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JASMONIC ACID ACCUMULATION IN BEAN HYPERSENSITIVELY RESISTANT
TO UROMYCES PHASEOLI
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SUMMARY

Jasmonic acid, in synergism with ethylene, seems to
play key roles in activating multiple resistance in various
host-parasite combinations. Utilising indirect ELISA and
a monoclonal antibody, changes in jasmonic acid content
were studied in bean-Uromzyces phaseoli combination,
both compatible and incompatible, at 0, 13, 20, 42, 62
and 92 h after inoculation, in three experiments. In the
susceptible cultivar ‘Bountiful’, infection with U. phaseols
induced an early, slight, but statistically significant JA in-
crease at 13 h after inoculation, but no further significant
increase. In the hypersensitive cultivar ‘Kentucky Won-
der 765°, after a slight but significant JA accumulation at
13 h, larger significant increases were detected at 42 h,
and a peak at 62 h (673% of the control value), coinci-
dent with the appearance of the hypersensitive flecks; at
92 h accumulation was drastically reduced. Uredospores
of the fungus contained only 0.95 + 0.11 SE ng of JA g'!
d.w. and germinated uredospores 0.46 + 0.10 SE ng. The
great JA increase detected in Kentucky Wonder 765, at
the same time as appearance of the hypersensitive flecks,
appear connected with a specific defensive response as-
sociated with the hypersensitive reaction.
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INTRODUCTION

The hypersensitive reaction (HR) is associated with a
co-ordinated induction of plant defence responses to
pathogens, including an oxidative burst and accumulation
of reactive oxygen species (ROS, see Morel and Dangl,
1997; Pieterse and van Loon, 1999), a two-phase phe-
nomenon, showing an early, weak, aspecific phase I and a
stronger, specific phase II (Lamb and Dixon, 1997).
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The biosynthetic pathway of jasmonic acid (JA) starts
from linolenic acid (released from the plant membrane
by an activated intracellular lipase) which, through sev-
eral steps mediated by lipoxygenase (LOX), allene oxide
synthase (AOS) and allene oxide cyclase (AOC), is con-
verted into 12-oxo-phytodienoic acid (12-oxo-PAD or
PDA). The action of a reductase and three B-oxidation
cycles lead from PDA to JA (see Creelman and Mullet
1997), both potent activators of a series of defence relat-
ed genes (see Pieterse and van Loon, 1999).

Exogenous JA increases host resistance in the pota-
to-Phytophthora infestans interaction (Cohen et al.,
1993), while methyl jasmonate (JAME) does the same
in tomato-P. infestans (Cohen et al., 1993), cotton-Ver-
ticillium and tomato-Fusarium (Li et al., 1996) interac-
tions. In a mutant of Arabidopsis thaliana (fad3-2 fad7-2
fads8), sensitive to JA but unable to accumulate it and
extremely susceptible to Pythium mastophorum, JAME
administration induced transcripts of three JA-respon-
sive defence genes and protects the mutant from root
rot, while it does not protect the JA-insensitive mutant
coil (Vijayan et al., 1998). In common bean, JA or a
precursor, as well as Pseudomonas syringae pv. tabaci in-
fection, mediate the induction of the multi-functional
acetyl-CoA carboxylase, cytosol isoform (Garcia-Ponce
and Rocha-Sosa, 2000), whose function seems to be the
synthesis of antimicrobic flavonoids (Ebel and
Hahlbrock, 1977) and stilbenes (Schroder ez al., 1988).

In the network of interactions among the different
defence signalling pathways (see Penninckx et al., 1996;
Pieterse and van Loon, 1999; Schenk ez 4/., 2000) JA
and ethylene are emerging as important signalling mole-
cules (Pieterse and van Loon, 1999). JA appears to act
synergistically with ethylene in inducing defence genes
(Xu et al., 1994; Penninckx et al., 1998). In spite of the
above evidence, the mechanisms of JA action and its in-
volvement in resistance are still not entirely clear
(Pieterse and van Loon, 1999).

In the present work, using methyl jasmonate mono-
clonal antibody and indirect ELISA, jasmonic acid con-
tent was determined in both compatible and incompati-
ble bean-Uromyces phaseoli interactions to find out if
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there are changes in concentration, and if such changes
are related to any particular phase of the disease, partic-
ularly the hypersensitive reaction.

MATERIALS AND METHODS

Plant material. Cultivars ‘Bountiful’ and ‘Kentucky
Wonder 765" (‘KW 765’) bean (Phaseolus vulgaris L.)
were sown in sterilised standard potting compost (sand
and peat, 50/50) in a greenhouse at 20-24°C, 65-75%
R.H. and natural lighting, supplemented with artificial
light (400 watt, Philips HLRG, Belgium) for a total 14
h, with night conditions (10 h) of 14-16°C, 80-90%
R.H. Four to five days after sowing, a batch of uniform
plants was transferred to a growth chamber held at the
following conditions: 24 + 1°C, 60-65 % R.H. and 10 h
illumination at 240 pmol m sec’! photosynthetic active
radiation (PAR), produced by daylight lamps and fluo-
rescent lamps (Powerstar HQI-T 400W/D day light
lamp Osram, Germany and 58W/33 fluorescent lamp
Philips TLD, Netherlands); dark conditions for 10 h at
20 + 1°C, 75-86% R.H. and a 2 h transition, both be-
fore and after the full illumination period, at 22 + 1°C,
60-65% R.H. and 120 umol PAR. The plants were wa-
tered daily with nutrient solution and not manipulated
before sampling, to avoid mechanical induction of JA.

Pathogen. The U. phaseoli (Pers.) Wint. isolate used
is incompatible (hypersensitivity) in ‘Kentucky Wonder
765’ and compatible (susceptibility) in ‘Bountiful’ bean
cultivar (Montalbini, 1989).

Inoculation. Inoculation was carried out after 4 days
acclimatisation in the growth chamber, on almost fully
expanded primary leaves (13 days after sowing), by
spraying an uredospore suspension on both leaf sur-
faces. Inoculated and control (water sprayed) plants
were incubated for 24 h in a shaded humid chamber.

Cyto-histological features and reactions. These were
recorded for both cultivars by microscopy of de-
colourised tissue fragments, obtained by treatment with
chloral hydrate-saturated aqueous solution. Some speci-
mens were then mounted in glycerol-ethanol (1/1, v/v),
and others, for better contrast, in glycerol-cotton blue
(1:1, v/v). Observations were made at the most impor-
tant phases of the disease: inoculation (0 h); penetration
and formation of first haustoria (13 h); intermediate
phases (20 and 42 h); development of hypersensitive le-
sions in the resistant ‘KW 765’ (62 h); post-necrotic
phase in the resistant, corresponding to initiation of
pustule formation or ‘white fleck’ stage in the suscepti-
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ble variety (92 h).

Reactions of the two cultivars were evaluated ac-
cording to Stavely (1984) and the intensity of infection
using the modified Coob scale (Stavely, 1985).

Sampling for jasmonic acid analysis as cyta-histolog-
ical observations. JA analyses were done at the same in-
tervals. In the 1st and 2nd experiments 6 samples, while
in the 3rd experiment 4 samples, were harvested from
control and infected plants at each sampling. Each leaf
was immediately wrapped in aluminium foil, dipped in
liquid N and stored at -80°C, pending extraction.

Extraction. The leaves were ground in liquid N, im-
mediately extracted in diethyl ether (60 min in 20 and
30 min in 15 ml, and the extracts combined; Miiller and
Brodschelm, 1994). The solid matter was dried at 85°C
for dry weight determination. Uredospores were germi-
nated as follows. One gramme of uredospores was
washed for 2 h with 800 ml of water and left germinat-
ing at 20°C for 20 h in 8 1 of distilled water, on a 700
cm? surface (see Marte, 1971); 0.73 g of ungerminated
uredospores were ground in liquid N and extracted
with diethyl ether.

Purification. Chlorophyll, flavonoids, alkaloids,
lipids and JAME (which may interact with the anti-
body, Albrecht et al., 1993) were eliminated utilising an
activated solid phase aminopropyl column (Miiller and
Brodschelm, 1994). The eluate was quickly evaporated
under vacuum then in N flux (Miersch et al., 1986; Al-
brecht et al., 1993), collected in 600 pul methanol, de-
pleted from phenols (Luisoni, 1984), centrifuged (2 min
at 13,000 rpm) and 450 pl collected in a vial and stored
overnight at -20°C.

Methylation. The sample was concentrated to 150-
200 pl under N flux, and two volumes (350-350 pl) of
diazomethane (CH2N2) solution (30 ml diethyl ether, 1
ml of KOH 40%, 1 g of N-Nitroso-N-methylurea plus
KOH pellets as needed to absorb water) added until a
stable yellow colour developed and, after 1 min shack-
ing, the reaction was interrupted with a slight N flux
(Albrecht et al., 1993). After evaporation the sample
was recollected in 600 pl TBS methanol (80:20 v/v).

Quantification. The immobilised-antibody protocol
of Weiler (1986), modified by Albrecht ez al. (1993)
was used. The reagent concentration (for volume and
timing see Weiler, 1986) were as follows: rabbit serum
against anti-mouse immunoglobulin (RAMIG) 12.5 pg
ml!'; monoclonal antibody against JA 25 pg ml'; alka-
line phosphatase-conjugated JA (tracer) activity 25 pkat
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per well (Albrecht ez al., 1993). Readings were taken at
405 nm (Titertek Multiskan Plus).

Calculation of JA concentration. Dose-response
curves were calculated according to Weiler (1986); see
also Albrecht ez al. (1993). Recoveries increased gradu-
ally with increasing JA concentrations in the samples
and the readings were adequately compensated.

Statistical analysis. The data of each sampling was
submitted to analysis of variance. Standard errors and
significant differences (Student’s t-test), for inoculated
versus non-inoculated leaves (controls), were calculated.

RESULTS

JA contents of the uninoculated controls were simi-
lar in the two cultivars and quite constant during the
experiments (particularly in the resistant ‘Kentucky
Wonder 765’). Sham-inoculated control plants, 7.e.
plants sprayed with water only, did not show any varia-
tion in JA content (Fig. 1).
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Time after inoculation (hours)

Fig. 1. Jasmonic acid content in bean leaves (ng g! d.w.)
of the susceptible ‘Bountiful’ (infected ----0---- and control
—[—) and resistant ‘Kentucky Wonder 765 (infected ----
e ---- and control ——m ———) cultivars, at different time
(hours) after inoculation with U. phaseoli. The data are the
average of 3 independent experiments of 4 or 6 samples each.
Asterisks indicate significant differences between infected
and controls: **, significant at P < 0.01; ns, not significant.
Vertical bars represent + SE.
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In the susceptible cultivar ‘Bountiful’, the fungus
produced 21-39 pustules per 1.5 cm? (14-26 cm™) in the
three experiments, corresponding to intensity 4 of the
modified Coob scale; there was abundant mycelium
and no evidence of necrosis in the host tissues (data not
shown). The fungus gave pustules of 0.8 mm diameter,
corresponding to a degree 6 infection (data not shown),
according to the uniform bean rust grading scale. In the
susceptible cultivar ‘Bountiful’, JA increased slightly
but significantly within 13 h after inoculation (Fig. 1).
Though the content was slightly higher in infected
leaves as compared to the controls through the phase of
the fungal colonisation, the increases were not signifi-
cant, even in pool confrontation analysis (z.e. pooling
JA detected at 20, 42, 62 and 92 h after inoculation in
the infected versus the control leaves).

In the hypersensitive cultivar ‘Kentucky Wonder
765, the intensity of infection was 11-20 loci of infec-
tion per 1.5 cm? (7-13 cm2), corresponding to degree 3
of the modified Coob scale. Dead cells were detected at
60-62 h after inoculation in the three experiments (data
not shown). The isolate used gave an infection grade of
about 2*-2**, according to the uniform bean rust grad-
ing scale, corresponding to necrotic spots of 0.3-1 mm
and of 1-3 mm on the upper and lower leaf surfaces re-
spectively. In the hypersensitive cultivar ‘KW 765" a
modest though highly significant JA increase started at
13 h and remained detectable at 20 h post-inoculation
(Fig. 1). A new higher increase started at 42 h, peaked
at 62 h (673% of the control value), upon development
of the hypersensitive reaction, and clearly declined at 92
h post inoculation.

JA content was 0.95 + 0.11 SE in the ungerminated
and 0.46 + 0.10 SE ng g! d.w. in the germinated ure-
dospores (mean of two determinations, data not
shown).

DISCUSSION

JA levels of the controls were similar to those report-
ed for bean cell cultures (Parchmann et 4/, 1997) and
for bean primary leaves (Clarke ez 4/., 2000). Sham in-
oculation did not induce any JA accumulation, indicat-
ing that no mechanical stimulation was applied; in con-
trast, JA accumulation was induced in bean 12 h after
sham mechanical virus inoculation (Clarke ez a/., 2000).

The time of expression of cell death and the grade of
infection on the hypersensitively resistant ‘KW 765°; as
well as the symptoms on the susceptible ‘Bountiful’ cul-
tivar, were very similar to those described by Montalbi-
ni (1989). The fungus in itself does not seem to con-
tribute directly to JA accumulation in the infected tis-
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sues, because JA content of ungerminated and particu-
larly of germinated uredospores was much lower than
that detected in the host tissues, and no significant JA
increase was found with increasing mycelium develop-
ment in the susceptible cultivar.

In the susceptible ‘Bountiful’, the early increase of
JA (13 h after inoculation) concurs with what was re-
ported in tobacco infected with an hrpL. mutant (un-
able to induce HR) of P. syringe pv. phaseolicola (Ken-
ton et al., 1999), apart from a delay attributable to dif-
ferences between the two models (particularly in the
time required by the fungus for infection, not needed
by infiltrated bacteria). This early JA increase in ‘Boun-
tiful’ coincides with a similar slight and transitory
(though significant) ethylene increase in the susceptible
Pinto 111 infected with the same U. phaseoli isolate
(Montalbini and Elstner, 1977); early increases in both
JA and ethylene coincide with stoma and cell wall pene-
tration and initiation of haustorium formation by the
fungus in the susceptible host. As hypothesised for the
early, weak and transient oxidative burst and ROS ac-
cumulation (phase I see Lamb and Dixon, 1997), the
early JA increase may be considered a biologically un-
specific reaction of the compatible host. The lack of
further JA increase in ‘Bountiful’ during fungal coloni-
sation concurs with the lack of JA accumulation in to-
bacco infected with the hrpL. mutant of P. syringe pv.
phaseolicola (Kenton et al., 1999) and the lack of specif-
ic oxidative burst and ROS accumulation (phase II) in
various compatible host-pathogen combinations (see
Lamb and Dixon, 1997). All this may be related to the
activation, documented in the compatible barley-
Blumeria (Erysiphe) graminis f.sp. hordei, of several an-
tioxidative processes, which may lessen the damage of
oxidative stress and inhibit lipid peroxidation (El-Zaha-
by et al, 1995), the starting point of JA biosynthesis (see
Creelman and Mullet 1997). In synthesis in the compat-
ible Bountiful-U. phaseoli combination an initial aspe-
cific host reaction may occur, subsequently inhibited by
the pathogen; this hypothesis also agrees with cyto-his-
tological observations on compatible maize-Physopella
zeae combination (Heath and Bonde, 1988) and partic-
ularly on bean-U. phaseoli (Heath, 1995).

In the hypersensitive ‘KW 765, the early, transitory
and slight JA increase appears unspecific for resistance,
since it was also observed in the susceptible ‘Bountiful’.
The high JA accumulation documented during fungal
colonisation, with a peak at the appearance of cell death,
concurs with the increase observed in tobacco infected
with HR inducing P. syringae pv. phaseolicola (Kenton et
al., 1999), though in bean the increase appeared later
and was much less evident than in tobacco (this may be
mainly because of the longer infection process and fewer
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lesions respectively). JA accumulation in ‘KW 765’ also
concurs with the specific oxidative burst and ROS accu-
mulation (phase II) in various incompatible combina-
tions (see Lamb and Dixon, 1997) and with lipoxyge-
nase activation in incompatible bean-P. syringae pv.
phaseolicola (Croft et al., 1993), coffee-Hemileia vasta-
trix (Rojas et al., 1993) and barley-Blumeria (Erysiphe)
graminis £.sp. hordei (El-Zahaby et al., 1995). The peak
of JA accumulation in ‘KW 765’ coincides with that of
ethylene (36 fold ethylene increase at 62 h after infec-
tion, Montalbini and Elstner, 1977), documented in the
identical host-parasite combination. This appears in
agreement with the hypothesised synergistic action of JA
and ethylene in activating resistance mechanisms (see
Xu et al., 1994; Penninckx et al., 1996; 1998) in our KW
765 -U. phaseoli experiments.

In conclusion, presence of early, slight accumulation
(phase 1, aspecific for resistance) and lack of later JA
accumulation (phase II, specific) in the compatible
‘Bountiful’ agrees with the observations on ethylene
(Montalbini and Elstner, 1977) and ROS content, respi-
ratory burst and LOX activity (Croft ez al., 1993; Rojas
et al., 1993; El-Zahaby et al., 1995).

In the incompatible KW 765, JA accumulation fol-
lows the pattern of ethylene and ROS accumulation and
concurs with LOX activation in various incompatible
host-pathogen combinations (see above). This seems to
indicate that JA accumulation in KW 765, at 62 h after
inoculation (HR appearance), is a specific host reaction
(synergistic with ethylene accumulation).
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