A Nonpathogenic Mutant Strain
of Colletotrichum magna Induces Resistance
to C. gloeosporioides in Avocado Fruits
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A mutant strain (path-1) of Colletotrichum magna
(teleomorph Glomerella magna) that grew endophytically
in watermelon plants was recently isolated. Unlike the
wild-type isolate, the mutant did not cause disease symp-
toms and protected plants from disease caused by the
wild-type fungus. We observed that inoculation of freshly
harvested avocado fruit with path-1 inhibited subsequent
decay development by the normal pathogen Colle-
totrichum gloeosporioides. C. gloeosporioides isolate Cg-14
and the wild-type and mutant strains of C. magna germi-
nated and formed appressoria on fruit peel, but Cg-14 and
the wild type formed two- to threefold more appressoria
on avocado peel than path-1. Cell wall elicitors from all
three Colletotrichum isolates induced higher levels of
phenylalanine ammonia lyase activity and mRNA in avo-
cado cell suspension cultures than untreated controls.
Path-1 and path-1 co-inoculated with Cg-14 also induced
higher levels of phenylalanine ammonia lyase in freshly
harvested fruits than Cg-14-inoculated and untreated con-
trols. The isolates differed, however, in the level and ex-
tent of induction of epicatechin and an antifungal diene in
the peel of ripening fruits. Path-1 induced higher levels of
epicatechin that lasted in ripening fruits, whereas Cg-14
induced epicatechin levels for 1 day only. It is therefore
suggested that the enhanced resistance of avocado fruits to
C. gloeosporioides by path-1 results from the induction of
epicatechin, a phenol that inhibits oxidation of the anti-
fungal diene.

Additional keywords: biological control, host defense
mechanisms, inducible preformed antifungal compounds.

Freeman and Rodriguez (1993) recently isolated a mutant
strain of Colletotrichum magna S.F. Jenkins & Winstead that
endophytically colonizes watermelon and other cucurbits but
does not cause detectable symptoms of disease. The mutant
strain also protects watermelon plants against infection by the
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wild-type strain of C. magna and reduces seedling mortality
caused by Fusarium oxysporum f. sp. niveum. The basis for
this biological disease control has not been elucidated, but it
may involve the activation of normal host defenses (Freeman
and Rodriguez 1993). It was accordingly of interest to inocu-
late avocado fruits with the C. magna mutant strain and test
effects on the postharvest decay caused by C. gloeosporioides
(Penz.) Penz. & Sacc. in Penz. Prusky et al. (1983) described
the presence of a preformed antifungal compound, 1-acetoxy-
2-hydroxy-4-oxo-henicosa-12,15-diene, in the peel and flesh
of unripe avocado fruits and demonstrated that its concentra-
tion decreases markedly during fruit ripening when decay
symptoms occur. The diene compound was suggested to be
the major factor accounting for resistance to decay in unripe
fruit (Prusky et al. 1983; Prusky et al. 1991b). More recent
results indicated that concentrations of the preformed diene
could be enhanced by a series of biotic and abiotic factors,
including inoculation with C. gloeosporioides (Prusky et al.
1991a). Wounding, gamma radiation, and exposure of freshly
harvested fruits to 30% CO, also enhanced levels of the pre-
formed antifungal diene (Prusky and Plumbley 1992). Despite
an initial reduction in concentration of the diene in freshly
harvested fruits, a subsequent rapid increase in the concentra-
tion occurred to regain the initial level (Karni et al. 1989).
This suggested rapid turnover of the diene compound and led
us to consider it as an inducible, preformed compound.

Levels of the preformed diene compound in CO,-treated
fruits appear to be regulated by epicatechin, a phenol that in-
hibits the activity of lipoxygenase, which, in turn, degrades
the diene compound (Prusky et al. 1985). Thus, increased
concentrations of epicatechin result in decreased degradation
of the antifungal diene and prevention of decay. It was ac-
cordingly of interest to search for other agents that might in-
crease epicatechin levels in avocado fruits. We report here
that the mutant strain of C. magna infected avocado fruit peel
to produce insignificant symptoms but enhanced epicatechin
and diene levels and delayed decay development caused by
C. gloeosporioides.

RESULTS

Interaction in vitro between Cg-14 and path-1 conidia
of Colletotrichum.

Conidia of Cg-14 and path-1 showed 96 + 2 and 80 + 6%
germination, respectively, on Millipore filters. When both
conidial suspensions were mixed together, the percent germi-
nation of Cg-14 was similar to that of Cg-14 alone, 96 + 1%.



When cultures of Cg-14 and path-1 were inoculated on the
same plate, no sign of inhibition between the two strains was
observed.

Decay development in avocado fruit
inoculated with Collefotrichum isolates.

Initial symptoms of decay in avocado fruit inoculated with
C. gloeosporioides isolate Cg-14 were observed 5 days after
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Fig. 1. Effect of Colletotrichum gloeosporioides (isolate Cg-14), and the
wild-type (WT) and nonpathogenic mutant (path-1) isolates of C. magna
on decay development on avocado fruit. Fruit were spot-inoculated with
1-2-pl suspensions of each isolate (2 x 10° conidia/ml) at harvesttime.
Decay development was determined by measuring the diameter (in mil-
limeters) of lesion formation. Vertical lines on the graph denote standard
errors from 60 replicates.
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Fig. 2. Effect of the nonpathogenic mutant (path-1) of Colletotrichum
magna on decay development caused by C. gloeosporioides, isolate
Cg-14. Upon harvesting, fruit were spot-inoculated with Cg-14 (1-2-pl
of 2 x 10° conidia/ml) alone or with Cg-14 followed 24 hr later by whole
fruit immersion in conidial suspensions (2-3 x 10° conidia/ml) of path-1
(C. gloeosporioides/path-1). Fruit were also inoculated upon harvest by
being dipped in conidial suspensions of path-1 and challenged 24 hr later
by spot inoculation with Cg-14 (C. gloeosporioidesfpath-1). Decay
development was determined by measuring the diameter (in millimeters)
of lesion formation. Vertical lines on the graph denote standard errors
from 60 replicates.

harvest, with lesions increasing in diameter to 17 mm at day
10 (Fig. 1). Fruits inoculated with the wild-type C. magna
isolate showed minor symptoms of decay; lesions measured 2
mm at day 10. Fruits inoculated with path-1 showed even less
symptom development; decay lesions measured 0.5 mm at
day 10 (Fig. 1).

A significant delay in fruit decay development was ob-
served regardless of whether path-1 was inoculated prior to
Cg-14 inoculation or after (Fig. 2). At day 8, decay develop-
ment reached 4, 0.75, and 0.5 mm in Cg-14, Cg-14 + path-1,
and path-1 + Cg-14 inoculations, respectively (Fig 2). A
similar experiment using the wild-type isolate of C. magna
and Cg-14 was not performed, since the wild-type isolate
produced visible decay symptoms that would interfere with
the symptoms produced by Cg-14.

Fig. 3. Appressorial formation on avocado cv. Fuerte fruit peel by A,
Colletotrichum gloeosporioides isolate Cg-14, and B, the wild-type and
C, nonpathogenic mutant of C. magna. Note the infection peg observed
from the upper part of the appressorium in all the different isolates.
Magnification bar = 20 pm.
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Appressorium formation by Colletotrichum isolates
on avocado peel.

Isolate Cg-14 of C. gloeosporioides and the wild-type and
path-1 isolates of C. magna all formed appressoria on the peel
of avocado fruit (Fig. 3). Isolates Cg-14 and wild-type C.
magna formed two- to threefold more appressoria on fruit
than path-1 (approximately 120 vs. 40-50 per field). When
conidia were germinated on isolated avocado wax, the per-
centage that formed appressoria was 93, 83, and 65% for Cg-
14, wild-type, and path-1, respectively.
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Fig. 4. Effect of Colletotrichum inoculation on the concentration of epi-
catechin in avocado cv. Fuerte peel. Fruit were dip-inoculated upon har-
vesting in conidial suspensions (2 x 10 conidia/ml) of C. gloeosporioi-
des isolate Cg-14 (@—®), or wild-type (WT) (A—A) or nonpathogenic
mutant (path-1) (A—A) of C. magna, or dipped in water (O—O). The
peel was removed, and epicatechin concentration (jg/g fresh weight) was
determined for inoculated and noninoculated fruit. Vertical lines on the
graph denote standard errors of three replications.
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Fig. 5. Effect of Colletotrichum inoculation on concentration of the
antifungal diene in peel of avocado cv. Fuerte from the University of
California, Riverside. Fruit were dip-inoculated upon harvesting in
conidial suspensions (2 x 10° conidia/ml) of Colletotrichum gloeo-
sporivides Cg-14 (@—®), or wild-type (WT) (A—A) or nonpathogenic
mutant (path-1) (A—A) of C. magna, or dipped in water
(O—O). The peel was removed, and diene concentration (ug/g fresh
weight) was determined for inoculated and noninoculated fruit. Vertical
lines on the graph denote standard errors of three replications.
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Effect of Colletotrichum isolates on epicatechin
and diene levels in avocado peel.

The epicatechin concentration in inoculated fruit peel 1 day
after harvest was 470 pg/g fresh weight, and the level de-
creased during fruit ripening to 150 pg/g fresh weight. In all
Colletotrichum-challenged fruits, however, an increase in the
epicatechin level was observed, starting 3 days after inocula-
tion (Fig. 4). At the sixth day after harvest, the epicatechin
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Fig. 6. Effect of co-inoculation of path-1 and Cg-14 on A, phenylalanine
ammonia-lyase activity, B, concentration of epicatechin, and
C, the antifungal diene in peel of avocado cv. Fuerte from Ayanot, Israel.
Fruit were dip-inoculated upon harvesting in conidial suspensions (2 x
10° conidia/ml) of Colletotrichum gloeosporioides isolate Cg-14
(@—®), Cg-14 co-inoculated with the nonpathogenic mutant (path-1)
(W—m) of C. magna, path-1 (A—A), or dipped in water (O—O0). The
peel was removed, and diene concentration (ng/g fresh weight) was
determined for inoculated and noninoculated fruit. Vertical lines on the
graph denote standard errors of three replications.



level of path-1-inoculated fruit was 1.5 times higher than that
of wild-type C. magna-inoculated fruit and threefold higher
than that of Cg-14-inoculated or noninoculated control fruit
peels. The decrease in epicatechin levels of path-1-inoculated
fruit at later times was also more gradual than in Cg-14
inoculated fruit (Fig. 4).

The diene level in path-1 inoculated fruit was induced to a
higher concentration compared with the other inoculation
treatments or the noninoculated control (Fig 5). At day 6, the
diene level in peel inoculated with path-1 was 1.5-fold that of
the C. magna wild-type inoculation and 2.5-fold that of Cg-
14-inoculated or noninoculated control peels (Fig. 5). The de-
crease in diene level of path-1 inoculated peel was also more
gradual than that of the Cg-14 treatment.

Effect of co-inoculation of Cg-14 and path-1
on phenylalanine ammonia-lyase, epicatechin,
and diene levels in avocado peel.

Phenylalanine ammonia-lyase (PAL) activity was meas-
ured in avocado peel inoculated with Cg-14, path-1, and a
combination of both isolates. Elevated levels of PAL activity
were detected (as cinnamic acid, see Materials and Methods)
during the first 1 to 3 days after inoculation (Fig. 6A). One
day after inoculation, fruits inoculated with path-1 and path-1
+ Cg-14 exhibited PAL activities 60-80% higher than un-
treated controls, while an increase of only 34% activity was
observed in Cg-14-inoculated fruits.

The epicatechin concentration in noninoculated fruits 1 day
after harvest was 260 pg/g fresh weight. The level decreased
for 1 day, which was followed by a similar increase to initial
concentration. This rapid decrease is a postharvest response
of early-harvested fruits (Prusky er al. 1990). The level of
epicatechin decreased during ripening to 15 pg/ml fresh
weight. In all the Colletotrichum-challenged fruits, an in-
crease in the epicatechin level was observed, starting 1 day
after inoculation (Fig. 6B). At the seventh day, the epicate-
chin level of path-1 and path-1 + Cg-14 inoculated fruits was
almost 7 times higher than that of Cg-14 and noninoculated
fruits. The decrease of epicatechin in path-1 and co-inocu-
lated fruits was slower than that of Cg-14 and noninoculated
fruits.

The diene level in fruits inoculated with path-1 and path-1
+ Cg-14 was higher 1 day after inoculation than in Cg-14-
inoculated or the noninoculated control (Fig. 6C). On day 2,
the diene level of Cg-14-inoculated fruits increased signifi-
cantly compared with that of the control, but from day 3 and
during fruit ripening, a similar decrease was observed in the
diene levels of Cg-14-inoculated and noninoculated peels.
The decrease in diene level of peel inoculated with path-1 and
path-1 + Cg-14 was also more gradual than that of the Cg-14
treatment alone.

Effect of Colletotrichum elicitors on expression
and activity of PAL in avocado cell cultures.

PAL expression and activity were measured in avocado cell
cultures that were treated with elicitors originating from the
cell walls of isolates Cg-14 of C. gloeosporioides or the wild-
type and path-1 isolates of C. magna. Total RNA was ex-
tracted from elicitor-treated and untreated avocado cell cul-
tures and probed with a cloned PAL gene from avocado to
determine mRNA expression. Northern blot analysis showed

enhanced levels of PAL mRNA in all Colletotrichum elicitor-
treated cell cultures compared with basal levels of expression
in the untreated control (Fig. 7A). Elevated levels of PAL ac-
tivity were also detected in all cultures treated with the three
Colletotrichum wall elicitors (Fig. 7B). The elicitor-treated
cultures exhibited PAL activities 30-60% higher than the un-
treated control, consistent with the PAL mRNA results.

DISCUSSION

Freeman and Rodriguez (1993) showed that path-1, a non-
pathogenic mutant of C. magna, grows through cucurbits as

o

-
£
-]
] 120
’ -
ﬁ 100 o
[
-
o B804
=
£
b
° 60
@
e 5
E
@
e
£
T 204
o
L 0

Control Cg-14 wT Path-1

Fig. 7. Effect of Colletotrichum cell wall elicitors on A, mRNA levels
and B, activity of phenylalanine ammonia-lyase (PAL) in avocado cell
suspension cultures. Suspension cultures were treated with elicitors from
C. gloeosporioides isolate Cg-14, or wild-type (WT) or nonpathogenic
mutant (path-1) of C. magna and compared with untreated controls. PAL
mRNA was assessed by Northern blot analysis using a PAL avocado
probe hybridized to total RNA of elicitor-treated or untreated cell
cultures. PAL activity was determined spectrophotometrically based on
the production of cinnamic acid (measured in in pg/hr per gram fresh
weight). Vertical lines on the graph denote standard errors of three rep-
lications.
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an endophyte and retains the wild-type host range but protects
plants from disease caused by a wild-type isolate of C.
magna. Inoculation of freshly harvested avocado fruits with
path-1 also enhanced the antifungal diene to higher concen-
trations and for longer periods of time relative to inoculation
with the wild-type isolate of C. magna or isolate Cg-14 of C.
gloeosporioides. In contrast to isolate Cg-14, which produced
extensive decay development, wild-type C. magna produced
visible symptoms and path-1 did not cause significant symp-
toms of decay on avocado fruits.

When the initial steps of infection of the three fungal iso-
lates were compared, all germinated and produced
appressoria on the peel of intact fruits and on wax removed
from avocados. Appressoria with infection pegs were ob-
served on the cuticle of fruit inoculated with the three iso-
lates. This is a key point for induction, since without this
initial infection process of peel penetration no induction
should occur. The induction of increased levels of the diene
appears to occur following the initial infection. Concentration
of the antifungal diene in avocado peel is thought to be
modulated by lipoxygenase, which is, in turn, regulated by
the natural inhibitor, epicatechin (Prusky et al. 1985). The in-
volvement of epicatechin in the regulation of lipoxygenase
activity was demonstrated broadly in the past under several
elicitor conditions and consequently on avocado fruit resis-
tance to postharvest decay (Karni ef al. 1989; Prusky er al.
1985, 1988, 1991a). Path-1 caused a 2.5-fold increase in the
concentration of epicatechin in avocado peel, and this higher
level was maintained even in ripe fruits. Consistent with ear-
lier work, concentrations of epicatechin 6-7 days after inocu-
lation with path-1 showed almost two to three times the
concentration of epicatechin that is needed for inhibition of
lipoxygenase (Karni ef al. 1989; Prusky et al. 1985). Epicate-
chin appears to be a major factor associated with decreased
degradation of the antifungal diene and delayed decay devel-
opment. The increase in epicatechin concentration was shown
to be nonspecific and caused by several factors: fungal infec-
tion, wounding, gamma radiation, and 30% CO, treatments.
The fact that the three different strains breach the fruit cuticle
via the infection peg (Fig. 3) is a key factor for initiation of
the induction process. Postharvest pathogens such as Diplodia
natalensis and Penicillium digitatum that cannot penetrate the
fruit peel did not enhance higher levels of the antifungal
diene (Prusky et al. 1990). The differential degree of induc-
tion by the Colletotrichum strains should be related at least to
two factors: intrinsic factors of the isolates’ cell wall compo-
nents and/or other active inducing factor(s) produced by the
different strains.

The induction of PAL, a key enzyme of the phenylpro-
panoid pathway, during the increase in concentration of epi-
catechin by CO, was described recently (Prusky et al. 1991a).
No possibility exists, however, to test the crude extracts of
elicitors on whole fruits. For that purpose, a cell suspension
culture was used to show that nonspecific elicitor activity that
was extracted from cell walls of three Colletotrichum isolates
induced higher levels of PAL. It is not clear, however,
whether the cell wall elicitor that enhanced PAL activity for
1-2 days after inoculation accounts for increased epicatechin
levels in path-1-inoculated and co-inoculated avocado fruits.
Autoclaved extracts of cell walls induced significantly higher
levels of PAL activity and mRNA transcripts. However, the
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high level of epicatechin that is still present in path-1-
inoculated ripe fruit suggests that path-1 may continuously
stimulate host defenses during penetration of unripe and
ripening fruit, whereas the Cg-14 isolate and wild-type isolate
of C. magna stimulated the host reaction only for a limited
time and only in unripe fruit. It has similarly been suggested
that path-1 “primes” the defense mechanism in watermelon,
thus avoiding a delay in the defense response following chal-
lenge inoculation by wild-type C. magma (Freeman and
Rodriguez 1993).

The search for biological control strategies for diseases of
fruits and vegetables following harvest has intensified in re-
cent years, particularly with the withdrawal of several pesti-
cides (Wilson and Chalutz 1989). Most biocontrol strategies
are directed towards wound pathogens and involve the use of
antagonistic bacterial strains, some of them producing anti-
biotics or yeasts that compete successfully for nutrients,
overgrow the pathogen, and produce lytic enzymes that affect
germinating fungal hyphae (Wilson and Chalutz 1989; Droby
et al. 1989; Chalutz and Wilson 1990; Wisniewski et al.
1991). The search for biocontrol agents against pathogens
causing quiescent infections has been more difficult, since the
infecting hyphae are protected from microorganisms once the
pathogen has penetrated the plant cuticle. Thus, few reports
describe the biological control of quiescent infections in
general and in avocado fruits in particular (Korsten and Kotze
1992; Jeffries and Koomen 1992; Koomen and Jeffries 1993).
However, treatment of pepper fruit with a polysaccharide
from the walls of Glomerella cingulata protected against
another postharvest pathogen, Botrytis cinerea, raising the
possibility that vegetables and fruits might be protected
(Adikaram et al. 1988). In the work described here,
anthracnose symptoms were inhibited by challenge with path-
1 applied either 24 hr before or 24 hr after C. gloeosporioides
inoculation. Furthermore, the isolates were not affected when
both were germinated or cultured together in vitro, indicating
that no interaction occurs between them. Instead, the
nonpathogenic mutant appeared to inhibit decay development
by activating the defense mechanism in avocado fruits. The
utilization of such mutants as biocontrol agents therefore
represents a promising avenue for the control of postharvest
diseases and may have considerable impact on future
agricultural practices.

MATERIALS AND METHODS

Fruit and fungal inoculation procedures.

Avocado fruits (Persea americana Miller var. drymifolia
(Schldl. and Cham.) S. F. Blake ‘Fuerte’) were obtained from
an orchard at the University of California, Riverside, and
from an orchard at Ayanot, Nes Tziona, Israel. Cell suspen-
sion cultures of avocado were maintaifed on Murashige and
Skoog basal media containing 0.5 pg/ml picloram (D. Prusky,
H. Hamdan, and N. T. Keen, unpublished). Cell suspensions
obtained 3-4 days after culture transfer were used for the
experiments. A single spore isolate of C. gloeosporicides
isolate Cg-14, obtained from decayed avocado fruits, and two
isolates of C. magna (teleomorph: Glomerella magna)—a
wild type (obtained from S. Brown and O. C. Yoder, Cornell
University, Ithaca, NY) and a mutant (path-1) derived by
ultraviolet treatment (Freeman and Rodriguez 1992)—were



used to inoculate fruits in all experiments. Spot inoculation
was carried out by placing 1-2-pl water suspensions of
conidia (2x10%ml) on the fruit surface. Total fruit
inoculation was carried out by dipping the fruit for 4-5 sec in
the water suspension of conidia. When a co-inoculation ex-
periment was carried out, fruit was dipped first in path-1,
dried for 30 min under a sterile hood, and immersed in Cg-14.
Fruit were then maintained under high humidity at 25° C for
24 hr (Prusky et al. 1991b). Decay developed as fruit became
ripe and soft. Darkening of the peel (lesion development) in a
zone 5-mm diameter or greater was considered symptomatic
of disease. The effect of preinoculation of path-1 on decay
development caused by isolate Cg-14 of C. gloeosporioides
was determined after dipping fruit in 2 x 10° conidia/ml,
maintaining the fruit under high humidity at 25° C for 20 hr,
and spot inoculating with isolate Cg-14. In some cases, path-1
was inoculated after spot inoculation with isolate Cg-14. Spot
inoculation was done at six points, three on each side along
the longitudinal axis of the fruit. Ten fruit were inoculated per
treatment (for a total of 60 inoculation spots per treatment),
and the experiments were repeated four times.

To compare germination of the different strains, conidia
from a 7- to 10-day culture were collected in 2 ml of water.
The conidia were filtered through Miracloth, washed once by
centrifugation, and brought to the required concentration.
Two hundred conidia of either Cg-14 or path-1 were spotted
onto a 13-mm-diameter Millipore filter disks (0.45-pwm pore
size). A mixture of conidia of Cg-14 and path-1 was spotted
under similar conditions. The disks were incubated over a
glass slide in a moist chamber at 25° C overnight, and their
development was terminated by staining with cotton blue in
lactophenol.

Numbers of appressoria formed on avocado peels were de-
termined by counting in five separate microscopic fields from
at least five different fruits. One thousand conidia were spot-
ted at infection sites, and 24 hr after inoculation slices of
approximately 0.5 mm or thinner were taken with a razor
blade from the inoculation spots and stained with cotton blue
in lactophenol. Appressoria were easily observed microscop-
ically but not all conidia could be clearly seen.

For appressoria quantitation on avocado wax, fruits were
dewaxed by dipping them for 1-2 min in hexane (Prusky et
al. 1991b). This extract was concentrated and dried, weighed,
and redissolved in hexane before use in the bioassay. The
number of appressoria formed from germinated conidia was
determined on Millipore disks covered with 5 mg of avocado
peel extract. The wax extracts were spotted onto a 13-mm-
diameter Millipore filter (0.45-um pore size), and similar
amounts of the solvent only were placed on a control filter.
After drying the hexane, 10 pl of a suspension of Colletotri-
chum conidia (10° conidia/ml) was placed on the disks. The
filters were incubated in a moist chamber at 25° C overnight,
and their development was terminated by staining with cotton
blue in lactophenol.

Cell walls of Colletotrichum isolates and elicitor
preparation.

Conidia obtained from single-spore cultures were used to
inoculate 500-ml Erlenmeyer flasks containing 200 ml of po-
tato dextrose broth. The flasks were incubated at 27° C with
continuous agitation at 125 rpm. After 7 days’ growth, the

mycelium was harvested by filtration on Whatman no. 1 pa-
per and washed with 50 ml of 10 mM Tris-HCI buffer, pH
6.5. For cell disruption, 6 g (fresh weight) of freshly grown or
frozen mycelia was resuspended in 30 ml of water and mixed
with 37 g of dry glass beads (0.45-0.5 mm) and agitated at
maximum speed in a Braun MSK homogenizer for three
periods of 45 sec each with cooling by flowing CO,
(Bartnicki-Garcia et al. 1978). The broken cell walls were
sedimented in centrifuge tubes by centrifugation at 1,000 g
for 5 min and washed six times with 10 ml of distilled water.
The residual walls were lyophilized, resuspended in distilled
water (20 mg/ml), and autoclaved for 30 min. The autoclaved
suspension was centrifuged at 5,000 g for 10 min at 4° C, and
the supernatant was used as a cell wall elicitor.

Two hundred microliters of the cell wall elicitor prepara-
tion was added to 20 ml of cell suspension 3—4 days after
transferring the culture. The cells were harvested at various
times by filtration on Whatman no. 1 filter paper, washed
with 10 ml of water, and dried for 3 min under vacuum.

Extraction and quantitative analyses of the antifungal
diene and epicatechin.

Avocado fruits were immersed in conidial suspensions of
Cg-14, wild-type, or path-1 isolates after harvest. Epicatechin
and diene levels were determined in inoculated and non-
inoculated peels every 24 hr over a 7-day period. Avocado
peel (10 g fresh weight) was homogenized in 95% ethanol in
an Omni-mixer (Sorvall) at full speed for 3-4 min. No
changes in fruit weight were ever recorded as a result of fruit
inoculation. The extract was halved, with one portion used for
the extraction of epicatechin and the other for diene. The
diene was purified from the extract according to the modified
method described by Prusky er al. (1991) and analyzed by a
rabbit high-performance liquid chromatography (HPLC)
procedure, with 50-ul samples.

Epicatechin was purified from the second half of the peel
extract by the method described by Prusky et al. (1991) with
modifications. Efficiency of the extractions is almost 100%
and was demonstrated in former publications (Prusky et al.
1985, 1988). The organic fractions were dissolved in 8 ml of
25% ethyl acetate in methylene chloride, and a 4-ml sample
was further purified by flash chromatography. A Becton
Dickinson syringe (5 ml) was filled to maximum capacity
with approximately 1.5 g of 60-200 mesh silica gel and
equilibrated with 10 ml of methylene chloride. Inactive ma-
terial was eluted by washing with 8 ml of methylene chloride
and 8 ml of 30% ethyl acetate in methylene chloride. The ac-
tive fraction was then eluted by washing the column twice
with 20 ml of ethyl acetate and dried under a flow of nitro-
gen. Epicatechin was determined by HPLC analysis of 20-ul
samples taken from the concentrated epicatechin fraction dis-
solved in 1 ml of 100% EtOH. Calculations of the diene and
epicatechin concentrations were based on comparison of the
HPLC peak areas with those of standards. Average values of
three different extractions are presented.

Extraction of enzymes and PAL activity.

Avocado cell suspensions (0.5-0.9 g fresh weight) were
ground in a mortar with 2 ml of 10 mM Tris-HCI buffer, pH
7, and 2% Triton X-100. The homogenate was centrifuged at
16,000 x g (10 min at 4° C) in a microcentrifuge and used as
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the enzyme source. The reaction mixture consisted of 6 umol
of L-phenylalanine, 500 pmol of Tris-HCI, pH 8.0, and 100 pl
of enzyme extract in a final volume of 1 ml. The reaction was
incubated at 37° C for 60 min. PAL was assayed with a
Beckman DU-65 spectrophotometer by measuring the amount
of trans-cinnamic acid formed at 290 nm according to the
method of Beaudoin-Eagan and Thorpe (1985).

Extraction of the enzyme from avocado peel was done es-
sentially as described by Lisker er al. (1983). Avocado peel
(20 g) was ground in a Waring blender for 1 min with 200 ml
of acetone at —20° C. The blended peel was filtered through
Whatman no. 1 filter paper, and the powder was blended
again with acetone. This step was repeated three times. The
acetone powder was then air-dried at room temperature
overnight, collected, and stored at —20° C until used. For the
PAL enzyme assay, 500 mg of the dry acetone was added to
20 ml of cold 0.1 M borate buffer, pH 8.8, and stirred for 2 hr
at 4° C. The suspension was centrifuged at 10,000 x g at 4° C
for 20 min. The supernatant was used as the enzyme source.
The reaction mixture contained 2 ml of enzyme preparation,
2.5 ml of 0.1 M borate buffer, pH 8.8., and 1.0 ml of 0.05 M
L-phenylalanine. Tubes containing the reaction mixture were
incubated for 1 hr at 40° C. The reaction was terminated by
the addition of 0.1 ml of 5 N HCI. Then, 7 ml of diethyl ether
(spectroscopic grade, Merck) was added to the reaction mix-
ture and thoroughly mixed in a Vortex apparatus. Since a
thick gel was formed in the upper ether fraction, the mixture
was centrifuged to separate phases at 5,000 x g for 3 min, and
2.0 ml of the clear ether supernatant was used for direct
measurements of the cinnamic acid formed at 269 nm.

RNA extraction from cell cultures and determination
of PAL expression.

Avocado cells were harvested, weighed, rapidly frozen in
liquid nitrogen and freeze-dried for 2 days. RNA was ex-
tracted by a mini-prep procedure modified from Callahan et
al. (1989). The extraction was done in 1.5-ml microcentrifuge
tubes. Freeze-dried cells were ground to a fine powder with
liquid nitrogen in a mortar and pestle, and approximately 100
mg was suspended immediately in 1 ml of freshly prepared
extraction buffer: 100 mM Tris-HCI, pH 8.0; 100 mM NaCl;
1% sodium dodecyl sulfate (SDS); 1% polyvinylpyrrolidone
(PVP-40); 1% B-mercaptoethanol, and 100 pg/ml of pro-
teinase K. The suspension was mixed by vortexing and centri-
fuged for 5 min at 17,000 x g at room temperature. The
aqueous phase was sequentially extracted with an equal vol-
ume of phenol, phenol/chloroform (1:1), and chloroform. A
tenth volume of 3 M NaOAc, pH 5.2, was added to the final
aqueous phase; the pH was checked to be in the 5-6 range,
and NaCl and SDS were added to final concentrations of 0.5
M and 0.1%, respectively. The suspension was left on ice for
2 hr and then centrifuged at 17,000 x g for 15 min at 4° C to
pellet polysaccharides. The resulting supernatant was saved,
and lithium chloride was added to a final concentration of 2.0
M, incubated overnight at 4° C and then centrifuged at 17,000
x g at 4° C for 15 min. The resulting pellet containing the to-
tal RNA was air-dried, dissolved in 50-100 pl of diethyl
pyrocarbonate-treated water, and quantified by measuring
absorbance at 260 nm.

For Northern blot analyses, total RNA was electrophoresed in
a 10 x 15 cm, 1.2% dimethylsulfoxide-glyoxal gel at 35 V for
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approximately 3 hr and blotted onto nylon membranes as
described in Maniatis et al. (1982). Blots were prehybridized
overnight in prehybridization mix with 40% formamide at 42° C
followed by overnight hybridization at 42° C. A polymerase
chain reaction (PCR)-amplified sequence of PAL obtained from
avocado genomic DNA with primers designed from a consensus
sequence of several PAL genes was used as a probe (H. Hamdan,
personal communication). A single expected PCR product of 950
bp was subsequently cloned into the Smal site of pUC18 and was
confirmed by DNA sequencing to contain PAL sequences. The
cloned DNA was double-digested with EcoRI and BamH]I, and a
750 bp fragment was radiolabeled by random-prime labeling and
used for the hybridization experiments (Maniatis et al. 1982).
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