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Abstract

Lipoxygenase (LOX) activity was measured in germinating pigeo@aganus cajarseedlings, resistant (ICP-8863)

and susceptible (ICP-2376) to wilt fungus, before and after infection Ritbarium udumLOX activity was
significantly higherinthe resistantthan in the susceptible cultivars of pigeonpea and was enhanced further in response
to infection withFusarium udumThis increase in LOX activity in the resistant cultivars of pigeonpea appears to be
due to the induction of lipoxygenase isozymes in response to infection. Analysis of the endogenous LOX metabolites
in pigeonpea seedlings revealed the predominant formation of 13-hydroperoxyoctadecadienoic acid (13-HPODE)
in healthy seedlings and 13-hydroperoxyoctadecatrienoic acid (13-HPOTrE) in infected seedlings. Further studies
on the effects of LOX metabolites on the growth and multiplicatioRugarium udunshowed that HPOTrEs, LOX
metabolites of¢-linolenic acid, are more anti-fungal compared to HPODEs, LOX metabolites of linoleic acid.

Introduction These include jasmonic acid and traumatin, which
evoke a variety of cellular responses (Farmer and
Lipoxygenase (LOX — linoleate : Oxygen oxidoreduc- Ryan, 1990; Farmer etal., 1992; Rosahl, 1996; Vijayan
tase, EC 1.13.11.12) catalyzes the addition of molec- et al., 1998; Staswick et al., 1998), and highly reactive
ular oxygen to polyunsaturated fatty acids (PUFAs), aldehydes with anti-microbial activity (Hamberg and
which present a cis, cis-1, 4-pentadiene site, as in Gardner, 1992; Hildebrand et al., 1988).
linoleic acid (LA-18: 2) @-linolenic acid (ALA-18: 3) Increased lipoxygenase activity has been reported in
and arachidonic acid (AA-20: 4). These non-heme iron dicots and monocots after infection with pathogenic
containing dioxygenases are widely distributed among microorganisms and viruses e.g., in tobacco infected
plants and animals (Gardner, 1991; Siedow, 1991).  with tobacco mosaic virus (Ruzicska et al., 1983),
Lipoxygenase (LOX) products have beenimplicated Phytophthora parasiticgFournier et al., 1993; Rance
in various regulatory functions, such as growth and et al., 1998),Phytophthora cryptogegSuty et al.,
development, senescence and defense responses. WhetP96; Rusterucci et al., 1999), in potato infected with
plant tissues are injured by insects or pathogens or Rhizoctonia soloniReddy et al., 1992), in tomato
mechanical wounding, lipid degrading enzymes are infected with powdery mildew (Kato et al., 1992), in
activated (Narvaez-Vasquez et al., 1999). This provides Pseudomonas syringaeinoculated bean (Croft et al.,
the necessary polyunsaturated fatty acid substrates for1990), tomato (Koch et al., 1992) arftabidopsis
LOX and the fatty acid peroxides thus generated can be thaliana (Melan et al., 1993), in wheat infected with
further metabolized to biologically active compounds. Puccinia graminis(Ocampo et al., 1986) and in rice
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infected withManaporthe grieseé&Ohta et al., 1991).
In most cases, a correlation between induction of LOX

activity and resistance of the plant has been shown.

root system was washed repeatedly by rinsing in ster-
ilized distilled water. One seedling with the root sys-
tem dipped in the 20 ml of spore suspension in each

In the present study, an attempt was made to examineof the tubes was held in position by a cotton plug and

the role of LOX in resistant and susceptible cultivars
of pigeonpea seedlings infected wRlisarium udum
The LOX metabolites formeéh situ, in response to
infection, were also isolated, identified and evaluated
for their role in defense responses.

Materials and methods
Seeds and microbial culture

PigeonpeaCajanus cajapseeds, resistant (ICP-8863)
and susceptible (ICP-2376) to wilt fungus and strains
of Fusarium udumwere obtained from the Inter-
national Crops Research Institute for Semi Arid
Tropics (ICRISAT), Hyderabad, India. LOX products
of linoleic acid (13-HPODE, 9-HPODE, 13-HODE
and 9-HODE) and«-linolenic acid (13-HPOTrE,
9-HPOTrE, 13-HOTrE and 9-HOTrE) were prepared

incubated at 25C. After every 24 h sterilized distilled
water was added aseptically to each of the tubes to
make up the loss. Seedlings dipped in sterilized dis-
tilled water served as healthy controls. The seedlings
were harvested at 24 h intervals for 7 days after inocu-
lation and used for lipoxygenase extraction.

Preparation of LOX crude extract

The LOX enzyme was prepared from pigeonpea
seedlings after inoculation withFusarium udum.
Pigeonpea seedlings were homogenized (20% homo-
genate w/v) in 100 mM potassium phosphate buffer, pH
7.0. The homogenate was passed through four layers of
cheese cloth and centrifuged at 10,968 30 min. The
resulting supernatant was used as the enzyme source.

Measurement of LOX activity

using soybean and potato LOX enzymes (Reddannathe | ox activity was assayed polarographically in

etal., 1990).

Growth of pigeonpea seedlings

the seedlings at 24 h intervals for 7 days (Reddanna
et al., 1990). The reaction mixture consisted of 2.9 ml
of 0.1 M potassium phosphate buffer pH 6.5 and £DO

of enzyme. Reaction was initiated by the addition of

Seeds of pigeonpea cultivars ICP-8863 and ICP-2376 10yl of substrate (linoleic or linolenic acid), to give

(Nene et al., 1981), resistant and susceptible to wilt

a final concentration of 250M. The enzyme activity

fungus respectively, were surface sterilized and grown was expressed as Units/mg protein, wherein one Unit
in autoclaved river bed sand placed in 15cm earthen- js defined as & mole of oxygen consumed/min. Pro-
ware pots aseptically in an incubator under constant tein content was estimated according to the method of

light at 25°C for 7 days until the formation of first leaf.
The seedlings were inoculated wiBusarium udum
and the level of lipoxygenase activity monitored daily
for a period of 7 days.

Preparation of Fusarium udum spore suspension
The spore suspensionefisarium udundiluted to con-

tain approximately & x 10° spores/ml was prepared
from 7-day-old culture grown on potato dextrose broth.

Lowry et al. (1951).

Analysis of LOX isozymes on native-PAGE

Healthy and inoculated pigeonpea seedlings of the cul-
tivars ICP-8863 were harvested 4 days of infection.
The crude extracts of harvested seedlings were sepa-
rated on 10% native-PAGE under cold conditions. After
electrophoresis, the gel was washed in 0.1 M potas-
sium phosphate buffer, pH 6.5 for 15 min atGl The

About 20 ml aliquots of the spore suspension was taken ge| was incubated with substrate solution, prepared

into sterilized glass tubes (15015 mm).

Root dip inoculation

Seven-day-old pigeonpea seedlings with first leaf

by mixing one volume of 0.53 M substrate (linoleic
acid or linolenic acid) with equal volumes of methanol
and 0.53M potassium hydroxide to give potassium
linoleate or linolenate. The potassium linoleate or
linolenate was mixed with 100 volumes of fresh 0.1 M

grown under aseptic conditions were removed and the KH,PQO, pH 6.5 to give a final concentration of 2.5 mM
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substrate in the solution along with 0.1% sodium glass wool. After washing in sterile water, the conidial
cholate. The gel was incubated for 5 min at@%em- suspension was adjusted to the desired concentration
perature. After incubation, the gel was washed with (2 x 10* spores/ml). Approximately 1 ml of spore sus-
0.1 M KH,PGQ, of pH 6.5 or with double distilled water  pension was pipetted onto a fresh and dry Malachite
to remove the excess of the substrate attached to thegreen agar plates and evenly distributed with a glass
gel. The washed gel was stained with O-dianisidine spreader. To test the effect of hydroperoxides and
hydrochloride in 0.1 M potassium phosphate buf- hydroxides on the growth dfusarium udumsterile

fer for color development (Heydeck and Schewe, 14 mmx2 mmfilter discs (Whatman) were placed cen-

1985). trally on the agar surface of previously seeded Mala-
chite green agar plates. Different concentrations of
Analysis of endogenous lipoxygenase products hydroperoxides (13-HPODE, 9-HPODE, 13-HPOTrE

and 9-HPOTrE) and hydroxides (13-HODE, 9-HODE,

Healthy and inoculated seedlings were harvested 4 dayst3-HOTTE and 9-HOTYE) dissolved in 10 of 10%

of infection. The harvested seedlings were homog- ethanol were pipetted on to filter d|sps in petriplates.
enized and centrifuged at 10,g0@or 30 min. The Control plates were prepared by pipetting 110of
resulting supernatant was extracted with hexane : ether10% thanol on to filter discs. Plates were then sealed
(50:50) twice and the organic extracts were pooled, With parafim and incubated at 26 for 24 h. Plates
evaporated to dryness under vacuum and re-dissolved"€ré examined for zones of growth inhibition around

in HPLC mobile phase (hexane : propanol : acetic acid, each disc. The lowest concentration of hydroperox-
1000: 15: 1 vIViv). ide or hydroxide that produced a detectable zone of

The LOX products from healthy and infected inhibitiqn was considered as minimum inh_ibitory con-
seedlings were separated on straight phase HpLcCentration (MIC) and is expressed as micrograms of
(Shimadzu LC 6A equipped with Rheodyne injector hydroperoxide or hydroxide per disc. The experiment
using Shimadzu CLC-SIL column 4.0 m«5cm). was repeated 3 times.

The products were monitored at 235 nm and the indi-

vidual peaks detected were identified based on Uv- LOX metabolites — microtitre plate bioassay

visible spectral characterization, co-chromtography

with authentic standards and GC-MS analysis. GC-MS Anti-fungal activity of hydroperoxides and hydrox-
analysis of the endogenous LOX products was done atides on the growth ofusarium udumwas assessed
The Pennsylvania State University, USA with the facil- in microtitre plates. Tests were performed with,20
ities of Dr. C. Channa Reddy, using Hewlett Packard Of test solution (LA/ALA hydroperoxides/hydroxides
5890 series Il gas chromatograph coupled to a Hewlett With varying concentrationsi.e., 5, 10, 20 and4fiml
Packard 5971 mass spectrometer (Reddy et al., 1992).in 10% ethanol) and 40l of spore suspension of
The LOX products were reduced with sodium boro- Fusarium udunfapproximately 2< 10* spores/ml) in
hydride, methylated and silylated using BSTFA of half strength potato dextrose. Change in absorbance
Supleco, Bellefonte, PA, before GC-MS analysis. The was monitored at 490nm on an Enzyme-Linked
separation conditions were: 15 m fused silica column, Immunosorbant Assay (ELISA) reader after 12h of
0.20 mm internal diameter with 0.20n film thick- incubation at 30C. Control sample was maintained
ness, temperature program 3 min/f@)then 10C/min by adding 1Qul of 10% ethanol to 4@l of spore

to 240°C. The gas carrier was helium, 2mimin. The Suspension. For each treatment, three replicates were
quantification of individual LOX products was done €xamined.

based on peak areas and UV/VIS Spectra| data of peaks Percentinhibition in the growth was calculated using

collected from HPLC. the following formula:
Percent inhibition
LOX metabolites — filter paper disc bioassay Absorbance of corrected control 100
= X

Absorbance of controt

Fusarium udunButler was maintained on potato dex- Absorbance of corrected test

trose broth on a reciprocal shaker for 4 days at@5
and conidial suspensions were obtained. Mycelial where absorbance of corrected contcoAbs of con-
fragments were removed by filtering through sterile trol at 12 h — Abs of control at 30 min and absorbance
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of corrected test Abs of test at 12h — Abs of testat  of pigeonpea (ICP-8863), the proteins were sepa-

30 min. rated on native-PAGE and stained with O-dianisidine
hydrochloride. As shown in Figure 2, 11,, L;and L,
Results isozymes were expressed in healthy seedlings. How-
ever, inthe inoculated seedlings five LOX isozymes L
Lipoxygenase activity in healthy and Ls, L4, Ls and L were expressed with a decrease of L
inoculated pigeonpea seedlings isozyme. The highest LOX activity observed in inoc-

ulated seedlings may be due to the expression of new
Lipoxygenase activity in healthy and inoculated LOXisozymes (ls and L), in addition to induction in
pigeonpea seedlings of resistant (ICP-8863) and sus-Other isoforms.
ceptible (ICP-2376) cultivars, studied at different time
intervals is shown in Figure 1. LOX activity, in the ~Endogenous LOX products
pathogen-inoculated seedlings of the resistant culti-
var (ICP-8863), increased progressively starting from LOX metabolites formed in healthy and inoculated
day 1 of infection, reached maximum by day 4 (approx. Seedlings of the resistant cultivar of pigeonpea (ICP-
10-fold) and declined gradually thereafter (Figure 1). 8863) were extracted and separated on straight phase
LOX activity in this cultivar remained higher in com- HPLC (SP-HPLC). HPLC analysis of the endogenous
parison to the healthy seedlings throughout the period
of infection. In the susceptible seedlings (ICP-2376)
LOX activity was lower than that of the healthy
seedlings throughout the period of infection (Figure 1).

1 2
Also, the levels of LOX activity in the healthy and
infected seedlings of resistant cultivar were higher than Li
those in the susceptible cultivar at all the periods of
Lz L:
study.

_ _ _ L3
Analysis of LOX isozymes on native-PAGE Li
In order to analyse the expression of LOX isozymes in
healthy and infected seedlings of the resistant cultivar il Ls

e -.— L,

41 ~@- Resistant control
—(— Resistant inoculated
—w— Susceptible control
—/— Susceptible inoculated

Units/mg protein
N

Figure 2 Activity staining of LOX isoenzymes in the control

Days and infected Fusarium udurppigeonpea (ICP-8863) seedlings.

Proteins separated on 10% native PAGE were incubated with sub-

Figure 1 LOX activity in pigeonpea (resistant-ICP8863 and strate (LA) solution and the peroxides generated were stained
susceptible-ICP2376) seedlings in respons€usarium udum with O-dianisidine hydrochloride. Lane 1 represents the LOX
infection. Data presented as meanstandard error from three isozymes from 11 day old seedlings (control). Lane 2 represents
independent experiments. One unitis defined agonae of G, LOX isozymes from 7 day old pigeonpea seedlings infected with
consumed per minute. Fusarium udunand harvested after 4 days.
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Figure 3 (a) HPLC separation of endogenous LOX products extracted from 11 days old pigeonpea control seedlings on a straight phase
silica CLC-SIL column. The LOX products present in the homogenate supernatant (@080 min) were extracted with hexane : ether

(50: 50) twice and the organic extracts pooled, evaporated to dryness, redissolved in HPLC mobile phase (hexane : propanol : acetic acid,
1000: 15: 1) and then applied to the column (straight phase silica column). The products were eluted with the mobile phase at a flow rate
of 2 ml/min with detection at 235 nm. (b) HPLC separation of endogenous LOX products extracted from 7 days old pigeonpea seedlings
infected withFusarium udumAfter 4 days of infection, the LOX products present in the homogenate supernatant were extracted and
then separated on straight phase silica column as per the methods described in Figure 3a.

products from healthy seedlings showed a major peak peak with RT 13.325min was identified as 13-

with retention time 11.685min and a minor peak hydroperoxyoctadecatrienoic acid (13-HPOTrE) after
with retention time of 13.325min (Figure 3a). Both co-chromatography and GC-MS analysis. The rela-
the peaks showed typical conjugated diene spec-tive ratio of HPODE to HPOTrE, calculated basing

tra with absorption maximum at 235nm. The peak on peaks areas on HPLC and UV/VIS spectral data,
with a retention time of 11.685min was identified was 7:3.

as 13-hydroperoxyoctadecadienoic acid (13-HPODE)  Similarly, SP-HPLC analysis of the LOX products

after co-chromatography of the compound with formed in the infected pigeonpea seedlings showed
authentic 13-HPODE and GC-MS analysis of the a minor peak with RT 11.395min corresponding to

reduced product after methylation and trimethylsi- 13-HPODE and a major peak with RT 13.682 min cor-
Iyl derivatization (data not shown). Similarly, the responding to 13-HPOTTrE (Figure 3b). This pattern is
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Figure 4h Photomicrograph showing the effects of LOX prod-
ucts on the growth oFusarium udun(Filter disc assay). Ster-
Figure 4a Photomicrograph showing the effects of LOX prod- jle filter discs (Whatman) were placed centrally on agar plates
ucts on the growth ofFusarium uduniFilter disc assay). Sterile  and different LOX products dissoved in 10 ml of 10% ethanol
filter discs (Whatman) were placed centrally on agar plates and were added onto the filter discs. Plates were then sealed with
different LOX prOdUCtS dissoved in 10 ml of 10% ethanol were paraf“m, incubated at 2& for 24h and later the photomi_
added onto the filter discs. Plates were then sealed with parafilm, crographs were taken. Control p|ates were prepared by add|ng
incubated at 25C for 24 h and later the photomicrographs were 10l of 10% ethanol onto filter discs. A. 13-HPOTrEg/ml);

taken. A. 13-HODE (Lg/ml); B. 13-HPODE (fig/ml) and B. 9-HPOTIE (5ug/ml) and D. Control.
C. 9-HPODE (5ug/ml).

Table 1 Minimum inhibitory concentration
(MIC) of hydroperoxyoctadecadienoic acids

exactly opposite to that observed in healthy pigeonpea (HPODEs) and hydroperoxyoctadecatrienoic
Seedllngs. Also, the relative ratio of HPODE to acids (HPOTrEs) on the growth Btisarium udum

HPOTrE changedto 2: 9 from 7 : 3 observed in healthy on filter disc assay. MICs were calculated based
pigeonpea seedlings. on the concentration of hydroperoxide required to

show a detectable zone of inhibition on the growth
of Fusarium udunon filter disc assay

Antifungal activity of LOX metabolites filter

paper disc bioassay Treatment Minimum inhibitory
concentration
Hydroperoxides and hydroxy metabolites of LA and ng/disc uM
ALA spotted on filter paper discs inhibited the growth 13-HPODE 5.0 15.80
of Fusarium udumon Malachite green agar plates 9-HPODE 5.0 15.80
(Figure 4a). Of all the compounds tested maxi- 13-HPOTIE 2.5 7.80
9-HPOTIE 25 7.80

mum inhibition of fungal growth was observed with

HPOTrEs compared to HPODESs (Table 1). In control
filter discs, however, no inhibition of fungal growth was
observed (Figure 4b).

13-HPOTrE and 9-HPOTTE as well as to those of LA
hydroperoxides (HPODES).

Antifungal activity of LOX metabolites
microtitre plate bioassay Discussion

As shown in Table 2, ALA hydroperoxides (13- Inthe present study, a higher level of LOX activity was
HPOTrE and 9-HPOTrE), exhibited maximum percent observed in the resistant pigeonpea cultivar than in the
inhibition (81% and 84% respectively) even atg/ml, susceptible cultivar. Lipoxygenase activity increased
when compared with LA hydroperoxides (13-HPODE upto 10-fold in the resistant cultivar over a period of
71% and 9-HPODE 80%). Further, 13-HOTrE and 4 days following infection witHFusarium udumSim-
9-HOTrE were found to be more potent compared to ilar results have been reported in other plant-microbe
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Table 2 Percent inhibition in the growth of the fungusysarium udumin the
presence of different LOX metabolites, as shown by the microtitre plate method.
Percent inhibition was calculated as per the equation given in the methodology
section. Data preseted as meaisD of two trials with three replicates. All the
values are significant @& < 0.05 compared to control value

Treatment Percent inhibition
5ug/ml 10ug/ml 25ug/ml 40ug/mi

13-HPODE 70.6t 3.06 82.9+ 1.47 89.8+ 2.48 98.9+ 2.77
9-HPODE 79.62.22 86.24-2.63 92.4+2.72 96.3+2.99
13-HPOTrE 81.3+ 2.80 93.3+2.22 97.3t£ 0.89 1004+ 0.49
9-HPOTrE 83.A-2.45 90.24-1.58 95.94+ 0.89 1004 0.73
13-HOTrE 85. 74+ 1.50 95.2+2.77 99.5+ 0.89 1004+ 1.43
9-HOTrE 85.7+ 1.50 93.94-2.85 98.04+1.34 1004 1.23

Values are meag: SD of two trials with three replicates.

systems (Koch et al., 1992; Melan et al., 1993; Peng Creelman and Mullet, 1995). Similar enhanced produc-

et al.,, 1994). The induction of lipoxygenase activ-
ity upto 7-fold was reported in tobacco leaves over a
period of 11 days following infection with a powdery
mildew, Erysiphe cichracearunfLupu et al., 1980).
Similar induction of LOX activity was recorded in
tobacco leaves treated with cryptogein, a protein of
the fungusPhytophthora cryptogeéRusterucci et al.,
1999). In potato tubers also, LOX activity increased
upto 4 weeks following fungal infection witRhoma
exigua (Galliard, 1978). In the susceptible pigeon-
pea seedlings, on the other hand, the LOX activity

tion of ALA metabolites in response to injury/infection
was observed in potato tubers (Reddy et al., 2000).
LOX may also have a direct role in the protection of
planttissues. LOX metabolites might be acting directly
on the fungal pathogen leading to the development of
resistance. In order to test such a possibility, differ-
ent LOX products of both LA and ALA were screened
for their anti-fungal activity by filter disc assay and
microtitre plate method. Agar plate assays showed that
both hydroperoxides and hydroxides were effective
anti-fungal agents, while the latter being more effective

decreased immediately after inoculation and remained than the former. The minimum inhibitory concentra-

at lower levels compared to control seedlings. Thus,

tion calculated for 13-HPOTrE was 7.8/ compared

resistant and susceptible pigeonpea cultivars showedto that of 15.8:M for 13-HPODE/9-HPODE. These

differential pattern in the levels of lipoxygenase activ-
ity in response to pathogen infection.

The endogenous product profiles of infected pigeon-
pea seedlings, however, were quite different from that
of healthy pigeonpea seedlings. The relative ratio of
LA to ALA products formed endogenously in healthy
seedlings was 7:3 (LA:ALA) while it was 2:9 in
infected seedlings, indicating a shift in LOX speci-
ficity towards ALA. The most important finding of
the present study is the formation of ALA hydroper-
oxides (HPOTrES) during infection in preference to
LA hydroperoxides (HPODESs). Similar shifts towards
ALA products was reported in the tobacco leaves
treated with a fungal protein (Rusterucci et al., 1999).
This shift is probably aimed towards the formation
of traumatin and jasmonic acids, which are formed
only from ALA. This may be possible with the spe-
cific release of ALA from membrane phospholipids by
octadecanoid signal transduction pathway in plants in

studies suggest that LOX metabolites exert their effects
directly on the fungal pathogen.

The quantitative assessment of hydroperoxides and
hydroxides on the growth dfusarium udumby the
microtitre plate method showed that HPOTrEs were
more effective in inhibiting the growth of pigeonpea
wilt fungus than HPODES. Incidentally 13-HPOTrE,
the LOX metabolite of ALA, is the major endoge-
nous LOX product formed in pigeonpea seedlings
infected with Fusarium udum From these observa-
tions, itappears that ALA metabolites of LOX pathway
mightbe involved in mediating the defense responses of
the plant against wilt fungus. Similar inhibitions in the
germination of conidia of rice blag®yricularia oryzae
by 13-HOTrE and 9-HOTrE, (Shimura et al., 1983)
andAspergellus nigeby 13-HPODE and 13-HPOTrE
(Sailajaetal., 1997) and inhibition of cystospore germi-
nation ofPhytophthora capsidiy 9- and 13-HPOTrEs
as well as by the hydroxy derivatives of arachidonic

response to pathogen attack (Farmar and Ryan, 1992;acid (Ricker and Bostock, 1994) were reported .
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In general, it can be concluded that LOX activity is
higher in the resistant cultivar of pigeonpea which is
further enhanced in response to infectionAmsarium
udum The LOX metabolites formed endogenously in
the tissue showed potent anti-fungal activity towards
Fusarium udumsuggesting their possible involvement

Gardner HW (1991) Recent investigations into the lipoxygenase
pathway of plants. Biochim Biophys Acta 1084: 221-239

Hamberg M and Gardner HW (1992) Oxylipin pathway to jas-
monates: Biochemistry and biological significance. Biochim
Biophys Acta 1165(1): 1-18

Hildebrand DF, Hamilton-Kemp TR, Legg CS and Bookjans G
(1988) Plant lipoxygenases: occurrence, properties and possi-

in the development of resistance. The resistance devel- ble functions. Curr Top Plant Biochem Physiol 7: 201-219
oped in pigeonpea seedlings against pathogen attackHeydeck D and Schewe T (1985) Improved procedure for the

appears to be mediated through hydroperoxy/hydroxy
metabolites of ALA.
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