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Summary

Several Nicotiana species and cultivars, with and without the N gene, were screened
for the effect of polyacrylic 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/soil/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 injection of SA, PAA or water, leaves were inoculated with either
TMYV or TNV as specified for each experiment. Resistance was measured as percentage
of reduction in local lesion numbers and/or size on treated leaves as compared to
controls 7 days after inoculation. At least 10 half leaves were used for each test and 30
lesions randomly taken for each treatment, were measured using a stereoscopic
microscope equipped with an ocular micrometer at a magnification of 10 X.

Results

Effects of PAA and SA on several Nicotiana species and cultivars

Among the Nicotiana species and cultivars carrying the N gene, only N. tabacum cv
‘Xanthi-nc” (NN) showed an induced resistance to a subsequent TMV-inoculation 7
days following the injection of leaves with PAA (Table 1). Cultivars lacking the N gene
respond to TMV by formation of typical mosaic symptoms; the hypersensitive reac-
tion was therefore elicited in these cultivars by a challenge inoculation with TNV. A
resistance to TNV infection after PAA treatment was only observed in Xanthi (nn)
(Table 2).

Contrary to the cultivar 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 reduction in both the number and
size of local lesions formed after the challenge viral infection.

The production 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- h-protein Local lesions
ment production
before Number Reduction (%, Size (mm) Reduction (%)
virus
inoculation
N. tabacum
Xanthi-nc (NN) H,0 - 247 1.96
PAA + 14%* 94.3 0.53%+* 73
SA + TS** 70 0.67** 65.8
Samsun (NN) H,0 - 197 1.47
PAA - 197 - 1.75 -
SA + 43%* 78 0.43%* 70.7
N. glutinosa H,0 - 177 1.25
PAA - 180 - 1.3 -
SA + 54% 69.5 0.47%* 62.4

Significant difference (Student’s -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) H,0 - 542 2.07
PAA + 50%* 90.8 0.92% 55.6
SA + nd - nd -
Amersfort H,0 - 59 2.7
PAA - 60 - 2.77 -
SA + 12%* 79.7 0.8%* 70.3
Cridlo H,0 - 18 1.92
Corentino PAA - 15 16.7 1.72 10.4
SA + 3ex 83.3 0.58** 69.8
Izmir H,0 - 31 2.61
PAA - 36 - 2.4 0.9
SA + Te* 77.4 0.97%* 62.8
Judy’s Pride H,O - 32 2.03
Burley PAA - 24 25.0 1.79 11.8
SA + [3%# 59.3 0.93* 54.2

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

TNV was induced either by PAA or SA treatment (Tables 1 and 2). More detailed
analysis (Table 3) showed that SA treatment induced the same b-proteins as the viral
infection and that their patterns varied intra- and interspecifically. N. tabacum cv
“Xanthi-nc’ (NN), ‘Samsun’ (NN) and ‘Xanthi’ (nn) produced 4 new proteins with R;
values of 0.83, 0.66, 0.56 and 0.53 and called b,, b,, b; and b, respectively; b,, b,, by and
an additional protein b,, with a R;of 0.79 was detected in cultivars Amersfort, Cridlo
Corentino, Izmir and Judy’s Pride Burley. N. glutinosa synthetised only the b,. protein
with a R; of 0.76. PAA only induced the production of the proteins in Xanthi-nc (NN)
and Xanthi (nn); b,, b, and b;, characteristic of these varieties, were present but not b,
as has been seen in viral infection [7,9].

Inheritance of PAA-induced resistance

Effectiveness of PAA treatment did not depend on the virus used but instead was
dependent on the cultivar of tobacco. Its action appeared to be independent of the N
gene since it was effective in Xanthi cultivars both with and without this gene. Since the
hypersensitive reaction to TMV is controlled by the dominant N gene, all the hybrids
with Xanthi-nc (NN) reacted to TMV infection by the formation of typical local
lesions. Table 4 shows the effect of PAA injection on resistance to TMV and produc-
tion of b-proteins in such hybrids. After PAA injection, all the hybrids studied
whatever the direction of the cross, showed a resistance to the challenge TMV infection
expressed by a reduction in number and size of local lesions formed. This resistance
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TABLE 3

b-protein patterns in Nicotiana species with or without the N gene as revealed by analysis in 10%
polyacrylamide gels following a hypersensitive reaction or treatment with SA or PAA

Plants Treatment b-proteins
b, b, b, b, b, b,
N. glutinosa TMV - - + - - _
SA - - + - -
PAA - - - - - -
N. tabacum
Xanthi-nc (NN) ™V + - - + + +
SA + - - + + (+)
PAA + - - + + _
Samsun (NN) ™V + - - + + +
SA + - - + + +
PAA - - - - - -
Xanthi (nn) TNV + - - + + +
SA + - - + + (+)
PAA + - - + + -
Amersfort TNV + + - + + _
SA + + - + ) _
PAA - - - - - -
Cridlo Corentino TNV + + - + + -
SA + + - + -+ -
PAA - - - - - -
Izmir TNV + + - + + -
SA + + - + + -
PAA ~ - - - - -
Judy’s Pride Burley TNV + + - + + -
SA + + - +) Cn) -
PAA - - - - - -

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

was always accompanied by the production of all the b-proteins from both parents.
Interestingly b,, 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 PA A into leaves of Xanthi-nc
(NN) leads to the appearance of resistance to viral infection and of proteinsb,,b,and b,
[7.9]. The hypothesis that effectiveness of PAA against pathogens could be cultivar



360

‘ur101d-g JO 3081 JO DUISqE ‘30ouasdtd = (4) ‘= ‘4 () 10°0>>d 10 (&) $0'0 > d 1B S2ABI] PI1€31} PUB [ONUOD UIIMIAQ (35317 5,JUIPNIS) NDUIIPJIP 1uedyIUBIg

#+9'L8 ST0 *+9'76 82 - +) + - + vvd
102 09¢ - - - - - O'H su-1jiuey X NN unswesg
P8t 96'0 »x$'86 I - +) + + + vvd su-iyauey
98’1 29 - - - - - O'H x Kapang apuig sApnf
«x5€9 S0 wal'SL 43 = +) + + + vvd
LE'T 144! - - - - - O'H Ju-lyIuey X HWZ]
n $9°0 *5796 [4 - -+ + + + vvd Su-tyjuey
£8C LS - - - - - O'H X OUIU3I0) OJplI)
*+9'€9 8%°0 **8'6L €€ - +) + + + vvd
(4| ¥91 - - - - - O'H ou-1yjuey X 10JsIdWy
»+5°06 $T'0 ++9'C6 v - +) + - + vvd
[A%4 16 - - - - - O'H NN unswesg x su-iqjuey
xsl €L 90 ++98 117 - + + + + vvd Kapng oplg
8T'C 10€ - - - - - O*H s Apng X ou-ljuey
wC 1L 9'0 »£'16 (1] - + + + + vvd
80°C 9pe - - - - - O'H IWZ] X dU-IYIuey
«+£'59 SLO »+6'8L €L - + + + + vvd ouruAL0)
91T LYE - - - - - O'H oJpuD X du-lpuex
*#5°09 €80 *+58 L9 - ) + + + vvd
|4 osy - - - - - O'H MOJSIAWY X dU-IJIuey
(9) uononpay () az1g (9) uononpay IaquinN 'q £q q 1q q
JLED
SUOISa| (820 uononpoid uoid-q -jeal], SpuqAH
suad N a1

IN0YIM 10 YA SIBAII[ND 0098(0] 13410 pue (NN) SU-1YIURY U2am1aq spLqAy [201d1931 [BI3A3S UL A AL O 92UB)SISAI puk uononpoid uidloid-q uo vy d jo wapyg

v 4149VL



361

specific was first put forward by Antoniw and White in the case of viruses [9] and
reinforced recently by Ahl et al. [14] 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. romento-
siformis since this species responds to PAA treatment [16] and is thought to be, with V.
sylvestris, an ancestor of present-day tobacco [17].

References

1 Holmes, F.O. (1938) Inheritance of resistance to tobacco mosaic disease in tobacco. Phytopathology
28, 553-561.

2  Ross, A.F. (1961) Systemic acquired resistance induced by localized virus infections in plants,
Virology 14, 340-358.

3 Ross, A.F. (1966) Systemic effects of local lesion formation. In: Viruses of Plants. Eds. A.B.R.
Beemster and J. Dijkstra (North Holland Publishing Co., Amsterdam) pp. 127-150.

4  Mclntyre, J.L. and Dodds, J.A. (1979) Induction of localized and systemic protection against
Phytophthora parasitica var. nicotianae by tobacco mosaic virus infection of tobacco hypersensitive to
the virus. Physiol. Plant Pathol. 15, 321-330.

5 MclIntyre, J.L., Dodds, J.A. and Hare, J.D. (1981) Effects of localized infections of Nicotiana tabacum
by tobacco mosaic virus on systemic resistance against diverse pathogens and an insect. Phytopatholo-
gy 71, 297-301.

6  Ahl, P., Benjama, A., Samson, R. and Gianinazzi, S. (1981) Induction chez le tabac par Pseudomonas
syringae de nouvelles protéines (protéines ‘b’) associées au développement d’une résistance non-spéci-
fique 2 une deuxiéme infection. Phytopathol. Z. 102, 201-212.

7 Gianinazzi, S. and Kassanis, B. (1974) Virus resistance induced in plants by polyacrylic acid. J. Gen.
Virol. 23, 1-9.

8  Stein, A. and Loebenstein, G. (1972) Induced interference by synthetic polyanions with the infection of
tobacco mosaic virus. Phytopathology 62, 1461-1466.

9 Antoniw, J.F. and White, R.F. (1980) The effect of aspirin and polyacrylic acid on soluble leaf proteins
and resistance to virus infection in five cultivars of tobacco. Phytopathol. Z. 98, 331-341.

10 White, R.F. (1979) Acetylsalicylic acid (aspirin) induces resistance to tobacco mosaic virus in tobacco.
Virology 99, 410-412.

11 Gianinazzi, S. (1982) Antiviral agents and inducers of virus resistance: analogies with interferon.
In: Active Defense Mechanisms in Plants, Ed. Wood, R.K.S. (Plenum Publishing Corporation, N.Y.)
pp. 275-298.



362

12 Gianinazzi, S. (1984) Genetic and molecular aspects of resistance induced by infections or chemicals.
In: Plant-Microbe Interactions, Molecular and Genetic Perspectives. Eds. Kosuge, T. and Nester,
E.W. (Macmillan Publishing Co., N.Y.) pp. 321-342.

13 Van Loon, L.C. (1985) Pathogenesis-related proteins. Plant Molecular Biology 4, 111-116.

14  Ahl, P, Gianinazzi, S., Samson, R. and Benjama, A. (1984) Cultivar dependence of polyacrylic acid
effects on Pseudomonas syringae in Nicotiana tabacum, Plant Pathol. 34, 221-227.

15 Gianinazzi, S., Pratt, H.M., Shewry, P.R. and Miflin, B.J. (1977) Partial purification and preliminary
characterization of soluble leaf proteins specific to virus infected tobacco plants. J. Gen. Virol. 34,
345-351.

16 Ahl, P., Cornu, A. and Gianinazzi, S. (1982) Soluble proteins as genetic markers in studies of
resistance and phylogeny in Nicotiana. Phytopathology 72, 80-85.

17 Goodspeed, T.H. and Clausen, R.E. (1928) Interspecific hybridization in Nicotiana VIII. The sylves-
tris-tomentosa~tabacum hybrid triangle and its bearing on the origin of tabacum. Univ. Calif, Publ.
Bot. 11, 245-256.



