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Abstract: Tomato powdery mildew caused by Oidium neolycopersici is a worldwide plant fungal disease distributed 
in Europe, African, South and North America and Asian, which is responsible for a remarkable reduction in quality 
and yield of tomato. The most effective way to control this disease is resistant breeding, which depends on the 
resistant materials and resistance genes. In our previous study, a putative enzyme gene (named ShME1) was found to 
be up-regulated in the Ol-1 mediated tomato resistance response to Oidium neolycopersici. In this study, in order to 
know whether this gene is a key gene of the resistance response, we further analyzed the function of the gene using 
virus induced gene silencing (VIGS) in resistant tomato plants Solanum habrochiates G1.1560 carrying Ol-1 gene. It 
was shown that the resistant S. habrochiates G1.1560 became susceptible to O. neolycopersici after ShME1 was 
silenced in it. Microscopic observation demonstrated that O. neolycopersici was able to complete its life cycle on 
silenced resistant plants, it indicated that ShME1 was required for Ol-1 mediated tomato resistance against O. 
neolycopersici. It also suggested that ShME1 could be involved in hypersensitive response (HR) and H2O2 
accumulation, which was thought to be tightly linked to the establishment of tomato resistance to O. neolycopersici. 
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1. Introduction 

NADP-malic enzyme (NADP-ME, 
EC1.1.1.40), which is widely distributed in nature, 
catalyses the oxidative decarboxylation of L-malate 
to form pyruvate and CO2 with concomitant 
reduction of NADP to NADPH (Chang and Tong, 
2003). In plants, NADP-ME functions in different 
metabolic pathways, the best studied isoform of 
NADP-ME is the one involved in C4 photosynthesis, 
which releases CO2 to be used in carbon fixation by 
Ribulose-1,5-bisphosphate Carboxylase Oxygenase 
(RuBisCO). Apart from this specialized role, in C3 
plants, the expression of NADP-ME gene were 
activated by UV-B, wounding, fungal effectors, NaCl, 
carbonates, environment pH changes etc (Walter etal., 
1994; Schaaf etal., 1995; Pinto etal., 1999; Casati 
etal., 1999; Cheng and Long, 2007; Liu etal., 2007). 
It showed that NADP-ME was involved in plant 
defense responses and stress responses.  

Powdery mildew caused by the biotrophic 
fungus, O. neolycopersici, has recently become a 
very important disease of tomato (Solanum 
lycopersicum) worldwide (Jones etal., 2001). 
Meanwhile, insecticide spraying to control the 
disease results in serious environmental 

contamination. In March of 2008, powdery mildew 
appeared as circular, white colonies on leaves, 
petioles, and stems of tomato plants grown in 
greenhouses in Shangqiu, Henan Province, China. It 
is first reported and identified as O. neolycopersici in 
China ( Li etal., 2008).  

Although the cultivated tomato is 
susceptible to the fungus, resistance occurs in many 
wild species of tomato. Researchers have found six 
resistance genes (termed Ol-X) and three resistance 
QTLs in tomato wild types, which mediate different 
resistance responses to O. neolycopersici (Lindhout 
et al., 1994 a&b; Ciccarese et al., 2000; Bai et al., 
2003 & 2005). In our previous study, gene expression 
profiles were investigated of susceptible, monogenic 
and polygenic resistant tomato genotypes in response 
to O. neolycopersici infection using cDNA-AFLP 
method (Li etal., 2006 & 2007). Among the identified 
TDFs (Transcript Derived Fragments), eight 
hundreds and eighty seven TDFs were differentially 
expressed TDFs (DE-TDFs) upon O. neolycopersici 
challenge. By annotating the sequenced DE-TDFs, 
the corresponding transcripts were classified to be 
involved in plant defense, signal transduction, 

http://www.sciencepub.net/life             lifesciencej@gmail.com  652

mailto:lichengweiwau@hotmail.com
http://www.lifesciencesite.com/


Life Science Journal, 2011;8(2)                                                                http://www.lifesciencesite.com 
 

http://www.sciencepub.net/life             lifesciencej@gmail.com  653

regulation, protein synthesis and degradation, energy 
metabolism, etc ( Li etal., 2006).  

For further functional characterization of 
important DE-TDFs, a technology VIGS is exploited. 
VIGS is a widely used, powerful technique for 
reverse genetics with methodological simplicity, 
robustness, and speedy results. Many silencing 
vectors have been derived from viruses recently. 
Vectors derived from the Tobacco rattle virus (TRV) 
are among the most popular viruses for VIGS, 
because it is able to spread more vigorously 
throughout the entire plant, including meristem tissue, 
causing mild symptoms of infection compared with 
other viruses. The improved TRV VIGS vector 
allows the insertion of gene silencing fragments by 
ligation-independent cloning (LIC). The vector has 
several advantages over previous vectors, particularly 
for large-scale gene function analysis, since TRV-
LIC vectors containing the desired insert are obtained 
with 100% efficiency (Dong etal., 2007).  

We generated a collection of silencing 
vectors in this TRV-LIC background based on gene 
expression pattern and annotation information of the 
tomato DE-TDFs. Silencing a DE-TDF among them, 
which is annotated to putative NADP-malic enzyme, 
led to the compromise of Ol-1 mediated resistance to 
O. neolycopersici in S. habrochaites G1.1560. 
Microscopic observation demonstrated the influence 
of silencing the putative NADP-malic gene on 
hypersensitive response (HR) and H2O2 
accumulation in tomato against O. neolycopersici. 

 
2. Material and Methods  
2.1 Plant materials  

Different tomato cultivars and species 
including S. lycopersicum Mill [cvs. Moneymaker 
(MM), Micro-Tom, Zaofen, Fenguo and Zhongza 
series], and wide type S. habrochaites G1.1560 were 
used in this study. 
2.2 Tomato powdery mildew fungi 

The Shangqiu isolate of powdery mildew 
fungus from tomato plants in Henan Province of 
China, which was identified as O. neolycopersici 
based on morphological, histological and molecular 
characteristics, was used as the pathogen. 
2.3 Pathogen preservation and inoculation 

The O. neolycopersici was successfully 
preserved on tomato plants in climate cell under the 
condition (20±3℃with 70±5% humidity and a 16h 
photoperiod). The fresh conidia were collected from 
infected plant leaves with sterile water. Four-week 
plants were used for inoculation by spraying a spore 
suspension of 5 × 104 conidia/ml on the whole plants 
for the histological study. 
2.4 RNA extraction and cloning of target tomato 
DE-TDF 

Total RNA was extracted from leaves of 
wide type G1.1560 using RNAiso Reagent (TaKaRa). 
First-strand cDNA was synthesized using 1 ug of 
total RNA and M-MLV RTase cDNA Synthesis kit 
(TaKaRa) according to the manufacturer’s protocol. 
The target DE-TDF was amplified with primers: 5’-
CGACGACAAGACCCT-gaggcgtgtcaaaaat-3’ and 
5’-GAGGAGAAGAGCCCT-gctgtcccctgtatatc-3’ by 
RT-PCR（The capital letters stand for the adapter 
sequence of ligation-independent cloning TRV vector, 
the lowercase letters stand for the ShME1 gene 
specific sequence）. 
2.5 Vector construction 

RT-PCR products were cloned into TRV2-
LIC vector (pYY13). The recombinant TRV2-LIC-
ShME1 vector carrying target sequence was 
constructed by the protocol as describe by (Dong etal., 
2007).   
2.6 VIGS agroinfiltration 

After successful construction, VIGS TRV1 
and TRV2-LIC-ShME1 were introduced into 
Agrobacterium tumefaciens strain GV3101 by heat 
shock. 5mL overnight cultures were grown at 28℃ in 
the appropriate antibiotic selection medium in 15mL 
glass tube for one day, then cultures were spun down 
and cells were re-suspended in infiltration medium 
(10 mM MES, 10 mM MgCl2, 200µM 
acetosyringone), adjusted to OD600 of 1, and 
incubated at room temperature for 3 h. 
Agroinfiltration was performed as previously 
reported (Liu etal., 2002). We infiltrated the first and 
second leaves of four-leaf stage plants with a 1:1 
mixture of TRV1 and TRV2-LIC-ShME1 fragment 
for the clone. The empty vector TRV2-LIC was as 
control. After 10 days post inoculation (dpi), the 
plants were inoculated with O. neolycopersici. Ten 
plants were inoculated per trial and three trials were 
done.  
2.7 Semi-quantitative RT-PCR analysis  

The degree of silencing of the target gene 
monitored by semi-quantitative RT-PCR using gene 
specific primers 5’-CTATTGTCTACACTCCAAC-
TGTCG-3’ and 5’-ATGCAATAAGCCCTGC-
AAGT-3’. Tomato Actin gene (GenBank U60480) 
was as internal control, which was amplified with 
primers 5’-CCCAAAGGCTAATCGTGAAA-3’ and 
5’ -GCAGCTTCCATTCCAATCAT-3’. 
2.8 H2O2 accumulation and Microscopic analysis 

For detecting H2O2 accumulation, the 
infected leaflets were immersed in the DAB solution 
(1mg/mL pH3.8) for 8-12 hours till DAB stain can be 
seen at the vein of leaflet top. Then DAB stained 
leaflets were fixed and stained with trypan blue as 
described by Huang and associates (1998). Samples 
were observed under differential-interference contrast 
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microscope (Carl Zeiss, Germany), while pictures 
were taken by using a Color Video Camera with 
image analyzing software (ImageProPlus 4.1, Media 
Cybernetics, L.P.).  

 
3. Results  
3.1 Identification of tomato cultivars resistance to 
O. neolycopersici Shangqiu isolate 

Shangqiu isolate of O. neolycopersici from 
tomato plants in Henan Province of China was 
identified for the first time (Li etal., 2008). Different 
tomato cultivars and species including S. 
lycopersicum Mill (cvs. MM, Micro-Tom, Zaofen, 
Fenguo, and Zhongza series), S. habrochaites 
G1.1560 were inoculated with a conidial suspension 
of the Shangqiu isolate of O. neolycopersici with a 
concentration of 5 × 104 conidia/ml for disease test. 
Susceptible symptoms developed on all S. 
lycopersicum cultivars which developed symptoms of 
powdery mildew as early as 4 days after inoculation, 
while S. habrochaites G1.1560 (carrying Ol-1) 
displayed high resistance to the Shangqiu isolate of O. 
neolycopersici (Figure 1), thirty plants were tested 
and all of them were free of fungal colonies 14 dpi. 
In this paper, S. habrochaites G1.1560 and MM were 
chosen as the resistant and susceptible tomato plants 
for the following experiments, respectively.  Control TRV2-LIC-ShME1

 
Figure 1. Phenotypes of resistant plant G1.1560 and 
susceptible plant MM inoculated with O. 
neolycopersici Shangqiu isolate 
 
3.2 In silico cloning and annotation of a candidate 
DE-TDF 

A DE-TDF was sequenced and annotated 
in SGN (Solanaceae Genomics Network), obtained 
full-length sequence of the gene (named ShME1) 
showed 99% similarity to a unigene (SGN-U577798), 
which was annotated to a putative cytosolic NADP-
malic enzyme. Based on the location information of 
the unigene on tomato genome through in silico 
analysis in SGN, the putative NADP-malic enzyme 
gene was located on chromosome 5. 
3.3 At macroscopic observation, silencing ShME1 
can compromise Ol-1 mediated resistance against 
O. neolycopersici 

ShME1 was silenced in S. habrochaites 
G1.1560 plants by using VIGS, which are wild type 
tomato carrying Ol-1 gene. Ten days after the VIGS 
infiltration, the silenced resistant plants were 
inoculated with O. neolycopersici. Obvious fungal 
colonies were observed on leaflets of all silenced 
resistant plants 7 dpi, while no fungal colonies were 
found on the control empty vector-treated resistant 
plants (Figure 2). The results showed that silenced 
G1.1560 plants showed susceptibility to O. 
neolycopersici compared to the high resistance in 
non-silenced G1.1560 plants. It indicated that 
silencing NADP-malic enzyme gene can 
macroscopically compromise Ol-1 mediated 
resistance response against O. neolycopersici. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The susceptible phenotype of ShME1 
silenced resistant plant leaflet to O. neolycopersici 

 
The ShME1 silenced resistant plant through 

VIGS method (right); control resistant plant (left).  
 
3.4 At microscopic observation, silencing ShME1 
resulted in slow HR induced by O. neolycopersici 

Further microscopic analysis was 
conducted to check how silenced ShME1 in resistant 
plants affected tomato responses to O. neolycopersici 
and finally influenced the fungal growth. The hypha 
grew long enough to form plenty of conidiophores 
with conidia on the ShME1 silenced resistant plants, 
resulting in successful fungal sporulation (Figure 3A). 
The haustoria in the live cells were in good shape 
suggesting with normal function, which promised the 
fungal growth and conidiophore formation.   
Microscopic analysis also showed that non-silenced 
G1.1560 displayed a fast HR, in which the tomato 
cell intruded by primary haustoria of O. 
neolycopersici became dead quickly, accompanying 
with H2O2 accumulation in response to O. 
neolycopersici (Figure 3B), while ShME1 silenced 
resistant plants showed a slow HR, tomato cell 
intruded by fungal primary haustoria kept alive and 
cell death happened in tomato cells intruded by 
secondary haustoria (Figure 3C).  
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The micrograph of conidiophore of O. 
neolycopersici in silenced plant G1.1560 (Figure 3A), 
epidermal cells in which primary haustoria formed 
became necrotic in non-silenced resistant plant 
(Figure 3B), epidermal cell in which secondary 
haustoria formed became necrotic, indicating HR and 
H2O2 accumulation in ShME1 silenced resistant plant 
(Figure 3C). The bars equal 50 μm. 
 

 
 
Figure 3. Microscopic observation of O. 
neolycopersici in resistant plant G1.1560.   

 
3.5 RT-PCR confirmation of VIGS effect 

Semi-quantitative RT-PCR was conducted 
to determine whether the target gene was silenced, 
Actin was used as an internal standard (Figure 4). It 
was estimated that the ShME1 transcript level was 
more than 60% reduction in the silenced plants 
compared to the control plants, suggesting that VIGS 
of the ShME1 was successful. 

 
 

 
 
 

 
gure 4. semi-quantitative RT-PCR analysis of 

hME1 VIGS effect  
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4. Discussion 

NADP-ME has multiple functions in plants 
through reducing NADP to NADPH. NADPH-
consuming steps were reported
plant defense reactions
biosynthesis ( Beggs and Wellman, 1994), in the 
reductase activity of a disease resistance gene ( Johal 
and Briggs, 1992), and in defense-related deposition 
of lignin ( Whetten and Sederoff, 1995), in which 

processes the reductive power could be supplied 
through NADP-ME. In this paper, we demonstrated 
that silencing of the NADP-ME gene ShME1 in 
resistant tomato plants carrying Ol-1 gene resulted in 
the loss of resistance. It indicated that NADP-ME is a 
key gene in the Ol-1 mediated disease resistance 
response of tomato against O. neolycopersici. It 
implied that NADPH production catalyzed by 
NADP-ME may play an important role in tomato 
resistance to O. neolycopersici. 

During pathogen attacks, reactive oxygen 
species (ROS) including H2O2 are often produced to 
defend pathogens (Sutherland, 1991), the electron 
donor for activation of oxygen to form ROS is 
NADPH, NADP-ME is invol

 NADPH, therefore NADP-ME could 
contribute to provide the reducing power for 
synthesis of ROS (Minard and McAlister-Henn 2001; 
Møller, 2001). Previous studies showed that Ol-1 
mediated resistance to O. neolycopersici was 
associated with HR, in which a high frequency of 
necrosis of epidermal cells accompanying with H2O2 
accumulation induced by the fungal haustoria was 
microscopically observed (Bai etal., 2005). The cell 
necrosis together with H2O2 accumulation is the 
main mechanism to prevent the fungal sporulation in 
resistant G1.1560 plants. In this paper, compared to 
non-silenced resistant G1.1560 plants displaying fast 
HR, the ShME1 silenced GI.1560 showed slow HR 
resulted in the loss of O. neolycopersici resistance. 
The point further supports our previous findings that 
transcriptomic differences between compatible and 
incompatible interactions of tomato and O. 
neolycopersici are mainly in timing (Li etal., 2006). It 
also indicated that the expression level of ShME1 
gene affected the level of O. neolycopersici induced 
cell necrosis and H2O2 accumulation in tomato, 
implying that NADP-ME could play a role in tomato 
and O. neolycopersici interaction through adjusting 
the level of cell necrosis and H2O2 accumulation.  

In conclusion, our findings suggest that the 
putative tomato NADP-malic enzyme gene from 
G1.1560 tomato could be a key gene of Ol-1 
mediated tomato resistance to O. neolycopersici 
being involved in HR forming and H2 2

tion. However, more evidence is needed to 
clarify the mechanism. 

 
Acknowledgements 

This research was supported by National 
Natural Science Foundation of China projects (Grant 
No. 31071807, 306004

o. 200
Ministry of Educatio

ors thank Professor David Baulcombe and 
Professor Liu Yule for kindly providing the VIGS 



Life Science Journal, 2011;8(2)                                                                http://www.lifesciencesite.com 
 

http://www.sciencepub.net/life             lifesciencej@gmail.com  656

vectors, Dr Bai Yuling for kindly providing seeds of 
wild type tomato. 

 
Corresponding Author: 
Dr. Cheng-wei Li 
College of Agronomy  
Henan Agricultural University 
63 Nongy  Road, Zhengzhou, 450002, Henan 

wau@hotmail.com

e
Province, China. 
E-mail: lichengwei  

78010 

lst R, Meijer-
indhout P. QTLs fo

mildew resistance (Oidium 
lycopersici) in Lycopersicon parviflorum 

ocalize with two qualitative 

-2. Mo

menduni M, Ambrico A, Cirulli 

Tong L. Structure and function of 

cytosolic NADP-malic 

rch-Smith TM, Liu YL , 

1 and -2

ypersensitive responses. 

mato 

YS, Wang L, 

ic- and polygenic 

ew. Mol Plant 

gene Ol-1 on 

ronmental stresses; 

02; 30(4): 415-

Telephone: +86-394-81
Fax:+86-394-8178099 
 
References  
1. Bai Y, Huang CC, van der Hu

Dekens F, Bonnema G.L r 1
tomato powdery 

G1.1601 co-l
powdery mildew resistance genes. Mol Plant 
Microbe Interact. 2003; 16(2): 169-76.  

2. Bai Y, van der Hulst R, Bonnema G, Marcel TC, 
Meijer-Dekens F, Niks R, Lindhout P. Tomato 
defense to Oidium neolycopersici: Dominant Ol 
genes confer isolate-dependent resistance via a 
different mechanism than recessive ol l M
Plant Microbe Interact. 2005; 18(4): 354-62. 

3. Beggs J, Wellman E. Photocontrol of flavonoid 
biosynthesis. In: Kendrik RE, Kronberg GHM 
ed. Photomorphogenesis in Plants. Kluwer 
Academic Publishers, Dordrecht, Netherlands. 
1994: 733-51. 

4.  Casati P, Drincovich MF, Edwards GE, Andreo 
CS. Malate metabolism by NADP-malic 
enzyme in plant defense. Photosynth Res. 1999; 
61: 99-105. 

5. Ciccarese F, A
M. The resistance to Oidium lycoeprsici 
conferred by ol-2 gene in tomato. Acta Physiol 
Plant. 2000; 22(3): 266. 

6. Chang GG, 
malic enzymes, a new class of oxidative 
decarboxylases. Biochemistry. 2003; 42(44): 
12721-33.  

7. Cheng YX, Long M. A 
enzyme gene from rice ( Oryza sativa L.) 
confers salt tolerance in transgenic Arabidopsis. 
Biotechnol Lett. 2007; 29(7): 1129-34. 

8. Dong YY, Bu
Mamillapalli P, Dinesh-Kumar SP. A ligation-
independent cloning tobacco rattle virus vector 
for high-throughput virus-induced gene 
silencing identifies roles for NBMADS4-  20
in floral development. Plant Physiol. 2007; 
145(4): 1161-70. 

9. Huang C C, Groot T, Meijer-Dekens F, Niks RE, 
Lindhout P. The resistance to powdery mildew 
(Oidium lycopersici) in Lycopersicon species is 
mainly associated with h
Eur J Plant Pathol. 1998; 104(4): 399-407. 

10. Johal GS, Briggs SP. Reductase activity 
encoded by the HM1 disease gene in maize. 
Science. 1992; 258(5084): 985-7. 

11. Jones H, Whipps JM, Guu SJ. The to
powdery mildew fungus Oidium neolycopersici. 
Mol Plant Pathol. 2001; 2(6): 303-9. 

12. Li CW, Pei DL, Wang WJ, Ma 
Wang F. First report of powdery mildew caused 
by Oidium neolycopersici on tomato in China. 
Plant Dis. 2008; 92 (9): 1370. 

3. Li CW, Bai YL, Jacobsen E, Visser R, Lindhout 
P, Bonnema G. Tomato defense to the powdery 
mildew fungus: differences in expression of 
genes in susceptible, monogen
resistance responses are mainly in timing. Plant 
Mol Bio. 2006; 62(1-2): 127-40. 

14. Li CW, Bonnema G, Che D, Dong L, Lindhout 
P, Visser R, Bai Y. Biochemical and molecular 
mechanisms involved in monogenic resistance 
responses to tomato powdery mild

icrobe In. 2007; 20(9): 1161-72. 
15. Lindhout P, Pet G, van der Beek H. Screening 

wild Lycopersicon species for resistance to 
powdery mildew (Oidium lycopersicum). 
Euphytica. 1994a; 72: 43-9. 

16. Lindhout P, van der Beek H, Pet G. Wild 
Lycopersicon species as sources for resistance to 
powdery mildew (Oidium lycopersicum): 
Mapping of resistance 
chromosome 6 of Lycopersicon hirsutum. Acta 
Hortic. 1994b; 376: 387-94. 

17. Liu SK, Cheng YX, Zhang XX, Guan QJ, 
Nishiuchi S, Hase K, Takano T. Expression of 
an NADP-malic enzyme gene in rice (Oryza 
sativa. L) is induced by envi
over-expression of the gene in Arabidopsis 
confers salt and osmotic stress tolerance. Plant 
Mol Biol. 2007; 64(1-2): 49-58. 

18. Liu YL, Schiff M, Marathe R, Dinesh-Kumar 
SP. Tobacco Rar1, EDS1 and NPR1/NIM1 like 
genes are required for N-mediated resistance to 
tobacco mosaic virus. Plant J. 20
29. 

19. Minard KI, McAlister-Henn L. Antioxidant 
function of cytosolic sources of NADPH in 
yeast. Free Radic Biol Med. 2001; 31(6): 832-
43. 

. Møller IM. Plant mitochondria and oxidative 
stress: electron transport, NADPH turnover, and 
metabolism of reactive oxygen species. Annu 



Life Science Journal, 2011;8(2)                                                                http://www.lifesciencesite.com 
 

http://www.sciencepub.net/life             lifesciencej@gmail.com  657

Rev Plant Physiol Plant Mol Biol. 2001; 52: 
561-91. 

21. Pinto M, Casati P, Hsu T-P, Ku MSB, Edwards 
GE. Effects of ultraviolet-B light on growth, 
photosynthesis, flavonoids and NADP-Malic 

lic enzyme gene promoter in transgenic 

gen 

. 

off R. Lignin biosynthesis. 

/5/2011 

enzyme in bean (Phaseolus vulgaris L.) grown 
under different nitrogen conditions. J 
Photochem Photobiol B Biol. 1999; 48(2-3): 
200-9. 

22. Schaaf J, Walter MH, Hess D. Primary 
metabolism in plant defense (Regulation of a 
bean ma

tobacco by developmental and environmental 
cues). Plant Physiol. 1995; 108(3): 949-60. 

23. Sutherland MW. The generation of oxy

 
 

radicals during host plant responses to infection. 
Physiol Mol Plant Pathol. 1991; 39(1): 79-93. 

24. Walter MH, Grima-Pettenati J, Feuillet C
Characterization of a bean (Phaseolus vulgaris 
L.) malic enzyme gene. Eur J Biochem. 1994; 
224(3): 999-1009. 

25. Whetten R, Seder
Plant Cell. 1995; 7(7): 1001-13. 

 

3


