomato immune response to TMV. This data could be a benefit to developing tomato defence 
system against viral infection. 
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INTRODUCTION 

Plant viruses cause various diseases of an 
international impact and are responsible for huge 
losses of crop production and quality worldwide 
(Abdelkhalek et al., 2018). Annual global losses 
due to virus diseases in plants/crops have been 
estimated by some authors and reached to be 
close to US $60 billion (Srivastava and Prasad, 
2014) so that, viral diseases need to be 
controlled. In plants, Phenolics, Terpenes, N and 
S containing compounds are the major three 
groups of secondary metabolites that involved in 
defence against biotic and abiotic stress 
(Rosenthal et al., 1991). Flavonoids are a large 
group of polyphenolic compounds that produced 
through the phenylpropanoid pathway and its 

specific branching reactions (Singh et al., 2010). 
Flavonoids are one of the earliest defence 
mechanisms in the plant that through transporting 
to the infection site, inducing the hypersensitivity 
reaction and activating cell death programmed 
(Blount et al., 1992; Dai et al., 1996; Beckman, 
2000; Mierziak et al., 2014). Moreover, flavonoids 
can inhibit viral polymerases through intercalating 
of the B ring with the viral nucleic acid bases or its 
capsid proteins (Selway, 1986; Wu et al., 2013; 
Mierziak et al., 2014). Tomato (Solanum 
lycopersicum L.) is one of the most important 
vegetable crops that used as a model plant for the 
research and study of biological and metabolic 
processes (Giovannoni, 2007). Tobacco mosaic 
virus (TMV, genus Tobamovirus), positive-sense 

http://www.isisn.org/
mailto:abdelkhalek2@yahoo.com
micro76@yahoo.com


Abdelkhalek et al.,                                                                                   Tomato polyphenolic genes under TMV infection 

 

                                                        Bioscience Research, 2018 volume 15(4): 3349-3356                                             3350 

 

ssRNA, is one of the most important plant virus in 
the poll of the plant virology community (Scholth 
et al., 2011). TMV infects tomato plants 
systemically causing mosaic and chlorosis 
symptoms that often lead to plant deformations or 
alteration in plant structure and morphology. In 
this study, we used real-time PCR technique to 
understand how tomato cells (either infected or 
non-infected) organize polyphenol metabolic 
pathways through measuring expressions of the 
known tomato flavonoid genes upon TMV 
infection. 
 
MATERIALS AND METHODS 

Mechanical transmission and plant samples 
collection 

Two true leaves of 35-day-old tomato 
seedlings Heinz 1706 cultivar were dusted with 
carborundum and the surface of the leaf was 
gently abraded with 1 ml of TMV according to 
Hafez et al., (2013). Inoculated plants were kept 
under greenhouse conditions and observed for 
viral symptoms development. Three biological 
replicates of each treatment were collected at 3 
and 12 days post-inoculation (dpi) and kept at -80 
oC until use. Mock-treated plants inoculated with 
buffer only were used as a control. 

Total RNA extraction and cDNA synthesis 
Total RNA from mocked and infected tomato 

tissue was extracted using the RNeasy Mini Kit 
according to the manufacturer’s instructions 
(QIAGEN, Germany). Each biological sample is a 
mix of three samples derived from three different 
plants. Two micrograms of total RNA for each 
sample were reverse transcribed to cDNA using 
oligo (dT) primer with Reverse Transcriptase 
Enzyme of Super-Script II (Invitrogen, USA) in a 
Thermal Cycler (Eppendorf, Germany). The 
amplified cDNA was then stored at -20 °C until 
further used. 

Expression of polyphenol-related genes and 
Real-time PCR data analysis 

Different primer sets specific for phenolic-
related genes were synthesised according to 
previous studies by Andre et al. (2009) (Table 1). 
For normalization of the transcript expression 
levels, β-actin gene (Table 1) was used as an 
internal control. Each sample on all reactions run 
in triplicate on a Rotor-Gene 6000 (QIAGEN, ABI 
System, USA) using the SYBR Green PCR 
Master Mix (Fermentas, USA). The amplification 
program of thermal cycling included an initial 

denaturation step at 95 °C for 10 min, followed by 
40 cycles consisting of; denaturation at 95 °C for 
15s, annealing at 60 °C for 30s and extension at 
72 °C for 30s. The relative expression ratio was 
accurately quantified and calculated according to 
Livak and Schmittgen (2001). Values higher than 
1 demonstrated an increase (up-regulated in 
expression) while values lower than 1 express a 
decreased (down-regulation in expression) for a 
parameter. 
 
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 

Primer sequences 

5……..…..…..3 

PAL 
Forward ACGGGTTGCCATCTAATCTGACA 

Reverse CGAGCAATAAGAAGCCATCGCAAT 

C4H 
Forward CCCAGTTTTTGGAAATTGGCTTCA 

Reverse GCCCCATTCTAAGCAAGAGAACATC 

HQT 
Forward CCAATGGCTGGAAGATTAGCTA 

Reverse CATGAATCACTTTCAGCCTCAACAA 

HCT 
Forward TCTCCAACCCCTTTTAACGAACC 

Reverse CAACTTGTCCTTCTACCACAGGGAA 

C3H 
Forward TTGGTGGCTACGACATTCCTAAGG 

Reverse GGTCTGAACTCCAATGGGTTATTCC 

CHS 
Forward CACCGTGGAGGAGTATCGTAAGGC 

Reverse TGATCAACACAGTTGGAAGGCG 

CHI 
Forward GGCAGGCCATTGAAAAGTTCC 

Reverse CTAATCGTCAATGATCCAAGCGG 

F3H 
Forward CCAAGGCATGTGTGGATATGGACC 

Reverse CCTGGATCAGTATGTCGTTCAGCC 

FLS 
Forward CCTCCTTCCTACAGGGAAGCAAA 

Reverse CAAGCCCAAGTGACAAGCTCCTAA 

DFR 
Forward TCACAGGAGCAGCTGGATTTATCG 

Reverse TCAGGATCACGAACAGTAGCATGG 

F3H 
Forward TGCGTATACCCAAACTCATTCCG 

Reverse AAAAGCCCAAAGTTGATGTGAAAGG 

AN1 
Forward CCTCAACCTCAGAAATTCAGAAGC 

Reverse TCGTTGTTGTCGTTCGATGC 

AN2 
Forward ACAAGATGCCACTTTCCTTCACC 

Reverse TGTGCATCGTTGGGAGTTAGG 

β-

actin 

Forward CTCGCCTTTGCCGATCC 

Reverse GATCTTCATGAGGTAGTCAGTC 
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RESULTS AND DISCUSSON 
In this study, the tomato inoculated plants 

showed symptoms identical to those observed on 
naturally TMV-infected plants including 
systemically mosaic and chlorosis symptoms on 
leaves (data not shown). The relative expression 
level of TMV-CP results indicated that the viral 
propagation increased by the time that reflects the 
needs for more plant defence activity. 
Accordingly, the transcript levels of thirteen genes 
encoded for functional and regulatory enzymes of 
the polyphenol biosynthetic pathway were 
evaluated at both 12 and 15dpi compared to 
mocked plants. Among the major route of 
polyphenol compounds, there are three pathways 
(i) phenylpropanoid pathway, (ii) chlorogenic acid 
pathway and (iii) flavonoid pathway. 

The core phenylpropanoid pathway 
Depending on of the correlation between rates 

of phenylpropanoid accumulation and expression 
of resistance in vivo, phenylpropanoid compounds 
play important roles in plant defence against many 
microbial pathogens (Dixon and Paiva, 1995; La 
Camera et al., 2004; Kim and Hwang, 2014). All 
phenylpropanoids are derived from cinnamic acid 
that constitutes from phenylalanine (Vogt, 2010). 
Phenylalanine ammonia-lyase (PAL) and 
cinnamate 4-hydroxylase (C4H) are the key 
enzymes in the two first steps of the 
phenylpropanoid pathway. Consequently, PAL 
and C4H are the main linkers between primary 
and secondary metabolism through catalysing the 
non-oxidative deamination of phenylalanine to 
trans-cinnamate (Hahlbrock and Scheel, 1989; 
Huang et al., 2010). Compared to mocked 
inoculated plants, PAL was induced (up-
regulated) with a relative expression level of 5.52-
fold and 17.21-fold at 12dpi and 15dpi 
respectively (Fig.1). In contrast, the expression 
level of C4H was down-regulated or repressed by 
0.68-fold at 12dpi. At 15dpi C4H relative 
expression was rapidly increased by 11.08-fold 
compared with mocked ones (Fig.1).The induction 
of both PAL and C4H at 15 dpi is probably related 
to defence responses, as two-first enzymes in 
phenylpropanoid pathway leads to precursors for 
all flavonoids compounds. Beside its role in plant 
defence, PAL involved in the salicylic acid (SA) 
biosynthesis that is an essential signal in plant 
systemic resistance (Mauch-Mani and 
Slusarenko, 1996; Nugroho et al., 2002; Chaman 
et al., 2003). We assume that, the PAL is the 
inducer for C4H and its response is faster than the 
C4H upon viral infection. As shown in the 

dendogram (Fig. 2), C4H came after PAL in the 
pathway, which means that C4H was not 
expressed until the day 12-post infection. Our 
results agree with Gutha et al., (2010) who 
showed higher transcript levels of these genes in 
leafroll-associated virus 3-infected grapevine. 

The chlorogenic acid pathway 
In solanaceous plant species, 

hydroxycinnamoyl CoA quinate transferase (HQT) 
acting on the principal route of chlorogenic acid 
synthesis (Niggeweg et al., 2004). TMV infection 
causes a rapid induction for HQT with a significant 
relative expression level of 12.82-fold than 
mocked at 12dpi (Fig. 1). After 15 days, the 
expression was decreased to 8.97-fold but still up-
regulated (Fig. 1). Niggeweg et al., (2004) 
reported that increasing the chlorogenic acid 
content upon over-expression of HQT in tomato 
plants. The slightly decreasing of HQT expression 
by 30% at 15dpi does not mean that HOT gene 
became silencing because the gene is still 
expressing but in a low manner of 12dpi. Our 
suggestion that the decrease in expression may 
due to the cell became completely infected and 
symptoms had appeared, so energy should be 
saved for another strategy to compete for either 
the viral propagation or the viral movement. 
Otherwise, the virus became exhausted which 
resulted in no need for high amounts of 
chlorogenic acid inside the cell. This suggestion 
corroborates the finding of Leiss et al., (2009) that 
the chlorogenic acid plays an important role as an 
inhibitor for plant pathogens. Moreover, Tsao et 
al. (2005) suggested that these compounds could 
help in host-plant resistance. The relative 
expression pattern of HCT was similar for the C3H 
while the two genes were repressed at 12dpi. At 
15dpi C3H continues in decreasing but HCT 
showed lower up-regulation (increased). The 
transcript levels of the C3H gene were 0.68-fold at 
12dpi and 0.38-fold at 15dpi. The 12-day 
expression level of the HCT gene was 0.45-fold 
lower than the expression level at 15dpi that gave 
1.12-fold in comparison with the mocked. Based 
on the previous results we can assume that the 
TMV was not able to make complete suppression 
for chlorogenic acid biosynthesis and had a 
fluctuated effect on the two genes that control 
chlorogenic acid synthesis. This finding agrees 
with Malli et al., (2002) who observed that more 
reduction in total phenols in susceptible 
genotypes than in resistant genotypes infected 
with yellow mosaic virus. 
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Figure1. The expression levels of the genes included in phenylpropanoid, chlorogenic, and 

flavonoid pathways using Real-time PCR. 
 

The flavonoid pathway 
Chalcones and dihydrochalcones are 

considered the primary precursors and they 
constitute the main intermediates for flavonoid 
synthesis (Marais et al., 2006). Chalcone 
synthase (CHS), which synthesizes naringenin 
chalcones, and chalcone isomerase (CHI), that 
catalyses the transformation of naringenin 
chalcone to naringenin,are encoding genes for the 
first two steps of the flavonoid pathway and are 
strictly required for flavonoid production in multiple 
tissues of tomato (Andre et al., 2009; Kang et al., 
2014). In virus-infected leaves, CHS and CHI 

showed the highly expressed genes compared to 
other pathway genes (Fig.1, 2). The relative 
expression level of CHS gene was 25.99-fold and 
28.54-fold at 12dpi and 15dpi respectively in 
comparing to mocked plants. At 12dpi, CHI 
showed very high relative expression level with 
242.19-fold more than mocked. Likewise, at 15 
dpi the relative expression level continues to 
increase until reached to 368.90-fold (Fig. 1). Our 
result agrees with Gutha et al., (2010) and 
Hanssen et al., (2011) that CHS was highly 
induced gene after plant viral infection.  It was 
reported that the suppression of CHS with over-
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expression of virus-encoded silencing suppressor 
protein increase mottling symptoms of virus-
infected soybean plants (Teycheney and Tepfer, 
2001; Senda et al., 2004; Koseki et al., 2005). In 
line with the given assumptions, both of CHS and 
CHI play important roles in viral resistance and 
the high transcriptional levels of the two genes 
could be indicators of how strong the plant 
immune system. The phenylpropanoids contents 
and their rate of metabolism were enhanced in 
plants under stress conditions (Kulbat, 2016). 
Moreover, it may help to strengthen the 
mechanical properties of the cell walls (Michalak, 

2006).  As shown in Figure (1) flavonoid pathway 
related genes were slightly induced at 15dpi with 
an exception for F3’H and AN2 that showed 
moderate expression levels with 2.30-fold and 
3.11-fold respectively. In contrast, at 12dpi the 
three genes (F3’H, FLS and AN2) were slightly 
repressed with 0.99-fold, 0.91-fold and 0.94-fold 
expression levels comparing to mocked. We 
accept that genes control flavonoid synthesis are 
induced and are expressed with many folds when 
compared with the non-infected leaves.  

 
 

 
 

 
 

 
Figure 2. Diagram summarized the expression pattern of the genes regulate polyphenol pathway 
synthesis in the infected tomato plant with TMV based on the data obtained in this study. Arrows 

up: high gene expression. Arrows down: low gene expression.



Abdelkhalek et al.,                                                                                   Tomato polyphenolic genes under TMV infection 

 

                                                        Bioscience Research, 2018 volume 15(4): 3349-3356                                             3354 

 

Results obtained in this study agree with 
those obtained by Gutha et al., (2010) who 
postulated that the expression levels of CHS, 
F3’5’H, F3H, LDOX, LAR1 and MybA1 genes 
ranged from two- to fifty-fold increase in virus-
infected leaves. The flavanone 3-hydroxylase 
(F3H), DFR and AN1 genes showed relative 
expression levels at 12dpi with 1.10-fold, 1.04-fold 
and 1.02-fold respectively (Fig.1). At 15dpi, the 
three genes continue to express with a slight 
increase in the expression (1.08-fold for both F3H 
and DFR and 1.38-fold for AN1). Dardick et al., 
(2007) showed that overlapping expression 
patterns of the lignin pathway genes CCR and 
C3H with CHS and DFR that differentially 
expressed in the viral infected tissues. Gutha et 
al. (2010) reported that F3H, which converts 
hydroxylate naringenin to dihydroflavonol or 
dihydrokaempferol, and F3’H, which transforms 
hydroxylate dihydrokaempferol into 
dihydroquercetin, was expressed by more than 5-
fold higher in virus-infected leaves compared to 
mock. We suggest that the expression of these 
genes that regulate enzymes in the pathway of 
polyphenols may differ according to the type and 
the site of the tissues in the same plant and the 
rate of induction and the copy number of the 
invading virus. Dihydroflavonol4-reductase (DFR) 
is located in an important regulatory branching 
point in the pathway and catalyses the reactions 
upstream of cyanidin and anthocyanidin 
production (Himi and Noda, 2004). This enzyme is 
the key enzyme responsible for the NADPH-
dependent reduction of the dihydroflavonols to 
colourless leucoanthocyanidins (flavan-3, 4-cis-
diols). The two transcription factors anthocyanin 1 
(AN1) and anthocyanin 2 (AN2) are involved and 
play an important role in the regulation of 
anthocyanin gene transcription (Allan et al., 2007). 
It is clear that Flavonoids are the defensive 
materials inside the plant and its role in stopping 
and controlling the virus propagation and 
movement are still not completely understood. 

CONCLUSION 
Despite TMV being able to induce many 

polyphenols in high expression manner in infected 
tomato tissues, the produced polyphenols were 
not enough to stop the viral propagation and 
symptoms limitation during the 15dpi. At the same 
time, the completely silenced gene was not clear 
among the examined genes in this study. 
Therefore, the future study plan nominates the 
use of biosynthesized nanomaterial coated with 
polyphenols in plant protection. 
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