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Abstract
To preserve apple fruit quality, diphenylamine (DPA; scald inhibitor) and thiabendazole (TBZ; postharvest fungicide) were applied together as
postharvest treatment. Due to the development of resistance to TBZ, the incidence of blue mold (Penicillium expansum) has increased in apple
storages in recent years. To manage the fungicide resistance, two reduced-risk fungicides, cyprodinil or fludioxonil or a combination of cyprodinil
and fludioxonil, together with 1000 pg ml"' of diphenylamine were tested against blue mold caused by DPA-resistant and TBZ-resistant; or DPA-
resistant and TBZ-sensitive P. expansum in vitro and in vivo on ‘Empire’ apples in cold and controlled atmosphere (CA) storages. In vitro studies,
TBZ-sensitive isolates did not grow on TBZ while TBZ-resistant isolates grew on TBZ; all six isolates grew on DPA and no mycelial growth was
observed on cyprodinil and/or fludioxonil. Under both cold and CA storage conditions, DPA controlled scald in DPA-treated fruit but did not
control blue mold caused by DPA-resistant isolates of P. expansum. DPA did not affect the control of blue mold when DPA was applied together
with 225 to 450 pg ml! of cyprodinil or 300 to 600 pg ml! of fludioxonil or 225 +150 pg ml"! of cyprodinil and fludioxonil. These two reduced
risk fungicides, which have different modes of action from each other and that of TBZ, were able to suppress TBZ-resistant blue mold in the

presence of anti-scald agent DPA and thus have a potential to be incorporated into the postharvest disease management strategies.
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Introduction
Blue mold caused by Penicillium spp., including P. expansum
(Link) Thom., is an important disease of apples (Malus domestica
Borkh.) in storages ! 2. Postharvest disease losses due to blue
mold can be significant. The carcinogenic mycotoxin, patulin, is
known to be produced by some of the Penicillium spp. in fruit
and the toxin may also result in off flavours in processed apple
products. Empire apples are stored for longer than six months in
controlled atmosphere (CA) storages to preserve fruit quality.
Following harvest, a pre-storage chemical control is commonly
applied to reduce the incidence of blue mold in apples that are
stored for long periods of time in CA storages in Canada, Australia
and the United States *“. Following harvest and before cold and
CA storage, a postharvest drench application of thiabendazole
(TBZ), which belongs to the class of benzimidazoles, with or
without the anti-oxidant and anti-scalding agent diphenylamine
(DPA) is used to control storage rots and superficial scald in
apples °. Some of the cultivars of apples that are stored at low
temperatures for long periods of time develop superficial scald
(scald) and the scald appearance depends on cultivar, ripening
stage and climate 6. Symptoms of scald include darkened areas on
the fruit surface, which may appear after several months of cool
storage. Scald affects the peel forming epidermis and hypodermis,
but rarely the external parenchyma layers 7. After storage the
disorder expands during ripening at room temperature. To preserve
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the fruit appearance and quality, DPA is applied to cultivars
susceptible to scald in most European countries, in Canada and
USA and in the USA more than half of apples grown are treated
with DPA 3.

Postharvest pathogens including Penicillium spp. have
developed resistance to the TBZ in storages in the United States
and in Canada *'2. A negatively correlated cross resistance
between TBZ and DPA was also reported * °. In a negatively
correlated cross resistant scenario, an organism is resistant to
one fungicide and the resistance is linked to sensitivity to a second
fungicide. Many TBZ-resistant isolates of P. expansum and
Penicillium spp. were found to be sensitive to DPA 1°.

The increase in TBZ resistance in Penicillium sp. and the
reduction of control with thiabendazole have led the researchers
to find alternatives to TBZ. Two fungicides, cyprodinil and
fludioxonil, rated as having “reduced-risk” to the environment
and humans by the United States Environmental Protection
Agency *, were found effective against TBZ-sensitive and
-resistant isolates of P. expansum "2
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IL). Data from repeated experiments were combined for analysis
when variance between experiments was homogeneous (P<0.05).
In order to draw valid inferences from the data and to fulfil the
assumptions of normality and statistical independence,
percentage data were subjected to arcsine-square-root
transformation before the ANOVA. All the pair-wise multiple
comparison procedures were determined with the Tukey test.

Results and Discussion

Effect of DPA on isolates of P. expansum: The sensitivity of P
expansum to DPA and TBZ, the two postharvest treatments used
for apples that are stored for 6 months or longer, was tested in
vitro and in vivo. Of the isolates of Penicillium spp., collected
from packinghouses in New York state and British Columbia, P.
expansum was the predominant and aggressive species '*!!. Similar
growth response observed at 20°C (Table 1) and 2°C (data not
shown) indicates these two temperatures had no effect on the
DPA efficacy. A negatively correlated cross resistance between
TBZ and DPA was reported; in 1985-1986, 10.8% of the isolates
of P. expansum were found to be DPA-resistant and TBZ-resistant
and 48% were found TBZ-sensitive and DPA-resistant in New
York State '°. The results from testing of isolates on DPA-amended
medium, in this study, showed that all six isolates grew on DPA-
amended medium, suggesting that negatively correlated cross
resistance between TBZ and DPA was not present in these six
isolates (Table 1). To determine if there is an increase in resistance
to DPA, more isolates of P. expansum must be collected from the
packing houses over time and must be tested for their sensitivity
to DPA.

The postharvest use of fungicides is one of the most effective
methods for control of postharvest diseases of apples in
storages®. In this study, the two reduced-risk fungicides,
cyprodinil or fludioxonil, each at 5 pg ml' of concentration,
completely controlled all the 6 isolates of Penicillium spp., in
vitro after 4, 10 and 28 days of incubation (Table 1). Sensitivity of
all the isolates to cyprodinil and fludioxonil indicates that there
was no cross resistance between fludioxonil or cyprodinil and
TBZ and DPA. Cross resistance of an isolate can be defined as
an isolate that is resistant to one fungicide, which will also show
resistance to the second fungicide with a similar mode of action.
The absence of cross resistance between TBZ or DPA and
cyprodinil and fludioxonil reflects the different modes of action

Table 1. Effect of diphenylamine, thiabendazole, fludioxonil, and cyprodinil on mycelial

growth of isolates of Penicillium expansum.

of fungicides used in this study. The modes of action of the three
fungicides are: thiabendazole (a benzimidazole) binds to
microtubule assembly in fungi '®, fludioxonil affects cell-wall
synthesis and induces glycerol in mycelial cells and cyprodinil
blocks the excretion of hydrolytic enzymes and inhibits
methionine biosynthesis in fungal cells . Fludioxonil inhibits
conidial germination and mycelial growth in P. expansum '2.
Cyprodinil does not inbihit spore germination but inhibits mycelial
growth in P. expansum (data not shown). Similar mode of action
of cyprodinil was observed on Botrytis cinerea .

Effect of DPA on scald and blue mold in apples: In commercial
operations, DPA is widely used in apples for control of storage
scald or to prevent carbon dioxide injury in CA storage . DPA
had no effect on scald or the control of blue mold caused by
DPA-resistant and TBZ-sensitive isolates or DPA-resistant and
TBZ-sensitive isolates of P. expansum (Table 2 and 3). DPA gave
complete control of blue mold caused by TBZ-sensitive and DPA-
sensitive and TBZ-resistant and DPA-sensitive isolates (data
not shown), indicating the negative cross resistance of DPA to
the TBZ-resistant and DPA-sensitive isolate. Similar results were
reported %11,

Effect of DPA on the control blue mold with fungicides: With
the exception of DPA + TBZ treatment, DPA did not influence the
control of blue mold with a higher concentration of either
fludioxonil or cyprodinil under CA conditions (Table 2). The
increased disease incidence with DPA treatment that occurred
when TBZ was used might be attributable either to the surface
effect of DPA carrying spores deeper into the wounds or to direct
effects of DPA on apple physiology. The application of DPA in
combination with fungicides at higher concentrations resulted in
control of blue mold in CA storage for up to 105 days, whereas
higher disease incidence was observed in DPA only treatment
(Table 2).The results from this study demonstrated that the higher
concentrations of the three fungicides, 225 pg ml™! of cyprodinil,
300 pg ml'of fludioxonil and a combination of 225 + 150 ug ml'of
cyprodinil + fludioxonil were found effective against blue mold in
cold storage for up to 125 days (Table 3), indicating effective
control of blue mold with lower concentrations of both fungicides
in the combination than with either of the fungicides alone. Higher
concentrations of fludioxonil, cyprodinil and a combination of
fludioxonil and cyprodinil were found
effective against blue mold for 62 days in
cold storage '*. Another advantage of

using the combination fungicide is that

the two fungicides with different modes

of action will prevent or delay the onset
of the fungicide resistance 2. These
results showed that the treatments that
had lower concentrations of fungicides
and DPA had higher disease incidence in

Isolate % Mycelial growth relative to unamended medium after 4 days at 20°C*
DPA® TBZ¢ Fludoxonil ¢ and/or cyprodinil ¢

P9-8AS 36.2 0.0 0.0

P24-7AS 89.5 0.0 0.0

P28-8AS 53.9 0.0 0.0

PS-1R 39.5 58.2 0.0

PS-3R 66.3 73.3 0.0

P12-4AR 79.5 49.2 0.0

Standard 4.2 3.8 0.0

Error

the treatment with fungicides alone.
However, DPA did not influence the

“For each isolate, data of mycelial growth after 4 days at 20°C was recorded at 9 sites along the streak of conidial suspension, and
the data from two experiments were pooled as the data among the experiments was homogeneous for variance (P<0.05).

control of blue mold with a higher
concentration of either fludioxonil or

"Sensitivity of isolates to diphenylamine (DPA) was tested on PDA amended with 10.0 pg ml"' DPA; isolates which grew on DPA

amended medium were considered resistant and isolates which did not grow on the amended medium were considered sensitive.
° Sensitivity of isolates to thiabendazole (TBZ) was tested on PDA amended with 5.0 pg ml"! TBZ; isolates which grew on TBZ
amended medium were considered resistant and isolates which did not grow on the amended medium were considered sensitive.
4Sensitivity of isolates to fludioxonil and cyprodinil was tested on PDA amended with 5.0 pg ml'of either fludioxonil or cyprodinil
after 4, 10 and 28 days of incubation; isolates which grew on fludioxonil or cyprodinil amended medium were considered resistant

and isolates which did not grow on the amended medium were considered sensitive.
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cyprodinil or a combination of cyprodinil
and fludioxonil.

Storage conditions did not influence
the effect of DPA on scald in apples but
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Table 2. Effect of diphenylamine on the control of blue mold caused by thiabendazole-sensitive and -resistant isolates of
Penicillium expansum with fludioxonil and cyprodinil on apple cv. Empire in controlled atmosphere storage.

Treatment In controlled atmosphere In CA for 105 days + at 20°C

storage (CA) for 105 days for 6 days

% apples with % apples with

Blue mold Scald Blue mold

TBz*  TBZ®™ | TBZ™ TBZ™ | TBZ* TBZ®®
Inoculated control 69.4 b° 66.6 b 50a 50a 91.7b 91.7b
Fludioxonil 200 ug ml™ 0.0a 00a | 54a 52a 0.0a 0.0a
Fludioxonil 300 pug ml™! 00a 00a 53a 53a 00a 0.0a
Diphenylamine 1000 pg ml™! 86.1¢ 77.8¢c | 4.1a 50a 9440 9440
Diphenylamine 1000 pg ml™ + 00a 0.0a S54a 4.6a 0.0a 0.0a
Fludioxonil 300 pg ml™!
Cyprodinil 225 pg ml™! 00a 0.0a 59a 4.6a 0.0a 0.0a
Diphenylamine 1000 pg ml™ + 00a 0.0a 5.3a 56a 0.0a 0.0a
Cyprodinil 225 pug ml™
Thiabendazole 500 ug ml™! 0.0a 500b | 52a 5.9a 0.0a 972 ¢
Diphenylamine 1000 pg ml ™'+ 0.0a 82.1c | 5.1b 59a 00a 100.0 ¢
Thiabendazole 500 pg ml™
Non-inoculate, non-treated control 00a 00a 54a 54a 00a 00a

2 TBZS = thiabendazole sensitive and a mixture of three DPA-resistant and TBZ-sensitive isolates, P24-7AS, P28-8AS; P9-3AS in equal proportions were used.

"TBZR - thiabendazole resistant and a mixture of three DPA-resistant and TBZ- resistant isolates, PS-1R, PS-2R and P12-4AR in equal proportions were used.

¢ With the exception of fludioxonil, which had two concentrations, all other treatments had one concentration of a fungicide/anti-scalding agent either alone or in combination with a
different compound, therefore mean separations were performed on the data in this experiment. Means of treatments within the same column followed by different letters are
significantly (P< 0.05) different according to Tukey test.

Table 3. Effect of diphenylamine (DPA) on the control of blue mold, caused by DPA-resistant and thiabendazole
(TBZ)-resistant isolate of Penicillium expansum on ‘Empire’ apples with fungicides, cyprodinil, fludioxonil,
cyprodinil and fludioxonil, and on scald on apple cv. Empire in cold storage.

Treatment No DPA DPA

% of apples with % of apples with

blue mold *° scald blue mold ™ scald
Inoculated control 100.0 (0.0)¢ 5.2 2.0)° 100.0 (0.0) ¢ 45(0.5)°¢
Cyprodinil (ug m1™)
5 100.0 (0.0) 5.1 (2.0) 100.0 (0.0) 5.6 (2.1)
10.0 100.0 (0.0) 4.2(2.3) 100.0 (0.0) 4.6 (0.8)
375 57.6 (4.2) 4.9(1.9) 66.6 (2.2) 49 (3.4)
75 289(3.9) 5.6 (1.2) 37.5(1.9) 3.9(2.3)
150 21.9(3.9) 52(1.1) 24.5(2.3) 3.6(2.3)
225 12.8 (0.5) 5.4(0.3) 15.6 (1.8) 3.8(1.9)
450 0.0 (0.0) 5.2(1.3) 0.0 (0.0) 3.7(2.1)
Fludioxonil (ug ml™)
2.5 100.0 (0.0) 42(2.1) 100.0 (0.0) 5.3 (1.5)
5 100.0 (0.0) 5.2(3.9) 100.0 (0.0) 43(2.1)
25 82.0(3.5) 4.8(2.2) 100.0 (0.0) 5.6 (1.3)
50 41.5(4.2) 4.9(2.3) 54.2 (8.1) 3.6 (0.5)
100 22.5(2.9) 5.1(L.7) 30.8 (3.2) 6.2 (1.9)
200 12.5(2.9) 5.7 (1.7) 20.8 (3.2) 5.4 (2.6)
300 or 600 0.0 (0.0) 5.3(2.5) 0.0 (0.0) 5.1(2.3)
Cyprodinil (ug ml™") +
Fludioxonil (ug ml™)
3.75+2.5 100.0 (0.0) 5.2(1.3) 100.0 (0.0) 5.2(0.7)
10.0+7.5 75.2(3.4) 48.3 (3.0) 91.3(3.7) 53(2.1)
37.5+225 22.5 (4.0) 53.2(2.1) 23.4(0.0) 6.1(1.3)
75+ 50 12.5(2.8) 52.2 (1.8) 20.8 (2.1) 5.2 (1.7)
150 + 100 4.8 (4.2) 48.9 (3.1) 4.2 (1.6) 5322
225+ 150 0.0 (0.0) 53.2 (4.7) 0.0 (0.0) 4.8 (0.7)
450 + 300 0.0 (0.0) 52.2(2.3) 0.0 (0.0) 4.1(2.1)
Thiabendazole (pg ml™)
5 100.0 (0.0) 542 (2.1) 100.0 (0.0) 49 (2.1)
50 100.0 (0.0) 56.2 (2.0) 100.0 (0.0) 4.3 (0.5)
100 100.0 (0.0) 57.5(2.7) 100.0 (0.0) 4.4(0.8)
500 100.0 (0.0) 54.8 (1.9) 100.0 (0.0) 4.8 (1.9)

“In a co-treatment, fungicide and inoculum suspension, a mixture of three DPA-resistant and TBZ-resistant isolates, in equal proportion, was applied together within 45 min of
wounding and apples were incubated for 125 days in air at 2 (+ 2)°C.

"Disease incidence was assessed 125 days after inoculation

Since there were more than two concentrations of each of the fungicides, standard error among the replicates in each treatment is presented in parenthesis.
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the influence of storage was observed on blue mold (Tables 2
and 3). CA storages with high CO,and low O, have been used in
commercial storages for delaying senescence, decay and
maintaining the quality of fruits and vegetables. Many organisms
require CO, as a carbon source for growth. Low temperature and
CA conditions influence growth of P. expansum?®'. After 30 days
of incubation, a disease incidence of 100% and 0% in air and CA
storage, respectively, indicates that low temperature along with
low O, and high CO, have suppressed the growth of P. expansum
in the short term (data not shown). The apples in the inoculum
only treatment showed 55 to 69% of blue mold after an incubation
for 105 days in CA and when those apples were incubated for an
additional 6 days at 20°C, the blue mold incidence increased up
to 92%. This indicates that the effect of CA on disease suppression
reduced with time (Table 2). Similar trends in blue mold incidence
were observed in apples stored in air and CA storage ?'.

In conclusion, under laboratory conditions, DPA had no effect
on the blue mold control with higher concentrations of the
reduced risk fungicides tested. Further work is needed to test the
effect of DPA application together with cyprodinil, fludioxonil
and a combination of cyprodinil and fludioxonil in semi-commercial
and commercial scales on apple cultivars such as Empire,
Mclntosh, Ida Red and Red Delicious, that are being stored for 8
months or more in CA storages.
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