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Summary 

Several Nicotiana species and cultivars, with and without the N gene, were screened 
for the effect ofpolyacrylic acid (PAA) and salicylic acid (SA) on b-protein production 
and induced resistance. Whilst SA was effective in producing either b-proteins and 
resistance to a challenge viral infection in all the cultivars tested, the effectiveness of  
PAA appeared cultivar dependent. Only the cultivars Xanthi-nc (NN), Xanthi (nn) 
and hybrids between Xanthi-nc (NN) and other N. tabacum cultivars responded to 
PAA. This is the first time that the genetic determinant for the PAA response has been 
shown to be sexually transmitted as a dominant character, and also that it is distinct 
from the N gene. 

Nicotiana sp.; TMV; TNV; b-proteins; polyacrylic acid; salicylic acid; induced resis- 
tance 

Introduction 

Tobacco varieties carrying the N gene from Nicotiana glutinosa respond to infection 
with tobacco mosaic virus (TMV) by the formation of necrotic local lesions and the 
subsequent localization of  the virus around its point of entry [1]. The occurrence of the 
hypersensitive reaction in tobacco in response to TMV infection not only localizes the 
virus, but also induces resistance throughout the plant to a secondary infection called 
induced resistance [2]. Such induced resistance appears to be non-specific since it is 
active against other viruses, fungi, bacteria and even insects [3-6]. 

Various chemicals such as polyacrylic acid (PAA) [7-9] and salicylic acid (SA) [ 10] 
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can also induce this aspecific resistance in tobacco plants. The.expression of either 
TMV- or chemically-induced resistance is always associated with the synthesis of new 
soluble host-coded proteins (b- or PR-proteins) [7,9-13]. Among the chemical com- 
pounds known to induce resistance in Nicotiana species, one, PAA, is thought to be 
cultivar specific since it induces a very high level of  resistance to TMV and Pseudomo- 
nas syringae in Xanthi-nc (NN) but not in Samsun NN [9,14]. 

Whilst it is well established that the hypersensitive reaction to TMV in Nicotiana 
species is controlled by the presence of the dominant gene N, the genetic basis of  
induced resistance is not known. The use of a selective inducer of resistance such as 
PAA could therefore represent an interesting tool for research into the genetic and 
molecular mechanisms involved in induced resistance. 

In the present study we have compared the effect of PAA with that of  SA, a cultivar 
aspecific inducer of  resistance, on different tobacco varieties with or without the N 
gene and on their reciprocal hybrids. Using this system we hoped to gain insight into 
the relationship between expression of the N gene, the genes coding for the b-proteins 
and those for induced resistance. 

Materials and Methods 

Plant materials and viruses 
The following plants were used: Nicotiana glutinosa (NN), N. tabacum cv Amers- 

fort, Cridlo Corentino, Izmir, Judy 's  Pride Burley, Samsun NN, Xanthi-nc 
(NN), Xanthi (nn) and the reciprocal hybrids between the cultivars cited above and N. 
tabacum Xanthi-nc (NN). Plants were grown in a greenhouse in 15-cm pots containing 
a peat /soi l /gravel  mixture until they were 6 to 7 weeks old and then transferred to a 
constant environment room (20°C, 16 h day, 16 000 lux, 70% r.h.) one week prior to 
experiments. 

The common strains of tobacco mosaic virus (TMV) and tobacco necrosis virus 
(TNV) were used to elicit a hypersensitive reaction. Plants were inoculated with these 
viruses by rubbing the surface of leaves dusted with carborundum with either a 
suspension of purified TMV, or the sap of leaves of N. debneyi infected with TNV. 
Water inoculated leaves served as controls. 

Chemical treatments 
Half-leaves of plants were injected with a 1 mM solution of PAA (Aldrich, mol. wt. 

= 2000) or SA (Sigma). The solutions were adjusted to pH 6.5 with KOH prior to 
injection. Control opposite half-leaves were injected with distilled water. 

Protein extraction and electrophoresis 
Tissue samples from control and chemically-treated half-leaves were harvested 7 

days after injection. Protein extraction and electrophoresis were carried out as describ- 
ed by Gianinazzi et al. [15]. 
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Determination of induced resistance 
Seven days after inject ion of SA, PAA or water, leaves were inoculated with either 

TMV or TNV as specified for each experiment,  Resistance was measured as percentage 
of reduct ion in local lesion number s  a n d / o r  size on treated leaves as compared  to 
controls  7 days after inocula t ion.  At least 10 half leaves were used for each test and  30 
lesions r andomly  taken for each t reatment ,  were measured using a stereoscopic 
microscope equipped with an ocular  micrometer  at a magnif ica t ion  of 10 )<. 

Results 

Effects of  PAA and SA on several Nicotiana species and cultivars 
A m o n g  the Nicotiana species and  cultivars carrying the N gene, only N. tabacum cv 

'Xan th i -nc '  (NN) showed an induced resistance to a subsequent  TMV-inocu la t ion  7 
days following the inject ion of leaves with PAA (Table 1). Cult ivars lacking the N gene 
respond to T M V  by format ion  of typical mosaic symptoms;  the hypersensit ive reac- 
t ion was therefore elicited in these cultivars by a challenge inocula t ion  with TNV. A 
resistance to TNV infect ion after P A A  t rea tment  was only observed in Xanthi  (nn) 
(Table 2). 

Cont ra ry  to the cult ivar specificity of PAA,  SA induced resistance in all the 
Nicotiana species and  cultivars tested (Tables 1 and 2). In each case where resistance 

occurred after injection of  SA, it was expressed by a reduct ion in both  the n u m b e r  and  
size of local lesions formed after the challenge viral infection. 

The produc t ion  of b-proteins  was studied 7 days after chemical injection. The 
synthesis of  b-proteins  occurred in the injected leaves only when resistance to TMV  or 

TABLE 1 

Effect of PAA and SA treatments on b-protein production and resistance to TMV in Nicotiana carrying the 
N gene 

Plants Treat- b-protein Local lesions 
ment production 

before 
virus 
inoculation 

Number Reduction (%1 Size (ram) Reduction (%) 

N. tabacum 
Xanthi-nc (NN) 

Samsun (NN) 

N. glutinosa 

H20 247 1.96 
PAA + 14"* 94.3 0.53** 73 
SA + 75** 70 0.67** 65.8 
H20 197 1.47 
PAA 197 - 1.75 - 
SA + 43** 78 0.43** 70.7 
H20 - 177 1.25 
PAA - 180 1.3 - 
SA + 54* 69.5 0.47** 62.4 

Significant difference (Student's t-test) between control and treated leaves at P < 0.05 (*) or P < 0.01 (**). 
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TABLE 2 

Effect of PAA and SA treatments on b-protein production and resistance to TNV in several N. tabacum 
cultivars without the N gene 

Plants Treat- b-protein Local lesions 
ment production 

before virus Number Reduction (%) Size (mm) Reduction (%) 
inoculation 

Xanthi (nn) H20 - 542 2.07 
PAA + 50** 90.8 0.92* 55.6 
SA + nd - nd 

Amersfort HzO - 59 2.7 
PAA - 60 2.77 
SA + 12"* 79.7 0.8** 70.3 

Cridlo H20 - 18 1.92 
Corentino PAA - 15 16.7 1.72 10.4 

SA + 3** 83.3 0.58** 69.8 
Izmir H20 - 31 2.61 

PAA - 36 2.4 0.9 
SA + 7** 77.4 0.97** 62.8 

Judy's Pride H20 - 32 2.03 
Burley PAA 24 25.0 1.79 11.8 

SA + 13"* 59.3 0.93* 54.2 

Significant difference (Student's t-test) between control and treated leaves at P<  0.05 (*) or P<0.01 (**). 
nd ---- not determined. 

TNV was induced either by PAA or SA t rea tment  (Tables 1 and  2). More detailed 

analysis (Table 3) showed that  SA t rea tment  induced the same b-proteins  as the viral 
infect ion and  that  their pat terns varied intra-  and  interspecifically. N. tabacum cv 
'Xan th i -nc '  (NN), ' Samsun '  (NN) and  'Xan th i '  (nn) produced 4 new proteins  with Rf 
values of 0.83, 0.66, 0.56 and  0.53 and  called bl ,  b2, b3 and  b 4 respectively; b~, b2, b3 and  
an addi t ional  protein  b v with a Rf of 0.79 was detected in cultivars Amersfort ,  Cridlo 
Corent ino ,  Izmir  and  Judy ' s  Pride Burley. N. glutinosa synthetised only the bl ,  protein 

with a Rf of 0.76. PAA only induced the product ion  of the proteins in Xanth i -nc  (NN) 
and Xanth i  (nn);  b~, b2 and  b3, characteristic of these varieties, were present but  not  b4, 

as has been seen in viral infect ion [7,9]. 

Inheritance of  PAA-induced resistance 
Effectiveness of PAA t rea tment  did not depend on the virus used but  instead was 

dependent  on  the cultivar of tobacco.  Its act ion appeared to be independent  of the N 
gene since it was effective in Xanth i  cultivars both  with and  without  this gene. Since the 
hypersensit ive reaction to T M V  is control led by the d o m i n a n t  N gene, all the hybrids 
with Xanth i -nc  (NN) reacted to T M V  infection by the format ion  of typical local 
lesions. Table  4 shows the effect of  PAA injection on resistance to TMV and produc-  
t ion of b-proteins  in such hybrids.  After PAA injection,  all the hybrids studied 
whatever the direct ion of the cross, showed a resistance to the challenge TMV infection 
expressed by a reduct ion in n u m b e r  and  size of local lesions formed. This resistance 
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b-protein patterns in Nicotiana species with or without the N gene as revealed by analysis in 1 0 %  

polyacrylamide gels following a hypersensitive reaction or treatment with SA or P A A  

Plants Treatment b-proteins 

b l  b r bl , ,  b 2 b 3 b 4, 

N. glutinosa T M V  - + - - - 

S A  - - + - - - 

P A A  . . . . .  

iV. tabacum 
Xanthi-nc ( N N )  T M V  + - - + + + 

S A  + - + + ( + )  

P A A  + - - + + - 

S a m s u n  ( N N )  T M V  + - - + + + 

S A  + - - + + ( + )  

P A A  . . . . .  

X a n t h i  ( n n )  T N V  + - + + + 

S A  + - + + ( + )  

P A A  + - + + - 

A m e r s f o r t  T N V  + + - + + - 

S A  + + - + ( + )  - 

P A A  . . . . . .  

C r i d l o  Corentino T N V  + + - + + - 

S A  + + - + ( + )  - 

P A A  . . . . .  

I z m i r  T N V  + + - + + - 

S A  + + - + + - 

P A A  . . . . . .  

J u d y ' s  Pride Burley T N V  + + - + + - 

S A  + + - ( + )  ( + )  - 

P A A  . . . . .  

+ ,  - ,  ( + )  = presence, absence or trace of b-protein. 

was always accompanied by the production of  all the b-proteins from both parents. 
Interestingly b4, which was not induced by PAA in Xanthi-nc (NN) (Table 3), was nev- 
er present in the hybrids treated with this chemical. 

Discussion 

In the present study we report that resistance induced by PAA depends on the 
Nicotiana species and cultivar used. In addition, resistance induced by either PAA or 
SA is always associated with production of b-proteins. These b-proteins show the same 
intra- and interspecific variability as when they are induced by viral infection [16]. 

It has previously been demonstrated that injection of PAA into leaves of  Xanthi-nc 
(NN) leads to the appearance of resistance to viral infection and of proteins b~, b2 and b 3 

[7,9]. The hypothesis that effectiveness of PAA against pathogens could be cultivar 



T
A

B
L

E
 

4 

E
ff

ec
t 

of
 P

A
A

 
on

 b
-p

ro
te

in
 

pr
od

uc
tio

n 
an

d 
re

si
st

an
ce

 
to

 T
M

V
 

in
 s

ev
er

al
 

re
ci

pr
oc

al
 

hy
br

id
s 

be
tw

ee
n 

X
an

th
i-

nc
 

(N
N

) 
an

d 
ot

he
r 

to
ba

cc
o 

cu
lti

va
rs

 
w

ith
 

or
 w

ith
ou

t 

th
e 

N
 g

en
e 

H
yb

ri
ds

 
T

re
at

- 

m
en

t 

b-
pr

ot
ei

n 
pr

od
uc

tio
n 

bi
 

bi
. 

b,
 

b,
 

b,
 

L
oc

al
 

le
si

on
s 

N
um

be
r 

R
ed

uc
tio

n 
(%

) 
Si

ze
 

(m
m

) 
R

ed
uc

tio
n 

(%
) 

X
an

th
i-

nc
 

X
 

A
m

er
sf

or
t 

X
an

th
i-

nc
 

X
 C

ri
dl

o 

C
or

en
tin

o 

X
an

th
i-

nc
 

X
 I

zm
ir

 

X
an

th
i-

nc
 

X
 J

ud
y’

s 

Pr
id

e 
B

ur
le

y 

X
an

th
i-

nc
 

X
 S

am
su

n 
N

N
 

A
m

er
sf

or
t 

X
 X

an
th

i-
nc

 

C
ri

dl
o 

C
or

en
tin

o 
X

 

X
an

th
i-

nc
 

Iz
m

ir
 

X
 X

an
th

i-
nc

 

Ju
dy

’s
 

Pr
id

e 
B

ur
le

y 
X

 

X
an

th
i-

nc
 

Sa
m

su
n 

N
N

 
X

 X
an

th
i-

nc
 

H
,O

 
_ 

_ 
_ 

_ 
_ 

45
0 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
67

 
H

,O
 

_ 
_ 

_ 
_ 

_ 
34

7 
PA

A
 

+ 
+ 

+ 
(+

) 
- 

13
 

H
,O

 
_ 

_ 
_ 

_ 
_ 

34
6 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
30

 
H

,O
 

_ 
_ 

- 
_ 

- 
30

1 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
41

 
H

,O
 

_ 
_ 

_ 
_ 

_ 
91

 

PA
A

 
+ 

- 
+ 

(+
) 

- 
4 

H
,O

 
_ 

_ 
_ 

_ 
_ 

16
4 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
33

 
H

,O
 

_ 
_ 

_ 
_ 

_ 
51

 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
2 

H
,O

 
_ 

_ 
- 

_ 
- 

14
4 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
35

 
H

,O
 

_ 
_ 

_ 
_ 

_ 
66

 

PA
A

 
+ 

+ 
+ 

(+
) 

- 
1 

H
,O

 
_ 

_ 
_ 

_ 
_ 

36
0 

PA
A

 
+ 

- 
f 

(+
) 

- 
28

 

85
**

 

78
.9

**
 

91
.3

.’ 

86
**

 

95
.6

’. 

79
.8

**
 

96
.5

’*
 

75
.7

**
 

98
.5

**
 

94
.6

**
 

2.
1 

0.
83

 

2.
16

 

0.
75

 

2.
08

 

0.
6 

2.
28

 

0.
6 

2.
52

 

0.
24

 

1.
32

 

0.
48

 

2.
83

 

0.
65

 

1.
37

 

0.
5 

1.
86

 

0.
96

 

2.
01

 

0.
25

 

60
.5

**
 

65
.3

**
 

71
.2

**
 

73
.7

8’
 

90
.5

**
 

63
.6

**
 

71
**

 

63
.F

 

48
.4

* 

87
.6

**
 

Si
gn

if
ic

an
t 

di
ff

er
en

ce
 

(S
tu

de
nt

’s
 

f-
te

st
) 

be
tw

ee
n 

co
nt

ro
l 

an
d 

tr
ea

te
d 

le
av

es
 

at
 P

<O
.O

5 
(*

) 
or

 
P<

O
.O

l 
(*

*)
. 

f, 
-, 

(i
-)

 
= 

pr
es

en
ce

, 
ab

se
nc

e 
or

 
tr

ac
e 

of
 b

-p
ro

te
in

. 



361 

specific was first put forward by Antoniw and White in the case of viruses [9] and 
reinforced recently by Ah1 et al. [ 141 using a bacterial infection in Xanthi-nc (NN) and 

Samsun (NN). Our results confirm that resistance induced in tobacco by PAA is 
cultivar dependent; no other varieties tested in the present study show a resistance after 
PAA injection, whilst they all respond to SA treatment. Moreover, we have demon- 
strated that this PAA-induced resistance does not depend on the N gene which controls 
the hypersensitive reaction to TMV. Firstly, other Nicotiana species like N. tabacum cv 
Samsun (NN) and N. glutinosa which have the N gene do not respond to PAA and, 
secondly, the cultivar Xanthi (nn), without the N gene shows a PAA-induced resis- 
tance. 

Furthermore, by crossing N. tabacum cv ‘Xanthi-nc’ (NN) with several varieties of 
tobacco which do not respond to PAA, we have shown in all the hybrids tested that 
PAA can induce resistance and the production of all the b-proteins from both parents. 
Therefore the genetic determinant for PAA response can be sexually transmitted 
through either male or female gametes and behaves as a dominant character, distinct 
from the N gene. Its expression is always accompanied by the production of b-proteins. 
This genetic determinant for PAA response may have been inherited from N. tomento- 
siformis since this species responds to PAA treatment [16] and is thought to be, with N. 
sylvestris, an ancestor of present-day tobacco [17]. 
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