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ABSTRACT

Coquoz, J.-L., Buchala, A. J., Meuwly, Ph., and Métraux, J.-P. 1995. Ar-
achidonic acid induces local but not systemic synthesis of salicylic acid
and confers systemic resistance in potato plants to Phytophthora infestans
and Alternaria solani. Phytopathology 85:1219-1224.

When the lower leaves of young potato plants (cv. Bintje) were treated
with an aqueous suspension of the polyunsaturated fatty acid arachi-
donic acid (AA), a threefold increase in the amount of free salicylic acid
(SA) in the treated leaves was observed 3 h after treatment. The highest
level of free SA was measured 6 h after treatment, reaching 3.21 g/g fresh
weight compared to 0.15 g/g fresh weight in controls. The levels of con-
jugated SA in the treated leaves increased up to 51 g/g fresh weight 3
days after treatment compared to 0.83 g/g fresh weight in controls. Four
days after treatment with AA the upper leaves became resistant to the
potato late blight pathogen, Phytophthora infestans, but no accumulation
of SA was observed. This systemic protection was observed in plants treat-

ed with AA at concentrations as low as 10 ppm and is unlikely to have
arisen from AA translocated in the plant. In addition, treatment with AA
protected potato plants against the early blight pathogen, Alternaria so-
lani, indicating a broader spectrum of protection. Local but not systemic
accumulation of a pathogenesis-related (PR)1-like protein was observed
24 h after treatment with AA. Application of SA on potato leaves did not
confer resistance against P. infestans, but a local accumulation of a PR1-
like protein was observed 24 h after treatment. Younger leaves of healthy
susceptible and resistant potato plants contained higher levels of SA than
older leaves, and this gradient correlated with their natural resistance to
P, infestans. In general, cultivars showing field resistance contained higher
amounts of conjugated SA than did susceptible cultivars.

Additional keywords: local protection, pathogenesis-related protein, Solanum
tuberosum, systemic acquired resistance.

Infection of potato tubers with an avirulent race of the late blight
pathogen, Phytophthora infestans (Mont.) de Bary, induces a hyper-
sensitive response (34). A similar response is obtained after treat-
ment of potato tuber slices with arachidonic acid (AA), a major
fatty acid in the mycelial cell membrane and spores of the patho-
gen. AA presumably acts as a natural fungal elicitor, because
synthesis of sesquiterpene phytoalexins takes place and tuber
slices can no longer be colonized by compatible races of P. in-
festans (2). Potato leaves also respond to local inoculation with
virulent races of P infestans by resisting a second challenge-
inoculation (systemic) with a virulent race of P. infestans (30), but
unlike tubers, no sesquiterpenoid phytoalexins are produced (25).
Resistance has been obtaineéd when potato leaves have been treated
with a cell-wall preparation from P. infestans (8) known to con-
tain AA and with the related fatty acid eicosapentaenoic acid (2).
More recently, a detailed study has shown that when the lower
leaves of potato plants are treated with the fatty acids AA or
eicosapentaenoic acid, the upper leaves resist infection by P. in-
festans (6).

In cucumber (17), tobacco (26), Arabidopsis (31,32), tomato (13,
16) and potato (30), inoculation of the lower leaves with necro-
tizing pathogens can induce resistance against pathogens in the
upper noninfected leaves, a phenomenon called systemic acquired
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resistance (SAR). SAR is associated with the production of sali-
cylic acid (SA) (19,20,38), which is thought to be an indispen-
sable component along the signaling pathway leading to SAR
(11). Our present aim is to determine if SAR in potato induced by
treatment with AA operates via endogenous accumulation of SA.

MATERIALS AND METHODS

Plant material. Potato (Solanum tuberosum L.) plants were prop-
agated in vitro from clones obtained from the Swiss Federal Agron-
omy Station (RAC, Changins, Nyon, Switzerland). The following
cultivars, which have no known R genes, were studied: Aula, Bintje,
Désirée, Hermes, Panda, Matilda, Sirtema, and Urgenta. Stem seg-
ments (1 cm) were initially cultivated on MS agar placed in a
growth chamber under a 16/8 h day/night period. The temperature
was 19 and 15°C during the day and night periods, respectively.
Plants were transferred after 10 days to pots containing garden
soil and grown for 3 to 4 weeks in a greenhouse (temperature ap-
proximately 25 and 18°C during day and night, respectively). In
winter, normal daylight was supplemented with a high-pressure
sodium lamp (Philips T 400 W, Philips Lighting, Tumhout, Bel-
gium) and a high-pressure mercury lamp (Philips HPL-N 400 W)
to give a minimum irradiation of 70 pmol s™' m™? for 9 h.

Treatment, pathogen, and infection of plants. The lower sur-
face of leaf 3 was sprayed with a sonicated suspension of AA
(1,500 ppm) as described by Cohen et al. (6). Control plants were
sprayed with deionized water. Lower concentrations (1 and 10 ppm)
of AA were applied by injecting (approximately 500 pl) leaf 3 at
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three sites, thus filling the leaf with AA suspension. The num-
bering of leaves was from bottom to top, and by convention, leaf
5 was the first to show developed leaflets. Control plants were
injected with deionized water. SA was applied as an aqueous solu-
tion (2 mM, pH 6.5) by spraying leaf 3.

P. infestans (isolate 191, race 1,2,3; mating-type A,) was cul-
tivated in the dark at 18°C and 100% relative humidity (RH) on
V8 agar supplemented with 0.005% sitosterol and 0.005% cho-
lesterol (29). Alternaria solani Sorauer (Ciba-Geigy, Saint-Aubin,
Switzerland) was cultivated on potato carrot agar in the dark at
22°C and 100% RH. A period of 48 h under continuous light was
necessary to induce sporulation.

For inoculation with P. infestans, potato leaves were sprayed
with a suspension (5 x 10* ml™') of sporangia in a potassium citrate
solution (0.01%) 4 days after treatment with AA, unless stated
otherwise in the text. Inoculated plants were placed in a moist
chamber (100% RH) at 18°C in the dark for 25 h and kept in the
same chamber with a normal light regime at 18°C and approxi-
mately 80% RH. For inoculation with A. solani, potato leaves
were sprayed with a suspension (5 x 10* ml™") of spores in dis-
tilled water 4 days after treatment. Inoculated plants were kept for
3 days in a moist chamber (100% RH) at 22°C with reduced light
and then transferred to a greenhouse as described above. The
extent of the symptoms was determined by measuring the area of
the necrotic lesions 7 days after inoculation. Protection against the
pathogen was calculated as follows: percent protection = 100 x (1
— x/y), where x and y are the sizes of lesions in treated and control
plants, respectively.

Fungal germination test in vitro and fungal growth test. Freshly
produced sporangia of P. infestans were suspended (1.7 x 10* mI™")
in potassium citrate solutions (0.01%) containing various concen-
trations (0 to 2 mM) of SA. The suspension was kept for 3 h at
4°C to induce the release of zoospores and then placed in a
chamber at 18°C in the dark. The percentages of empty sporangia
after release of zoospores and of sporangia germinating with a
germ tube were recorded 24 h later.

The effect of SA on growth of P. infestans was tested in vitro
on solid culture medium. Different concentrations of SA were in-
corporated in V8 medium in petri dishes. These plates were inoc-
ulated with a 5-mm agar plug containing the mycelium and in-
cubated at 18°C in the dark. Colony diameter was measured 3 and
7 days after inoculation.

Quantification of SA. Free and conjugated SA were quantified
essentially as described by Meuwly and Métraux (21) with the
following modifications. Three hundred nanograms of the internal
standard ortho-anisic (o-anisic) acid was added per sample. Prior
to high-pressure liquid chromatography analysis, samples were
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Fig. 1. Systemic protection of potato plants (cv. Bintje) against A and B,
Phytophthora infestans and C, Alternaria solani by foliar spray application
of arachidonic acid (AA) (1,500 ppm, A and C) or injection (10 ppm, B).
Challenge-inoculations were performed 4 (A and C) and 6 days (B) after
treatment with AA. Blighted areas (in square millimeters) were measured 7
days after challenge-inoculation. Means (SE ) of five replicates.
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resuspended in 400 pl (for free SA) and 800 pl (for conjugated
SA) of the starting mobile phase composed of KH,PO, (10 mM,
pH 3.5) and 17.5% (vol/vol) acetonitrile. Samples (40 pl for free
SA and 30 pl for conjugated SA) were applied on a modified
version of the deactivated reversed-phase LC-ABZ column (LC-
SAL column, Supelco, Buchs, Switzerland) used previously (21).
The column was maintained at 35°C and equilibrated with a mix-
ture composed of KH,PO, (10 mM, pH 3.5) and 17.5% (vol/vol)
acetonitrile. Elution was programmed at 2 ml min~' beginning
with 17.5% acetonitrile for 1 min, raised successively to 19% in 2
min, 20% in 7 min, 75% in 5.5 min, and maintained isocratic for
5.5 min before washing and reequilibrating periods at 100 and
17.5%, respectively. Conditions for fluorescence detection were op-
timized for each compound as described previously (21). Under
these conditions, o-anisic acid and SA eluted at 7.5 and 18.0 min,
respectively. Experiments were repeated at least three times and
gave the same trends, although the absolute values varied from
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Fig. 2. Time course of accumulation of pathogenesis-related (PR)1-like pro-
tein in leaves 3 and 4 of potato plants (cv. Bintje) after spraying leaf 3 with
A, 1,500 ppm of arachidonic acid (AA) or B, 2 mM salicylic acid (SA).
Acid-soluble proteins from leaf 3 (treated) and leaf 4 (untreated) were col-
lected 6, 24, and 72 h after treatment and separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis. PR1-like proteins were detected by
immunoblotting using an antiserum against the major PR1 protein of tomato
(P14) (9).



experiment to experiment, The results shown are those for a typical
series of plants, in which three individual plants were analyzed to
obtain mean values.

Pathogenesis-related (PR)1 protein measurement. Sodium do-
decyl sulfate-polyacrylamide gel electrophoresis was carried out
as described by Christ and Mdsinger (5) with the acid-soluble pro-
teins derived from material collected 6, 24, and 72 h after spray-
ing leaf 3 with AA (1,500 ppm). Western immunoblotting was
performed using an antiserum against the major basic PR1 protein
of tomato (P14) (10).

RESULTS

Systemic protection. Spraying leaf 3 of 3-week-old potato plants
(cv. Bintje) with 1,500 ppm of AA conferred high resistance
(about 90%) to P. infestans 4 days later in the immediate upper
leaf 4 (Fig. 1A). Injecting 10 ppm of AA in leaf 3 protected leaf 4
against P. infestans 6 days after treatment (Fig. 1B). Necrotic
areas at the three injection sites were observed 5 days after ap-
plication of AA. Protection (about 60%) of leaf 4 against the
early blight pathogen, A. solani, also was observed after spraying
leaf 3 with 1,500 ppm of AA (Fig. 1C).

Local protection resulting from spraying leaves with 1,500 ppm
of AA was not assessed due to the fact that the leaf rapidly
withered, produced necrotic lesions, and abscission occurred about
3 days later. However, at 1 ppm, the highest concentration at which
there were no necrotic lesions, no local protection was observed
(data not shown). The accumulation of a PR1-like protein (14 kDa)
was induced locally in potato leaves 24 h after spraying with
1,500 ppm of AA (Fig. 2). No such accumulation beyond the
constitutive level was detected in the immediate upper leaf (leaf 4).

The role of salicylic acid in SAR. The level of free SA in leaves
sprayed with AA increased as soon as 3 h after treatment, reach-
ing a maximum value 6 h after treatment with AA (Fig. 3A), where-
as increases in conjugated SA were only observed after 24 h (Fig.
3B). This accumulation of the conjugated form was preceded by a
drastic decrease of free SA. Surprisingly, no significant increase
(Table 1) in SA in either the free or the conjugated form was
found in leaf 4 that expressed SAR (Fig. 1A). Similarly, injecting
lower concentrations of AA (10 ppm) into leaf 3 resulted in an
increase, although less pronounced, in conjugated SA that was
evident 7 days after treatment (Table 2), whereas no changes com-
pared to the controls were detected in leaf 4. Nevertheless, leaf 4
expressed resistance against P, infestans (Fig. 1B).

Previously, a primary infection of potato leaves with P. in-
festans induced SAR after 5 days against a subsequent infection
with the same pathogen (6,30). Increases in free and conjugated
SA, lower than those produced after treatment with AA, were
detected only in the lower leaf 7 days after primary infection with
P. infestans (Table 3); no significant effect was observed in the
upper leaves. No difference in the levels of SA in leaf 4 after
challenge-inoculation with P. infestans was observed in plants eli-
cited with AA (10 ppm) on leaf 3. Levels were 0.64 = 0.11 and
0.40 £0.10 g/g fresh weight of free SA and 1.10 + 0.12 and 0.92
+ 0.11 g/g fresh weight of conjugated SA in control and chal-

lenge-inoculated leaves, respectively, 7 days after challenge-in-
oculation.

The older leaves of potato plants (cv. Bintje) are more sus-
ceptible to P. infestans (6), and protection induced by a primary
infection with P. infestans is stronger in young, developing leaves
than in fully expanded, older leaves (30). We confirmed these
findings and extended them to show the existence of an endog-
enous gradient of SA (i.e., the younger the leaf, the higher the
level of SA) in eight potato cultivars (Fig. 4). High amounts of
SA were found in cultivars with high field resistance (28), where-
as low amounts occurred in susceptible cultivars. The SA content
was more variable for the moderately resistant cultivars (Fig. 4).

Figure 5 compares the SA content in leaves of a susceptible
(Bintje) and a resistant cultivar (Matilda) and shows that such a
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Fig. 3. Levels of A, free and B, conjugated salicylic acid (SA) in control
(open columns) and arachidonic acid (AA)-treated (shaded columns) potato
plants (cv. Bintje). Leaf 3 was sprayed with water (control) or 1,500 ppm of
AA. SA was measured in the treated leaf. Means (+SE) of three replicates.
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TABLE 1. Levels of free and conjugated salicylic acid (SA) (ug/g FW) in leaf 4 of potato plants after spraying leaf 3 with water (control) or 1,500 ppm of ar-

achidonic acid (AA)*

Treatinient Time after AA treatment (h)
SA 1 3 24 48 T2
AA
Free 0.42+0.03 0.40 £ 0.07 0.22+0.11 0.13+0.03 0.53+0.21 0.22+0.10
Conjugated 1.02+£0.33 1.66 £0.43 1.05+£0.05 0.71£0.10 1.83£0.39 0.92+0.02
Control
Free 0.48 +0.01 0.45+0.05 0.23+0.07 0.18+0.01 0.54 £0.23 0.11+£0.02
Conjugated 1.37+0.38 1.34 £0.03 1.42+0.21 1.02+£0.23 1.48 £ 0.01 1.29 £ 0.16

1 Means (£SE) of three replicates.
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correlation also holds for resistance to infection under optimized
laboratory conditions. Such resistance is probably not due to a
direct effect of SA on germination or growth of the pathogen
since SA only partially inhibited the release of zoospores of the
fungus in vitro at 2 mM, whereas the germination of sporangia
was not significantly altered in the concentration range of 0 to 2
mM (data not shown).

Foliar application of SA (2 mM) on leaf 3 of susceptible potato
plants (cv. Bintje) did not induce SAR against P. infestans in leaf
4 (data not shown) but led to the accumulation of a PR1-like
protein in treated leaves 24 h after treatment (Fig. 2). Mycelial
growth in vitro of P. infestans was not affected when the culture
medium was amended with SA. Colony diameters were 98.4 and
100.5% of the control when grown in medium containing 1 and
10 mM of SA, respectively).

DISCUSSION

SAR typically is expressed against a wide range of pathogens,
independently of the microorganism or chemical inducer used for
the primary induction (5,18). In potato, treatment with AA leads
to systemic protection not only against P. infestans (6) (Fig. 1A

TABLE 2. Levels of free and conjugated salicylic acid (SA) (ug/g FW) in
leaves 3 and 4 of potato plants after injecting leaf 3 with water (control) or 10
ppm of arachidonic acid (AA)*

and B), an oomycete fungus, but also against the causal agent of
early blight, the ascomycete A. solani (Fig. 1C), indicating that
protection also can operate against organisms other than oomy-
cete fungi. We were not able to separate the induction of SAR from
the local necrotic side effects induced by AA, not even when using
low amounts of the elicitor. Necrotizing lesions or necrosis-induc-
ing treatments seem to be a common feature in all reported cases
of SAR (15,18,22,30).

It is important to show whether AA acts as a true elicitor of
SAR or whether AA is mobile in the plant. No acropetal transport
of a radiolabeled compound within the plant was detected after
injecting radiolabeled AA into leaf 3 (97% of the radiolabel
remained in the zone infiltrated). Also, radiolabeled AA released
from spores of P. infestans inoculated onto potato leaves has lim-
ited systemic movement within inoculation sites during the early
phases of infection (24). Thus, applied as a foliar spray, it is
highly unlikely that AA (6) or one of its metabolites moves from
the spraying site. From these results, we infer that systemic resis-
tance, in all likelihood, relies on the induction of host plant defense
mechanisms. The dependence on necrotizing treatments, the puta-
tive broad spectrum of resistance, and the likely dependence on host
plant defense mechanisms all suggest that potato exhibits SAR.

TABLE 3. Levels of free and conjugated salicylic acid (SA) (ug/g FW) in
leaves 3 and 4 of potato plants after spraying leaf 3 with water (control) or
with a sporangia suspension of Phytophthora infestans®

Time after AA treatment

Time after infection (day)

Treatment Treatment
Leaf SA 6h 4 days 7 days Leaf SA 1 3 7
3 AA 3 P. infestans
Free 1.37+£0.19 0.76 £0.22 0.51+0.04 Free 0.10+0.01 0.26 £0.04 6.91+3.03
Conjugated 5.16+0.70 6.66 + 0.68 8.56+0.74 Conjugate 1.73+£0.24 2.26 £ 0.36 9.65+1.17
Control Control
Free 1.37£0.41 0.47 +£0.08 0.56 £0.19 Free 0.12£0.02 0.11+£0.01 0.08 +£0.01
Conjugated 4.04 £0.24 3.36+0.75 4.07+0.86 Conjugate 1.39+£0.21 1.76 £0.12 1.75+0.26
4 AA 4 P. infestans
Free 0.32+0.1 0.46 £ 0.08 0.29 £ 0.04 Free 0.17+0.01 0.16 £ 0.04 0.17 £0.02
Conjugated 3.34+0.76 1.99 +0.08 1.68 £ 0.31 Conjugate 262%0.53 2.67+0.44 2.74+0.19
Control Control
Free 0.75+0.1 035+0.13 0.21 £0.03 Free 0.12+£0.03 0.15+0.08 0.15+0.04
Conjugated 3.78+0.13 3.83+£0.37 2.63+0.17 Conjugate 2.61 £0.48 2.73+£029 2.7610.76
* Means (+SE) of three replicates. * Means (SE) of three replicates.
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Fig. 4. Endogenous levels of free (open columns) and conjugated (shaded columns) salicylic acid (SA) in leaves 1-8 or 2-8 of 4-wk-old potato plants from
various potato cultivars. Means (+SE) of three replicates. Field resistance to Phytophthora infestans is indicated.
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It has been proposed that SA is a signal molecule necessary for
SAR in various plant-pathogen interactions (4,19,20,23,38). In all
of the current cases, SA increased both locally and systemically
before the appearance of resistance. On the other hand, Vernooij
et al. (36) were able to show that in tobacco SA is not the primary
translocated signal responsible for inducing SAR. Our data con-
cerning treatment with AA or infection with P. infestans do not
show any evidence for increases of SA in the upper leaf before
(Table 1) or after challenge-inoculation.

In tomato and tobacco, SAR correlates with systemic accumu-
lation of PR1 protein (5,10,37). The slight increase in PR1 pro-
tein observed in leaves treated with AA might result from an.
increase in SA concentration (Fig. 2), since it could be shown that
treating the leaves with SA also led to the accumulation of PRI
protein. A similar effect was reported for potato leaves treated
with acetylsalicylic acid (aspirin), where PR1 protein was identi-
fied on the basis of its molecular mass (12). Due to the fact that
local resistance could not be tested, the role of PRI protein in
such a phenomenon remains elusive. However, overexpression of
PR1a, a closely related PR protein from tobacco, provides pro-
tection of tobacco against oomycetes (1).
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Fig. 5. Levels of free (open columns) and conjugated (shaded columns) sali-

cylic acid (SA) in leaves of healthy potato plants: A, cv. Bintje; B, cv. Ma-

tilda, and necrotic lesions caused by a sporangia suspension of Phytophthora

infestans (5 x 10* ml-) applied to leaves. Leaves 2-7 from 4-wk-old potato

plants were analyzed for SA. Blighted areas (in square millimeters) were mea-
sured 7 days after challenge-inoculation. Means (£SE) of three replicates.

At the systemic level, no changes were found in the levels of
PR1 and in SA content. It seems unlikely that PR1 protein is
involved in the protection of upper leaves. Thus, potato does not
compare to other plant species, such as cucumber (17,22) and to-
bacco (19,38), in which a primary infection leads to systemic
accumulation of SA and PR proteins. Perhaps movement of pre-
existing SA between intracellular compartments would allow the
induction of resistance mechanisms but would escape our present
analysis.

It cannot be excluded that SA is involved in the induction of
resistance at the local level as suggested by the correlation be-
tween the endogenous levels of SA and field resistance to P,
infestans among various potato cultivars (28). A similar correla-
tion also was observed for the interaction between rice and Magna-
porthe grisea (27). The potato cultivars examined here have no
known major R genes, so any resistance is likely to be at a poly-
genic level (33). The high level of conjugated inactive SA in the
more resistant potato cultivars could represent a pool rapidly con-
verted into free active SA after pathogen infection. Such a role for
conjugated SA has already been proposed in tobacco (14). Free
SA might inactivate catalase, leading to an increase in active oxy-
gen species that could participate in the induction of resistance
responses, as suggested recently for tobacco (4). However, it should
be noted that neither foliar treatment of the potato plants with SA
nor treatment of tomato plants with aspirin (5) gave rise to SAR.
Again one may speculate that the SA could not attain the ap-
propriate cell compartment to trigger SAR. The correlation be-
tween SA levels and resistance to P. infestans will be the focus of
future studies using transgenic potato plants in which the endog-
enous levels of SA are experimentally decreased by overexpres-
sion of salicylate hydroxylase (11).

It has been shown that AA elicits the activity of a lipoxygenase
(LOX) in potato callus culture (35) and in potato tubers (3). This
could provide a possible link with the synthesis of jasmonic acid
via LOX-induced lipid peroxidation products. Jasmonic acid and
its octadecanoid precursors have been proposed to participate in a
lipid-based intracellular signaling pathway in response to wound-
ing and pathogen attack (9). Recently, Cohen et al. (7) showed
that treatment of potato and tomato plants with jasmonic acid led
to both local and systemic protection against P. infestans. A pos-
sible connection between AA and jasmonate signaling in potato
plants also will be investigated.
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