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INTRODUCTION

Pathogen attacks are a continual threat to the sur-
vival of plants.  Once pathogen invaded, plants induce 
various defense–related gene expressions in a time win-
dow between a few minutes to several hours, and they 
are therefore able to defend themselves against a wide 
variety of pathogens.  The plant defense response is acti-
vated when a plant resistance gene product recognizes, 
directly or indirectly, a specific elicitor encoded by path-
ogen avirulence genes (Nimchuck et al., 2003).  The 
specific recognition, referred to as gene–for–gene dis-
ease resistance (Flor, 1971), requires the presence of 
resistance (R) and avirulence (Avr) genes in the host 
and pathogen, respectively, and often leads to the acti-
vation of a defense response that is accompanied by a 
hypersensitive response (HR), a form of programmed cell 
death, at the site of infection (Hammond–Kosack et al., 
2003; Kunkel et al., 2002).

The local HR proceeds by rapid calcium and ion 
fluxes, an extracellular oxidative burst, and accumula-
tion of salicylic acid.  These events activate a signal trans-
duction pathway that leads to the induction of kinase 
cascades (Kunkel et al., 2002).  This early response is 
followed by a later response that includes cell wall 
strengthening, production of antimicrobial compounds, 
such as phytoalexines and synthesis of pathogenesis–
related proteins.  In addition, jasmonic acid, ethylene, 
and nitric oxide have been implicated as signaling mole-
cules that mediate plant defense responses (Nimchuck 
et al., 2003).  The final result of these events is a halt in 

pathogen growth and an acquisition of immunity to sub-
sequent attacks by a broad range of pathogens, known 
as systemic acquired resistance (Dempsey et al., 1999).  
Although a vast amount of sequence information of R 
genes as well as chemical signals for a signal transduction 
have accumulated for diverse plant species, a detailed 
network of R gene mediated resistance remained unclear.

Nicotiana glutinosa is a diploid tobacco plant and 
displays TMV–resistance mediated by N–gene (Culver et 
al., 1991).  The N–gene is a member of R genes and con-
fers resistance to the viral pathogen TMV (Whitham et 
al., 1994).  That is, TMV–infection at 25 °C causes hyper-
sensitive cell death in leaves.  In contrast, when N. gluti-
nosa infected with TMV was kept at 35 °C, no local 
lesions were formed on the leaves, but systemic infec-
tion occurred (Samuel, 1931).  These observations led 
us to the expectation that comparison of the gene expres-
sion in response to TMV–infection at 25 °C with that at 
35 °C would provide a clue to understand the N–gene 
mediated TMV–resistance of N. glutinosa.  In the present 
study, we analyzed the gene expression in TMV–
inoculated N. glutinosa leaves using fluorescent differ-
ential display (FDD) followed by reverse transcription 
(RT)–PCR.  In this paper, we described identification 
and sequence analysis of the N. glutinosa genes induced 
upon TMV–infection at 25 °C in TMV–resistance. 

MATERIALS AND METHODS

Plant material
The plants (N. glutinosa) were germinated and 

grown in a temperature–controlled green house at 25 °C 
under natural light.  Eight–week–old plants were placed 
in growth cabinets at 25 °C or 35 °C under a 16/8 h light/
dark cycle before infected with TMV.  After 3 days, 
mature leaves were detached, inoculated with or without 
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TMV (10 µg/ml) in phosphate buffer (pH 7.0) using car-
borundum (600 mesh) as an abrasive, and incubated at 
25 °C or 35 °C.  After 6 h, leaves were frozen in liquid 
nitrogen immediately and stored at –80 °C until extrac-
tion of RNA.

FDD analysis
Total RNA was extracted from the N. glutinosa 

leaves by the method of (Shirzadegan et al., 1991).  A 
nonradioactive differential display method was carried 
out according to the manufacturer’s instructions for 
Fluorescence Differential Display kit (TaKaRa BIO) with 
a minor modifications.  Genomic DNA was removed by 
treatment with RNase–free DNase I (TaKaRa BIO).  
Total RNA isolated from healthy or TMV–infected leaves 
was reverse transcribed in a 20 µL reaction mixture with 
Avian myeloblastosis virus (AMV) reverse transcriptse 
(TaKaRa BIO) and a subset of specific oligo (dT) prim-
ers (T13~16 MM, where M=A,C,G).  Amplification of cDNA 
fragments was done in 20 µL reaction mixture consisting 
of 2 µL of the reverse transcribed cDNA, 0.5 µM arbi-
trary primer, 0.25 µM anchored oligo (dT)–primers, 
0.1 mM of each dNTP, 1×LA PCR Buffer, 1 mM MgCl2, 
0.025 U LA TaqTM polymerase (TaKaRa BIO).  The first 
cycle was done at 94 °C for 2 min, 40 °C for 5 min, and 
72 °C for 5 min, the subsequent 34 cycles were at 94 °C 
for 30 sec, 38 °C for 2 min, and 72 °C for 1 min, and the 
final extension was at 72 °C for 5 min.  The amplified 
cDNAs were separated on 4% polyacrylamide gel con-
taining 7 M urea.  Fluoroimages were scanned with a 
molecular imager FX (BIO–RAD).  The differentially 
expressed cDNA fragments were excised from the gel 
and purified.  DNA was re–amplified by PCR using the 
same set of primers for 40 cycles, as described above.

Nucleotide sequencing 
The nucleotide sequences of cDNA fragments ligated 

into pGEM–T vector (Promega) were determined using 
a thermo sequenase fluorescent labeled primer cycle 
sequencing kit containing 7–deaza–dGTP (Amersham 
Pharmacia Biotech) and a DNA sequencer DSQ–1000 
(Shimadzu).  DDBJ, EMBL, GeneBank databases were 
searched using the BLAST algorithm (BLASTN, BLASTX, 
and PSI–BLAST)(Altschul et al., 1990; Altschul et al., 
1997).  Sequence alignments were made with the pro-
gram CLUSTAL W (Thompson et al., 1994).

RT–PCR analysis 
Total RNA was extracted using RNeasy Plant Mini 

kit (QIAGEN) from the TMV–infected N. glutinosa leaves 
at 25 °C or 35 °C.  The first strand cDNA was synthesized 
using 1 µg of total RNA, oligo d(T) primer and AMV 
reverse transcriptase (TaKaRa BIO).  Semi–quantitative 
RT–PCR was done, as described in Burton et al. (2000), 
and the amplified DNA fragments were analyzed on 1.5% 
agarose gels. 

Sequencing of full–length cDNA clones 
The amplification of the 5’ ends of cDNA was done 

using a 5’–Full RACE Core Set (TaKaRa BIO) according 

to the manufacturer’s instructions.  In brief, total RNA 
(1 µg) was isolated from the N. glutinosa leaves 6 h after 
TMV–infection at 25 °C or 35 °C.  The first strand cDNA 
was synthesized by RT using 5’–phosphorylated primers, 
5’–TCCTAATCCTACA–3’ and 5’–ATACACTTCACT–3’, 
specific to Ng1851 and Ng0881, respectively.  The full 
length cDNAs of Ng1851 and Ng0881 were amplified by 
PCR using gene specific primers (Ng1851 forward prim-
er; 5’–AAGTGCTCCAATTGCATTCA–3’, Ng1851 reverse 
primer; 5’–GAGCTGAGGATTGTGAAGAG–3’, Ng0881 
forward primer; 5’–GTAAATAAGGCTACATGTTT–3’, 
Ng0881 reverse primer; 5’–ACACCG 
CATTTGTTTCCAAG–3’).  To enrich the 5’–RACE prod-
ucts, the first PCR products was re–amplified using nest-
ed primers (Ng1851 forward primer; 
5’–TCTGTGAAGGGTGTCAGATC–3’, Ng1851 reverse 
primer; 5’–GCAGGGACCAATTAAGGCGT–3’, Ng0881 
forward primer; 5’–TCTCATTACTTGCTGGAGCC–3’, 
Ng0881 reverse primer; 5’–TCAGAGC 
ATTTTCTATTAAA–3’).  The amplified products were 
purified using GENECLEAN II (Funakoshi) and 
sequenced, as described above. 

Nomenclature 
The N. glutinosa cDNAs are denoted using the 

5’–primer’s numbers given first, followed by the 3’–oligo 
(dT) primer’s numbers, and the number to discriminate 
the cDNA fragments amplified by the same combination 
of primer set (e.g., the single cDNA amplified by the 
5’–primer No. 14 and the 3’–oligo (dT) primer No. 3 is 
referred to as Ng1431, and double cDNA fragments 
amplified by the 5’–primer No. 11 and the 3’–oligo (dT) 
primer No. 8 are referred to as Ng1181 and Ng1182).  
The genes for cDNAs Ng1431 and Ng1181 are designat-
ed as ng1431 and ng1181, and their translational prod-
ucts are referred to as Ng1431p and Ng1181p, respec-
tively. 

RESULTS AND DISCUSSION

FDD of cDNAs induced upon TMV–infection at 25°C
It is known that TMV–resistance exhibited by N. glu-

tinosa is temperature sensitive, occurring only at tem-
peratures below 28 °C.  At temperatures above 28 °C, HR 
is suppresses and TMV spreads systemically (Samuel et 
al., 1931).  On the expectation that the genes induced in 
response to TMV–infection at 25 °C but not at 35 °C 
would be implicated in TMV–resistance, we first carried 
out FDD of mRNAs between the leaves treated at 25 °C 
and those at 35 °C using twenty–four 5’–arbitrary prim-
ers and nine 3’–oligo (dT) primers.  Since the TMV–
infection onto the N. glutinosa leaves was preceded by 
wounded treatment, the FDD analysis was additionally 
done for mRNAs derived from wounded leaves at 25°C 
and 35°C as a control.  Each of the 5’–primers was paired 
with one of the nine 3’–oligo (dT) primers, that is, 216 
combinations of PCR primer sets were used to amplify 
cDNAs.  In this analysis, about a half of the combinations 
produced cDNA fragments.  Among the cDNA frag-
ments, we obtained 17 cDNA fragments, which were dif-
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ferentially displayed between the leaves TMV–infected 
at 25 °C and 35 °C.  Fig. 1 shows a representative result 
of the differential display analysis, where the cDNA frag-
ment was amplified using the 5’–primer No. 8 and the 
3’–oligo (dT) primer No. 8. 

Seventeen cDNA bands of differentially expressed 
mRNA were excised from the gels and re–amplified by 
PCR using a corresponding set of primers.  The resulting 
cDNA fragments were cloned into a pGEM–T vector and 
their nucleotides were sequenced.  A homology search 
revealed that the nucleotide sequences of 6 cDNA frag-
ments had similarity to those of known genes in plants, 
such as N. tabacum and A. thaliana.  They include the 
genes encoding elicitor inducible protein, elicitor respon-
sive protein, cell wall–plasma membrane linker protein, 
GTP cyclohydrolase II, NADH dehydrogenase and metal-
lothionein–like protein type 2, as given in Table 1.  In 
addition, the nucleotide sequence of eight cDNAs showed 
similarity to those of genes encoding putative or hypo-
thetical proteins, as presented in Table 1.  In contrast, 
three cDNA sequences had no similarity to other known 
genes and known domain structures in databases, as 
given in Table 1.  The result suggested that 17 possible 
translational products may be candidate proteins involved 
in formation of HR, and thereby function as defensive 
proteins toward TMV–infection. 

RT–PCR analysis
To corroborate the result obtained by the FDD anal-

ysis, RT–PCR was done for 17 genes using individual 
specific primers.  For this purpose, total RNA was isolat-
ed from the N. glutinosa leaves 6 h after TMV–infection 
or mock–infection at 25 °C and 35 °C, and RT–PCR was 
done as described under Material and Methods (Fig. 2).  
Transcripts of the genes ng0881 and ng1851 encoding a 
WD repeat protein and an auxin–inducible protein were 
significantly induced only upon TMV–infection at 25 °C 
but not upon TMV–infection at 35 °C and mock–infec-
tions.  In addition, a slight inducible expression in 
response to TMV–infection at 25 °C was observed for 
genes ng1191, ng1181, ng0752, and ng1171.  These 
results demonstrate the inducible expression of 6 genes 
in response to TMV–infection at 25 °C (Table 1).  In con-
trast, little induction upon TMV–infection at 25 °C was 

Fig. 1. Differential Display of cDNA Fragments from the TMV–
infected N. glutinosa Leaves. 

  Total RNA was extracted from the N. glutinosa leaves 6 h 
after TMV–infection (T) or mock–infection (W) at 25 °C 
(25) and 35 °C (35).  The PCR reactions were done on two 
different dilutions of each cDNA sample to minimize 
artifacts.  An arrow indicates the position of the cDNA 
fragments that were recovered from the gel and further 
analyzed.

Table 1. cDNA Induced in Response to TMV Infection at 25 °C

Ng0681
Ng0751
Ng0752
Ng0753

Ng0754
Ng0881
Ng1171
Ng1181
Ng1182

Ng1191
Ng1192
Ng1431
Ng1851
Ng1852
Ng1771
Ng1772
Ng1891

No hits found
Putative steroid membrane binding protein
Elicitor inducible protein
Putative serine–threonine kinase
    receptor–associated protein
Elicitor resposible protein
Putative WD–40 repeat protein
No hits found
Unknown protein (At4g35840)
Similarity to cell wall–plasma
    membrane linker protein
GTP cyclohydrolase II
NADH dehydrogenase (Ubiquinone)
No hits found
Putative auxin–regulated protein
Putative zinc finger protein
Putative ubiquitin–conjugating enzyme
Metallothionein–like protein type 2
Hypothetical protein At2g35880

AC078840
AB040410
AP005008

AB040409
AP003623

AK118593
AP001306

AF403706
M63034

AC137608
AE005172
AC092697
U46543
AC007017

66
96
64

92
81

31
27

58
96

68
84
87
94
44

262
705
550
423

417
296
413
444
333

491
463
299
315
304
493
487
548

Oryza sativa
Nicotiana tabacum
Oryza sativa

Nicotiana tabacum
Oryza sativa

Arabidopsis thaliana
Arabidopsis thaliana

Malus domestica (Apple)
Oenothera bertiana

Oryza sativa
Arabidopsis thaliana
Oryza sativa
Nicotiana glutinosa
Arabidopsis thaliana

cDNA Homologue Accession No. Identity (%) Length (bp)Specie
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observed for other remaining genes by the RT–PCR anal-
ysis: the genes ng1431 and ng0753 were induced in 
response to both wounding and TMV–infection at 25 °C, 
ng0681 and ng1191 were induced upon TMV–infection 
both at 25 °C and 35 °C, and the other 7 genes seemed 
to be constitutively induced in response to wounding 
and TMV–infection at 25 °C and 35 °C (Table 1).  The 
discrepancy of the results obtained by FDD and RT–PCR 
may be attributed to a technical difference.  A specific 
primer set was used in RT–PCR, whereas arbitrary prim-
ers were used in the FDD analysis.  It is thus assumed 
that amplification by RT–PCR seems to produce more 
specific cDNA fragments than that by FDD.  It is likely 
that the expression of 6 genes seems to be induced upon 
TMV–infection at 25 °C, and in particular, two genes 
ng0881 and ng1851 are significantly induced in 
response to TMV–infection at 25 °C.  It is thus suggested 
that the possible translational products, WD repeat pro-
tein and auxin–inducible protein, of the two genes are 
involved in TMV–resistance.

Full–length cDNA
The cDNA fragments obtained by the FDD analysis 

were cDNA fragments located in the 3’–terminal regions 
of the respective cDNAs.  Hence, to gain more informa-
tion of the two genes, we amplified the 5’–terminal 
regions of the two cDNAs by the 5’ RACE method using 
a 5’–Full RACE Core Set, as described under Materials 
and Methods.  Sequence analysis of the amplified cDNA 
fragments gave the complete nucleotide sequences of 
the cDNAs, Ng0881 and Ng1851.  The nucleotide 
sequence data for Ng0881 and Ng1851 appear in the 
DDBJ, EMBL, and GenBank nucleotide sequence data 
bases under accession Nos. AB233412 and AB233413, 
respectively.

The Ng0881 and Ng1851 cDNAs have 1364 and 
1956 nucleotides with open reading frames of 1008 and 
1731 nucleotides, respectively.  Their putative transla-
tional products, Ng0881p and Ng1851p, are composed of 
336 and 577 amino acid residues with Mr of 36,700 and 
64,593, respectively.  Gly (8.9%), Ser (8.6%), and Val 
(8.6%) are the most abundant amino acids in Ng0881p, 
while Leu (9.5%) and Val (8.3%) are in Ng1851p.  In 
addition, Ng0881p contains relatively a large amount of 
Trp (2.4%), while Ng1851p has of Tyr (3.5%).  A hydrop-
athy profile generated from the deduced amino acid 
sequence reveal a general hydrophilic structure of 

Fig. 2. RT–PCR of RNAs Isolated from the TMV–infected N. 
glutinosa Leaves. 

  Total RNA was extracted from the N. glutinosa leaves 6 h 
after TMV–infection (T) or mock–infection (W) at 25 °C 
(25) and 35 °C (35), as described under Materials and 
Methods.  Then, RT–PCR was done using specific primers 
for individual cDNA fragments.  The amplification of cDNA 
encoding actin shown at the bottom was done to serve as a 
control.

Fig. 3. Hydropathy Profiles Based on the Deduced Amino Acid 
Sequences of Ng0881p (A) and Ng1851p (B).

  Hydropathy profiles were drawn using the algorithm of the 
Kyte and Doolittle (Kyte et al., 1982).  The hydropathic 
index is the mean value of 11 successive residues. 
Hydrophobic domains are indicated by a positive index and 
hydrophilic ones by a negative index. 
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Ng0881p, with the exception of the N–terminal region 
where three hydrophobic segments are predicted, sug-
gesting that the N–terminal sequence may function as a 
leader peptide signal (Fig. 3).  In contrast, Ng1851p is 
predicted to be folded into two domains, N– and 
C–domains; the N–terminal one–third has a hydrophilic 
structure, while the C–terminal two–thirds is predicted 
to be hydrophobic structure, as shown in Fig. 3. 

The deduced amino acid sequences of the putative 
translational products Ng0881p and Ng1851p were com-
pared with those of other known proteins included in 
databases, and the amino acid sequences are aligned 
with those of their individual homologous proteins for 
maximum similarity with the CLUSTAL W program 
(Thompson et al., 1994), as shown in Fig. 4.  This com-
parison showed that Ng0881p is closely related to a WD 

Fig. 4. Sequence Comparison of Homologous Proteins.
  A, The deduced amino acid sequences of Ng0881p is aligned with those of homologous proteins from O. sativa (japonica cultivar–

group) (Q69X61), A. thaliana (Q9LW17), Brachydanio rerio (Q7ZW92), Carassius auratus gibelio (Q98U02), Xenopus laevis 
(Q642N8), and human (AB024327). B, Sequence alignment of the deduced amino acid sequence of Ng1851p with those of 
homologues from O. sativa (Q6I581) and A. thaliana (Q949V9). The completely conserved residues are highlighted in grey, and 
WD–repeats are boxed in the Ng0881p homologous proteins.  Amino acid residues are numbered according to those of Ng0881p and 
Ng1851p. 
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domain protein from Oryza sativa, sharing 81% amino 
acid residues.  The WD motif (also known as the Trp–
Asp or WD40 motif), originally identified in 
β–transduction (Matsumoto et al., 1993), is found in a 
multitude of eukaryotic proteins involved in a variety of 
cellular processes, such as signal transduction, protein 
trafficking, nuclear export, and RNA processing (Smith 
et al., 1999).  The common feature of these proteins is 
the WD repeat, about 40 amino acid stretch typically 
ending in Trp–Asp, but exhibiting only limited amino 
acid sequence conservation, when present in a protein, 
the WD repeat is typically found as several (4–10) tan-
demly repeated units (Neer et al., 1994; van der Voorn 
et al., 1992).  To date, several crystal structures of WD 
repeat proteins have been solved including the G protein 
β–subunit (Wall et al., 1995; Gaudet et al., 1996; 
Lambright et al., 1996; Sondek et al., 1996) and the Ski 
complex component Ski8 (Madrona et al., 2004; Cheng 
et al., 2004).  A common feature of these structures is the 
arrangement of the WD repeats in a bladed β propeller, 
thereby presenting possible protein interaction surfaces 
on the top, bottom, and side of the propeller structure.  

Ng0881p includes seven WD repeats conserved in all 
seven homologous proteins (Fig. 4).  It is known that pro-
teins containing WD repeats are often physically associ-
ated with other proteins and function as a scaffolding or 
protein–binding protein (Matsumoto et al., 1993; Smith 
et al., 1999; Neer et al., 1994; van der Voorn et al., 
1992).  Thus, WD repeat containing proteins either regu-
late the function of other proteins by modulating bind-
ing, or act to colocalize two or more other proteins. 

Ng1851p is most closely related to the putative aux-
in–regulated protein from O. sativa (68%).  The auxin–
regulated protein was first identified from soybean as an 
early auxin–responsive gene GH3 (Hagen et al., 1984).  
Subsequently, the tobacco auxin–responsive cDNA 
Nt–gh3 was isolated as an early auxin–responsive cDNA 
by differential display from N. tabacum (Roux et al., 
1997); Nt–gh3 mRNA accumulates within a short time of 
about 10–15 min after auxin treatment.  The plant hor-
mone auxin is involved in various aspects of plant growth 
and development like cell elongation, cell division, cell 
differentiation, root formation and some tropisms (Davies, 
1995).  It is further reported that an auxin regulated pro-
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tein FIN219 in A. thaliana which belongs to the GH3 
family serves as a signaling component that has a role in 
the phytochrom A–mediated light inactivation of COP1 
(Hsieh et al., 2000): a key repressor of photomorpho-
genic development in the dark (McNellis et al., 1994; 
Osterlund et al., 1999). 

In conclusion, the present study identified two genes 
whose expressions are induced upon TMV–infection at 
25 °C but not at 35 °C.  It is known that N, gultinosa 
exhits TMV–resistance mediated N–gene at 25 °C but 
not at 35 °C.  It is so assumed that the putative transla-
tional products Ng1851p and Ng0881p, may serve as a 
signaling component involved in TMV–resistance.  Further 
study on the N. glutinosa cDNAs Ng0881 and Ng1851 
would gain more insight into a signal transduction impli-
cated in the N–gene mediated TMV–resistance of N. glu-
tinosa. 
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