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ABSTRACT

de Capdeville, G., Beer, S. V., Watkins, C. B., Wilson, C. L., Tedeschi, L. O., and Aist, J. R.
2003. Pre- and post-harvest harpin treatments of apples induce resistance to blue mold. Plant

Dis. 87:39-44.

Harpin was studied for its ability to induce resistance in apple fruit to blue mold caused by
Penicillium expansum after harvest. Red Delicious fruit were harvested and sprayed with harpin
at 0, 40, 80, and 160 mg/liter applied as a commercial formulation. At 48, 96, and 144 h after
treatment, fruit were wound inoculated with spore suspensions of P. expansum at 103, 5 x 103,
or 10* spores/ml. The diameters of the resulting lesions were directly proportional to the
inoculum concentration. Fewer fruit treated with harpin became infected relative to the controls,
and disease progress was considerably reduced. In a second experiment, apple trees of the
cultivars McIntosh, Empire, and Red Delicious were sprayed with different concentrations of
harpin 8 or 4 days before harvest. Fruit were harvested, wounded, inoculated with the fungus,
and stored in a commercial cold room. Fewer fruit treated with harpin became infected
compared with the controls. Greater control resulted from the higher concentrations of harpin,
but no difference in control occurred as a function of interval between the spray time and
harvest. Spraying apple trees with harpin a few days before harvest is a promising strategy for

reducing blue mold decay in storage.
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Blue mold, caused by Penicillium
expansum Link, is an important posthar-
vest disease of apple and is responsible for
most losses that occur in most commercial
storage rooms (15,17). Depending on the
cultivar, infections by this fungus may be
initiated through wounds or through the
stems (13,15). The control of blue mold
has been based on avoiding damage during
harvest and processing, sanitation, use of
controlled atmosphere storage, and control
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of temperature and relative humidity (RH)
(15). However, the most used and effective
strategy is the postharvest treatment of
apples with fungicides such as thiabenda-
zoles, sometimes combined with wide-
spectrum fungicides (12). Because of
recent concerns with fungicide toxicity,
development of fungicide resistance by
pathogens, and potential harmful effects on
the environment and human health that
some of these chemicals may have, new
strategies for control of postharvest
diseases have been proposed (19). Thus,
because of the necessity to reduce losses
during the postharvest phase while
reducing the use of fungicides, new
alternative control compounds such as
chitosan and harpin have been evaluated as
promising alternatives in controlling post-
harvest diseases by inducing resistance in
fruit (4,5,7.8).

Harpin is an acidic, heat-stable, glycine-
rich, 44-kDa protein, encoded by the hrpN
gene of the bacterium Erwinia amylovora.
It is the first known bacterial product able
to elicit the hypersensitive response (HR)
in plants (1,7,11). It also is known to elicit
systemic acquired resistance (SAR) in
tobacco and Arabidopsis spp. (7) and to
induce resistance to blue mold in harvested
Red Delicious apples (3,5). Previous stud-
ies have shown that harpin triggers a vari-
ety of cellular responses, such as activation

of active oxygen species and cell mem-
brane depolarization, which are known to
be involved in resistance response mecha-
nisms of systemic resistance (6,7). Harpin
has been produced commercially as “Mes-
senger”’, which is currently being suggested
for the control of viral and fungal diseases,
as well as a plant growth enhancer and a
controller of selected insect populations
(18,20). The main goals of these studies
were to evaluate the ability of harpin to
induce resistance to blue mold by treating
Red Delicious apple fruit after harvest, and
to evaluate the effect of preharvest
treatments of three different cultivars on
blue mold during cold storage.

MATERIALS AND METHODS

Inoculum preparation. An isolate
(USCU1) of Penicillium expansum Link
kept in the United States Department of
Agriculture (USDA) Agricultural Fruit
Research Station collection (Kearneysville,
WYV) was used as the source of inoculum
for the experiments. The pathogenicity of
the isolate was checked by inoculating Red
Delicious apple fruit (Malus domestica
Borkh.). From lesions formed in those
inoculated fruit, pieces of tissue were re-
moved from the edge of the lesions, im-
mersed in 70% ethanol for 1 min, trans-
ferred to a solution of 1% sodium
hypochlorite for 1 min, washed three times
for 2 min each in sterile distilled water,
blotted on sterile filter paper, and plated on
potato dextrose agar (PDA) medium
amended with 0.1% streptomycin. The
plates were placed in a growth chamber at
24°C and, after colonies were formed,
disks of mycelium were removed from the
edge of the colony and transferred to assay
tubes containing PDA plus 0.1% strepto-
mycin, allowed to grow for 3 days at 24°C,
and then stored in the refrigerator at 5°C.
These stock cultures were tested for
pathogenicity every 4 months. The stocks
were used for generating new, 10-day-old
colonies on PDA plus 0.1% streptomycin
from which spores were collected in sterile
water amended with 0.01% Tween 20. The
final concentration of the spore suspension
to be used was adjusted using a hemacy-
tometer.

Postharvest treatment. Red Delicious
apple fruit were harvested at the Cornell
University Orchard at harvest dates chosen
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as representative of the harvest window for
the cultivar (2) during the apple season of
1999. The harvested fruit were immedi-
ately taken to a controlled environment
chamber at 24°C and 80% RH and, after
acclimatizing for 2 h, they were sprayed
with an aqueous solution of harpin at 0, 40,
80, or 160 mg/liter (162 fruit per
concentration). For all treatments in this

study, harpin was applied as a commercial
formulation (Messenger). The harpin solu-
tion was allowed to dry on the fruit surface
and, at 48, 96, or 144 h after treatment,
fruit were wounded and inoculated with
spore suspensions of P. expansum at 10°, 5
x 10%, or 10* spores/ml (18 replicate fruit
per combination of inoculation time,
harpin concentration, and spore concentra-

AUDPC

Fig. 1. Area under the disease progress curve (AUDPC) of blue mold of Red Delicious apples treated
with four concentrations of harpin and inoculated with Penicillium expansum at 48, 96, and 144 h
after treatment. Apples were inoculated with P. expansum at A, 103, B, 5 x 103, and C, 10* spores/ml.
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tion). Development of disease was evalu-
ated every 2 days for a period of 12 days
by measuring the diameter of lesions
formed. These measurements were used to
calculate the area under the disease pro-
gress curve (AUDPC) using the equation
proposed by Shaner and Finney (14):
AUDPC = Z[(y; + yi + /2 X (i 41 — 1)],
where y; is the diameter of a lesion at time
t;, in days, and y; , ; is the diameter of the
lesion at time ¢#; , ;. This experiment was
repeated once, and both times the growth
rates of the lesions formed for each treat-
ment also was calculated as additional
criteria for quantifying resistance.

Preharvest treatment. This experiment
was conducted three times, each time with
a different cultivar, during the months of
September and October 2000. Mature trees
of Roger Mclntosh grafted on rootstock
M/9, Empire grafted on rootstock MM/111,
and Red Chief Red Delicious grafted on
rootstock M9/111 were used for the
experiments. The harvest dates, based on
the progression of starch indices, were 21
September, 3 October, and 11 October
2000 for cvs. McIntosh, Empire, and Red
Delicious, respectively (2). The trees were
sprayed 8 or 4 days before harvest with
solutions of harpin at 20, 40, and 80
mg/liter, and with two control treatments:
(1) a 40 mg/liter water solution made of all
basic components of the commercial for-
mulation except the active ingredient
harpin and (ii) water (universal control). A
total of 3 replicate trees per treatment and
spray time (30 trees per cultivar) were
sprayed to run off with the solutions or
water using a compressed gas-powered
tank sprayer. Approximately 3.6 liters was
applied to each tree, making sure that all
leaves and fruit surfaces were completely
wetted with the solutions. No other sprays
had been applied to the trees within a
month before harvest.

Effect of preharvest treatment with
harpin on blue mold decay after harvest.
At the harvest date (8 and 4 days after
spraying) 40 fruit per tree were harvested,
and a wound 2 mm deep and 2 mm in
diameter was made in each of the fruit.
Half of the wounded fruit was inoculated
by flooding each wound with a 20-ul drop
of a spore suspension of P. expansum at a
concentration of 5 x 10 spores/ml (ap-
proximately 100 spores per wound). The
other half of the wounded fruit was not
inoculated, to evaluate the effect of the
treatments on infections originating from
inoculum resident in the storage environ-
ment. The inoculated and uninoculated
fruit were packed on trays in cardboard
boxes and stored immediately after
inoculation in a cold room at 0.5°C with
normal atmosphere for 120 days. Four
evaluations of the numbers of infected and
noninfected fruit were performed (at 30,
60, 90, and 120 days) during the time the
fruit were stored. Just after the fourth
evaluation, the boxes containing the re-
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maining nondiseased fruit were removed
from the storage room and left at 20°C for
7 days, when a fifth evaluation was per-
formed to assess any possible latent infec-
tions that might have been impaired by the
storage environment. During the evalua-
tions, fruit showing symptoms of blue
mold were discarded, and the number of
uninfected fruit as well as infected fruit
was recorded and used for the statistical
analysis.

Statistical analyses. All data were ana-
lyzed using the SAS software (version 8e;
SAS Institute, Cary, NC). The data of the
postharvest experiment were analyzed as a
4-by-3-by-3 factorial with 18 fruit per
treatment, using PROC GLM according to
the model described below (9). The least
square mean (LSMeans) was used to per-
form the multiple comparison of the
means. Yljkl =u+ao; + B} + Vi + ((X,B)U +
()i + By + (@BY)i + e, Where o; =
treatment (0, 40, 80, and 160 mg/liter); f3;
= inoculation time (48, 96, and 144 h); v, =
inoculum concentration (103, 5 x 10°, and
10* spores/ml); (ap); = interaction be-
tween o; and Bj; (ay); = interaction be-
tween o; and v (By)x = interaction be-
tween [; and vy, (afy) = interaction
between o, B, and y;; and e, = random
error; for i varying from 1 to 4 (treatment);
j from 1 to 3 (inoculation time); and k from
1 to 3 (inoculum concentration).

Additionally, a regression analysis using
PROC GLM was performed within each
inoculum concentration using the model
below (9). The interaction terms were
removed from the model if not significant
at o = 0.05. The R? reported are the regres-
sion of the least square mean of the desired
comparison. Yy = 1 + K0 + Ky +
Ka(ay)y + Koy + KzY_;2 + Ks((XY)ijz + €k,
where « is the regression coefficient, a; is
the treatment effect (0, 40, 80, and 160
mg/liter), y; is the inoculum concentration
effect (10%, 5 x 10%, and 10* spores/ml),
and g is the random error.

For the pre-harvest experiment, the data
for percentage of diseased fruit (trans-
formed to arcsine square root) within each
cultivar (Mclntosh, Empire, and Red Deli-
cious) were analyzed as a split-plot design
(9) using the PROC GLM of SAS. The
following statistical model was used: Y,
= p+oy+ B+ (@B)ij + Sugy + Yo + (BYjm +
oy)im + (OCBY)tjm + ejjum, Where o; =
treatment (harpin at 0, 20, 40, and 80
mg/liter); B; = spray time (4 and 8 days
before harvest); (af); = interaction be-
tween o; and B; 8,; = random error cal-
culated as fruit (16) and tree (3) interaction
within treatment and spray time interaction
to test o, B;, and (af); effects; v, = days in
storage, 120 and 127 days, (oY), =
interaction between o; and v,; (By). =
interaction between [; and ¥,,; (APY)ym =
interaction between o, f3;, and y,,; and e;,
= random error; for i varying from 1 to 4
(treatment), j from 1 to 2 (spray time), k
from 1 to 20 (fruit per tree), / from 1 to 3

Inoculation time (h)
(Aep/uua) e unoisusdxs]

Harpin (mg/L)

Fig. 2. Expansion rate of lesions of blue mold on Red Delicious apples treated with four con-
centrations of harpin and inoculated with Penicillium expansum at A, 103, B, 5 x 103, or C, 10*
spores/ml. Each bar in the graphics corresponds to a rate calculated by subtracting the value of the
diameter of a lesion of one evaluation from the diameter of the immediately subsequent evaluation
and then, dividing the resulting value by two (days between assessments) to give the final rate in
centimeters per day.
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(trees), and m from 1 to 3 (days in stor-
age).

All mean comparisons were obtained by
the LSMeans procedure. Linear, quadratic,
and cubic polynomial analyses were per-
formed by orthogonal contrasts to identify
a statistical trend. All the graphics pre-
sented were constructed using back-trans-
formed means. The R® reported are the
regression of the least square mean of the
desired comparison.

The statistical model and analyses used
to compare the two control treatments
(water control and messenger control with-
out harpin) used in this work were similar
to those described above, varying only in

the number of treatments (two instead of
four).

Outliers were identified using the plot of
studentized residue against the predicted
(SAS Institute, Inc.). The plot of the stu-
dentized residue against the effects studied
was analyzed to test the assumption of
identical variance (9).

RESULTS

Postharvest treatment. Although simi-
lar responses were obtained both times the
experiment was conducted, only the results
of the first trial are presented here, where
postharvest treatment of Red Delicious
fruit with harpin reduced the AUDPC

Diseased fruit (%)

404—
30 1

70 ﬁ

604 i
50y

Harpin (mg/L)

Fig. 3. Percentage of McIntosh (M), Empire (E), and Red Delicious (D) apples showing symptoms of
natural infections by Penicillium expansum originating after a period of storage of A, 120 days in air
at 0.5°C or B, 120 days at 0.5°C plus 7 days at 20°C. Harpin was applied to the trees before harvest.
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when the fruit were treated with all harpin
concentrations, independently of the con-
centration of spores used or time of inocu-
lation (Fig. 1A, B, and C). For all inocu-
lum concentrations, reduction of AUDPC
was greater (P < 0.05) in the treatments
with 80 and 160 compared with 0 and 40
mg/liter. However, the effect of harpin
concentration was more pronounced on
fruit inoculated with a concentration of 103
spores/ml (R? = 0.87, P < 0.0001), fol-
lowed by the concentrations of 5 x 10° (R?
= 0.82, P < 0.0024) and 10* spores/ml (R*
=0.82, P < 0.0001), respectively. Inoculat-
ing fruit 48 or 96 h following treatment
resulted in greater control of disease com-
pared with 144 h. Analyzing the expansion
rate of the lesions, it became clear that the
treatments significantly delayed the devel-
opment of the lesions, especially in those
with the two lowest inoculum concentra-
tions (Fig. 2). For fruit inoculated 96 h
after treatment with 10° spores/ml, the
concentrations of 80 and 160 mg/liter re-
sulted in a delay of 8 and 6 days, respec-
tively, in the appearance of a lesion relative
to the controls, in which lesions were seen
at the first evaluation, 2 days after
inoculation (Fig. 2A). These delays were
considerably reduced when the concentra-
tion of spores was increased to 5 x 10° and
10%, respectively, (Fig. 2B and C). It is
clear also that the concentration of inocu-
lum is directly proportional to the time of
appearance and expansion rate of lesions
(Fig. 2).

Postharvest disease assessment. For
the three cultivars studied, treatment with
harpin before harvest reduced the percent-
age of infected fruit that developed after
harvest. Overall, the percentage of infected
fruit was inversely proportional to harpin
concentration in both inoculated and non-
inoculated assays (Figs. 3 and 4). The data
for the noninoculated fruit indicated also
that about 70% of the controls for
Mclntosh became infected while only
about 30% of the harpin-treated fruit of
this cultivar were diseased (P < 0.0001)
after 4 months of storage. Empire fruit
developed lesions in 32% of the controls
and in about 5 to 10% of the harpin-treated
fruit. Red Delicious fruit appeared less
susceptible, with 30% of the controls and
about 4% of the harpin-treated fruit infected
after 120 days. Not much difference was
observed between the analysis of Empire
and Red Delicious cultivars. However, the
effect of harpin concentration seemed to be
somewhat more intense on Red Delicious,
because even the smallest concentration was
as effective as the highest concentration in
controlling the disease (R* = 0.72, P <
0.0002). The orthogonal polynomial indi-
cated that a linear effect of harpin concentra-
tion on Empire fruit varied significantly (R
= 0.78, P < 0.0001), in which a harpin
concentration of 80 mg/liter was most
effective in reducing the percentage of
infected fruit (P < 0.05; Fig. 3A).
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A significant linear effect of harpin con-
centration also was detected on fruit that
remained uninfected after 4 months of
storage and were held at 20°C for 7 days,
for Empire (R*> = 0.88, P = 0.0002) and
Red Delicious (R? = 0.92, P < 0.0001), but
not for McIntosh (Fig. 3B). Overall,
Mclntosh fruit were more susceptible to
natural infections and exhibited less reduc-
tion in infection from treatment with
harpin than did the other cultivars.

The data from the inoculated fruit
showed that a significant linear effect of
harpin concentration occurred when fruit
were stored for 120 days for the cultivars
Mclntosh (R* = 0.74, P = 0.0004), Empire
(R*=0.75, P < 0.0001), and Red Delicious
(R* = 0.85, P < 0.0002). Significant differ-
ences were not detected between McIntosh
and Empire, but both cultivars differed
considerably from Red Delicious, even for
the control fruit (Fig. 4A). The effect of
harpin concentration also was shown with
the nondiseased fruit that were removed
from storage and held at 20°C for 7 days.
Under this condition, Empire and Red
Delicious fruit responded to the treatments
very similarly, where the percentage of
infected fruit decreased with increasing
harpin concentration (Fig. 4B). The
percentage of infected Mclntosh fruit also
was reduced by the treatments (P = 0.032),
but a concentration effect was less evident
for Mclntosh than for the other cultivars.

No significant differences between the
two control treatments were detected (P =
0.1487).

DISCUSSION

Harpin induced resistance in apple fruit
against blue mold when it was applied after
harvest. The level of resistance depended
on harpin concentration, inoculum concen-
tration, and interval between treatment and
inoculation. When applied before harvest,
harpin also effectively reduced the per-
centage of diseased fruit after a storage
period of 120 days in all cultivars studied.

Although more work needs to be done to
evaluate the effect of the treatments on the
same cultivars grown under different
seasons and conditions, and on different
cultivars, we were able to establish that the
three cultivars studied responded differ-
ently to the treatments depending on
whether or not the fruit were inoculated.
Overall, Red Delicious fruit had the lowest
percentage of disease among the controls
and harpin-treated fruit. Mclntosh had the
highest percentage of diseased fruit while
Empire fruit showed an intermediate resis-
tance response, being similar to Red Deli-
cious when fruit were not inoculated and
similar to McIntosh when the fruit were
inoculated. The effectiveness of the treat-
ments was observed even after cold stor-
age, when the remaining non-infected fruit
were placed at 20°C for 7 days.

Harpin has been shown to induce HR
and SAR in tobacco, Arabidopsis spp., and

other plants (7). Dong et al. (7) have dem-
onstrated that harpin induces the expres-
sion of pathogenesis-related (PR) genes as
well as other early response activators,
such as active oxygen species, and that
these resistance responses are systemic.
They also pointed out that resistance re-
sponse mediators are activated in as little
as a few minutes and may last for hours or
even days. We suspect that the expression
of PR genes may be one of the possible
mechanisms by which harpin acts on har-
vested apples. Indeed, preliminary studies
have shown that the inoculation of apple
leaves with E. amylovora triggers the ex-

pression of PR genes over time (J. M.
Bonsera and S. V. Beer, unpublished data).
Because of the systemic nature of the
induced resistance response elicited by
harpin in tobacco, Arabidopsis spp, and
other plants (7), one may speculate that
spraying apple trees with harpin before
harvest may increase the transport to and
accumulation or synthesis of resistance
“factors” in the fruit, leading to an increase
in fruit resistance. This possibility is
supported by the data on the concentration
of harpin needed to achieve the same level
of resistance in Red Delicious fruit treated
before or after harvest. In this respect, fruit

Diseased fruit (%)

Harpin (mg/L)

Fig. 4. Percentage of McIntosh (M), Empire (E), and Red Delicious (D) apples showing symptoms of
blue mold after inoculation with Penicillium expansum and storage for A, 120 days in air at 0.5°C or
B, 120 days at 0.5°C plus 7 days at 20°C. Harpin was applied to the trees before harvest.
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treated before harvest with concentrations
as low as 20 mg/liter of harpin responded
with levels of control similar to those
treated after harvest with concentrations
above 40 mg/liter of harpin. This differ-
ential response to harpin concentration is,
indeed, a good indication that some kind of
systemic enhancement of resistance takes
place when fruit are treated while still
attached to the plant.

A parallel cytological study recently
concluded and currently in preparation for
publication has shown that harpin induces
the accumulation of putative tannins in
large vacuoles in epidermal and hypoder-
mal cells of harpin-treated Red Delicious
fruit (4). Lees et al. (10) reported that con-
densed tannin frequently is deposited in the
vacuoles of hypodermal cells in different
cultivars of apples and that, among the
cultivars studied, Red Delicious fruit
showed the highest content of tannin. They
also concluded that tannin was only present
in the hypodermis, not in epidermal cells.
We found that accumulation of tannin
occurred in about the same proportion in
both layers of cells, indicating that treat-
ment with harpin induced accumulation
also in the epidermal cells. In addition,
these cytological studies have shown that
harpin induces some structural changes in
the cell wall, such as the accumulation of
wall-like appositions. These changes took
place inside the cells and in the intercellu-
lar spaces of epidermal, hypodermal, and
parenchyma cells, and may be related to
disease resistance (G. de Capdeville, S. V.
Beer, C. L. Wilson, and J. R. Aist, unpub-
lished). It is possible that resistance
mechanisms triggered by harpin during the
preharvest treatments of the apples re-
mained active during the long storage pe-
riod because low temperature reduced cell
metabolism, consequently reducing the
degradation of resistance factors produced
in the cells. This possibility is supported by
the fact that symptomless harpin-treated
fruit removed from storage and held at
20°C for 7 days had fewer infected fruit at
the final evaluation than did the controls.

The resistance to blue mold in cold stor-
age varied among the three cultivars stud-
ied. Red Delicious clearly was less suscep-
tible than were the fruit of the other two
cultivars at low storage temperature. How-
ever, after 4 months in cold storage and
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incubation at room temperature, the three
cultivars sustained similar levels of dis-
ease. Although it is important to repeat
these experiments with different cultivars
and under different conditions, differences
in the degree of resistance among cultivars
of apples to postharvest infections by
different pathogens have been reported
previously (16). Spotts et al. (16) con-
cluded that the relative cultivar resistance
to one specific pathogen was not necessar-
ily related to its relative resistance to other
pathogens.

Further work needs to be done to deter-
mine the utility of harpin in the field under
commercial conditions, and to evaluate the
effect of harpin on additional cultivars and
on the same cultivars grown in different
regions. The effect of harpin treatment on
other postharvest pathogens also should be
determined. Nevertheless, the results pre-
sented here demonstrate that harpin has the
ability to induce resistance and to control
blue mold of apple when applied to the
fruit after or, preferably, before harvest.
The use of harpin in an integrated pest
management strategy may help to reduce
losses caused by postharvest diseases, as
well as further reduce the potential harmful
effect of the use of fungicides to control
postharvest diseases.
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