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To study the control of postharvest decay caused by
Colletotrichum gloeosporioides and Penicillium ex-
pansum, gamma irradiation alone or in combination
with fumigation was evaluated to extend the shelf
life of apples in South Korea. An irradiation dose of
2.0 kGy resulted in the maximum inhibition of C.
gloeosporioides and P. expansum spore germination.
The gamma irradiation dose required to reduce the
spore germination by 90% was 0.22 and 0.35 kGy for
C. gloeosporioides and P. expansum, respectively. Mi-
croscopic observations revealed that when the fungal
spores were treated with gamma irradiation (4.0 kGy),
conidial germination was stopped completely result-
ing in no germ tube formation in C. gloeosporioides.
Treatment with the eco-friendly fumigant ethanedini-
trile had a greater antifungal activity against C. gloeo-
sporioides and P. expansum in comparison with the
non-treated control under in vitro conditions. The in
vitro antifungal effects of the gamma irradiation and
fumigation treatments allowed us to further study the
effects of the combined treatments to control posthar-
vest decay on stored apples. Interestingly, when apples
were treated with gamma irradiation in combined
with fumigation, disease inhibition increased more at
lower (< 0.4 kGy) than at higher doses of irradiation,
suggesting that combined treatments reduced the nec-
essary irradiation dose in phytosanitary irradiation
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Apple (Malus pumila Mill.) is one of the most economi-
cally important fruit crops in South Korea and is widely
cultivated in temperate regions. Korea is considered one
of the major apple-producing countries in Asia (Cheon
et al., 2016; Mostafavi et al., 2012). Usually, apples are
harvested for a limited period; therefore, it is necessary
to store the fruits for long periods until the completion
of marketing. The durability of various crops, includ-
ing apples, is affected by a number of factors, including
postharvest diseases that cause losses due to metabolic
activity during storage (Jeong et al., 2015; Kazemi et al.,
2011; Omaima and Karima, 2007). When fresh fruits
and vegetables are exported, phytosanitary treatment is
important to preserve quality during cold storage in order
to prevent from rotting (Jung et al., 2014). Postharvest
pathogens cause major losses in apple production and
more than 90 fungal pathogen species have been reported
as causal agents in apple decay during storage (Jones and
Aldwinckle, 1990; Mostafavi et al., 2011).
Colletotrichum gloeosporioides causes anthracnose in
many plants and is one of the most common Colletotri-
chum fungal plant pathogens. It also causes anthracnose
in various crops, particularly perennials, in tropical re-
gions (Onofre and Antoniazzi, 2014; Waller, 1992). How-
ever, apple cultivars are susceptible to diseases, including
C. gloeosporioides, which can cause losses after harvest-
ing. Penicillium expansum is a postharvest pathogen that
infects several host plants, including apples; it causes blue
mold on stored apples (Sutton et al., 2014). This plant
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pathogen can be isolated from a wide range of hosts, in
addition to apples (Ashizawa and Lad, 2000; Morales et
al., 2007). P. expansum is one of the most aggressive and
commonly reported Penicillium spp. (Pianzzola et al.,
2004); it produces a mycotoxin with neurotoxic functions
on apple fruits (Brause et al., 1996). Thus, it is important
to control postharvest diseases to increase the shelf life of
apples.

Gamma irradiation, particularly from cobalt-60, is used
as an effective non-chemical treatment to sterilize agricul-
tural commodities in order to control postharvest losses
caused by various diseases (Chu et al., 2015; Hallman,
2011; Mostafavi et al., 2010). During irradiation, high-
energy photons are emitted from an isotope source (e.g.,
cobalt-60) throughout the object (Choi and Lim, 2015;
Mostafavi et al., 2011); this process damages the cells at
the molecular level, and the resulting DNA changes may
cause death or the inability to reproduce. In addition to
the irradiation, the fumigation method was used in our
present study. In general, the fumigant methyl bromide is
widely used to control pests and diseases because it has a
wide spectrum of activity (Fields and White, 2002). How-
ever, due to its negative impacts on human health as well
as environmental risks (UNEP, 1995), the use of methyl
bromide has been banned in the world by the year 2005
(Klose et al., 2006). Therefore, many researchers have
focused on eco-friendly postharvest technologies to con-
trol diseases. Numerous viable alternatives, such as heat,
cold, and irradiation treatments have been used to replace
methyl bromide (Diehl, 2002; Hallman, 2011). Ethane-
dinitrile (EDN) is also known as cyanogen and generally
used as an eco-friendly fumigant to disinfect the soil in
the nurseries, as an alternative to methyl bromide (Mattner
et al., 2006). EDN is an environmentally-safe fumigant, a
colorless gas with an almond-like odor. It is a gas at room
temperature and easily soluble in water. EDN’s main
route of decomposition is to derivatives of oxalic acid
(Hooper et al., 2003). There is no information regarding
the effectiveness of gamma irradiation combined with fu-
migation to control postharvest diseases in apples. There-
fore, the objective of this study was to investigate the effi-
cacy of gamma irradiation treatment in combination with
EDN fumigation to control postharvest decay in apples,
and to determine the optimal doses of gamma irradiation
to control storage-related diseases in apples.

Materials and Methods

Raw material preparation. Apple (cultivar Fuji) fruits
of uniform shape and size, with firm texture and at proper
maturity, were procured from the Agricultural Products
Processing Center (APPC), Andong, Gyeongbuk Prov-

ince, South Korea from October to November, 2014.
Fruits were pre-cooled at 2°C for 24 h in a cold storage
chamber. The pre-cooled fruits were manually graded
in order to ensure uniformity. The fruits were surface-
disinfected in 2% sodium hypochlorite for 3 min and
rinsed with sterile distilled water (SDW); then they were
air-dried and packed in cardboard boxes. Eighteen fruits
were arranged on cardboard trays and placed in cardboard
boxes. One box was used for each treatment and therefore
each treatment consisted of 18 replicates.

Fungal strains, culture conditions, and spore suspen-
sion preparation. The two pathogenic fungi (C. gloeo-
sporioides and P. expansum) used in this study were
originally isolated from ‘Fuji’ apples in Korea, and iso-
lated fungi were identified by PCR (White et al., 1990).
The fungi were maintained on potato dextrose agar (PDA;
Difco, Franklin Lakes, NJ, USA) at 28°C. To prepare
spore suspensions, symptomatic tissues were cut from the
apple fruits and were subjected to surface sterilization us-
ing 1% sodium hypochlorite (NaOCI) solution for 1 min
and 70% ethanol for 30 s, and were then rinsed twice in
SDW. After sterilization, the tissues were dried on sterile
filter paper, transferred to PDA plates, and incubated at
25°C for 7 days. Conidia suspensions of pathogenic fungi
were prepared by suspending mycelia with SDW scraped
from 7-day-old cultures onto PDA plates. The result-
ing suspensions were filtered through a double-layered
cheesecloth, and their concentrations were adjusted to 10’
conidia/ml using a hemocytometer (Eckert and Brown,
1986).

Effects of gamma radiation on spore germination of
C. gloeosporioides and P. expansum. For irradiation
treatments, the spore suspensions were spread onto PDA
plates for culturing. The plates were exposed to gamma
rays at doses of 0.2-2.0 kGy using a cobalt-60 source
at a dose of 0.6 kGy/h from the Korea Atomic Energy
Research Institute, Jeongeup, Korea. A cobalt-60 gamma
irradiator (150 TBq capacity, ACEL; MDS Nordion, Ot-
tawa, ON, Canada) was used for irradiation. All absorbed
doses were calibrated using an alanine dosimeter with a
diameter of 5 mm (Bruker Instruments, Rheinstetten, Ger-
many); an EMS 104 EPR analyzer (Bruker Instruments)
was used to determine the free radical signals. The dose
uniformity ratio, or the ratio of the maximal and minimal
dose absorbed in the irradiated material (D,,,/D,,,), was
~1. Spore germination was recorded at 12, 24, and 48 h
after incubating the plates at 25°C, and spore viability
was obtained by serial dilution on PDA plates. Later,
these preparations were observed with a light microscope
(BX400; Olympus, Tokyo, Japan) at a magnification of
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400%. The spore germination percentage was determined
using a hemocytometer for the different doses of irradia-
tion after spore suspensions incubated for 3 days at 25°C.
Germ tube length was recorded using ProgRes Capture
Pro v2.8.8 (JENOPTIK, Jena, Germany). Three replicates
were used for each treatment. The viability of irradiated
and non-irradiated spores was determined using a dilution
plating method in three subsets (up to 10 or 10~ dilution
with SDW) for 72 h on PDA plates (Lacey et al., 1980).
The survival curves were constructed by plotting the sur-
vival spores/ml against the actual irradiation dose.

In vitro antifungal activity against C. gloeosporioides
and P. expansum by fumigation. The fungi C. gloeospo-
rioides and P. expansum were cultured on PDA plates at
25°C in the dark. EDN was applied as a fumigant using a
vacuum desiccator. For fumigation, the spore suspensions
were cultured by spreading on PDA plates. The plates
were exposed to fumigation at various doses (1.0, 1.5, and
2.0 g/m’) for 2 h at 4°C in the vacuum desiccator. After
incubation at 25°C in the dark for 3 days, mycelial growth
of C. gloeosporioides and P. expansum was measured as
the average colony radius. The experiment was repeated
three times.

Evaluation of combined gamma irradiation and fumi-
gation to control C. gloeosporioides and P. expansum
in apples under storage conditions. A 20-ul conidial
suspension (2 x 10* spores ml™") was placed on surface-
sterilized apple fruits that had been wounded by piercing
to a depth of 1 to 2 mm with a pin. The apple fruits were
fumigated with EDN at doses of 1.0 and 1.5 g/m’ using
a vacuum desiccator under commercial conditions. The
treated samples and untreated controls were placed in a
storage container packed in cardboard boxes. Irradiation
of apple fruits was performed after fumigation. The pre-
cooled fumigated fruits were irradiated using doses of 0.2
and 0.4 kGy at a minimum dose rate of 0.6 kGy/h with a
PANBIT irradiator (ACEL; MDS Nordion, Ottawa, ON,
Canada) and cobalt-60 as the gamma irradiation source
in 2014 and 2015. After irradiation, fruits were kept at
25 £ 2°C and 4°C storage conditions for 20 days and 30
days, respectively, after which decay was estimated as a
percentage. Each treatment contained 18 replicates (fruits),
and the experiment was repeated at least two times.

Statistical analysis. The data were subjected to analy-
sis of variance using SAS JMP software (SAS Institute,
1995). Differences among treatment means were assessed
using the least significant difference test and significance
was established at P < 0.05. All the experiments were per-
formed at least two times. For each experiment, the data

were analyzed separately, and the results of one represen-
tative experiment are presented.

Results and Discussion

Effect of gamma irradiation on conidial germination
of C. gloeosporioides and P. expansum. When the co-
nidial spores of C. gloeosporioides and P. expansum were
exposed to irradiation at doses ranging from 0.2 to 2.0
kGy under in vitro conditions, different degrees of impair-
ment of conidial germination and germ tube lengths were
observed, and these were confirmed by comparison with a
non-treated control. In an analysis of survival with respect
to irradiation dose, the gamma irradiation doses required
to reduce the conidial population by 90%, the dosimetry
values were 0.22 and 0.35 kGy for C. gloeosporioides
(Fig. 1A) and P, expansum (Fig. 1B), respectively. Irradia-
tion doses ranging from 0.4 to 2.0 kGy resulted in an in-
creased percentage of conidial germination inhibition for
C. gloeosporioides to a greater level compared with the
non-treated control. However, the doses 0.2 kGy caused
37.6% and 92.6% inhibition for C. gloeosporioides (Fig.
1C) and P. expansum (Fig. 1D). The microscopic obser-
vations of C. gloeosporioides at a magnification of 400x
showed that the germ tube length decreased gradually
when spores were treated with increasing doses of radia-
tion. An irradiation dose at 5.0 kGy caused no germ tube
formation in C. gloeosporioides at 72 h after incubation at
25°C, while germ tube formation was observed at 0.5 kGy
dose (Fig. 2A, B). In the spore germination analysis using
a hemocytometer, the greatest percentage of spore inhibi-
tion was observed at 5.0 kGy dose, and spore germination
was arrested completely at 4.0 kGy (Fig. 2C). However, a
lower level of germination was observed for a dose of 1.0
kGy in comparison with the non-treated control. Doses
of > 2.0 kGy are necessary to control some postharvest
pathogens, but Fuji apples and Niitaka pears irradiated
at doses greater than 0.8 kGy show alterations in the
physiological progress of firmness (Jung et al., 2014). A
previous study by Cia et al. (2007) reported that a post-
harvest anthracnose disease caused by C. gloeosporioides
in papaya was controlled by the combined application of
ultraviolet-C and gamma irradiation. Similarly, prestorage
heat treatment improves the quality of mango fruits by
reducing postharvest decay caused by C. gloeosporioides
following cold storage at 4°C (Kesta et al., 2000).

In the case of P. expansum, there was no germ tube
formation or spore germination at any dose of irradiation,
even 3 days after incubation (Fig. 3). Previous studies
have shown that irradiation treatment inhibits mycelial
growth in P. expansum at doses > 3.0 kGy (Mostafavi et
al., 2011). A dose of approximately 600 Gy frequently
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Fig. 1. Effect of different doses of gamma irradiation on the conidial germination of Colletotrichum gloeosporioides and Penicillium
expansum. Spores per milliliter of C. gloeosporioides (A) and P. expansum (B) and inhibition rate (%) of conidial germination of C.
gloeosporioides (C) and P. expansum (D) at different doses of irradiation treatment compared with the non-treated control. Surviving
viable microorganisms were plotted against irradiation dose. The experiment was repeated at least two times with three replicates per
treatment. Bars with the same letters indicate no statistical difference between the treated and non-treated control, according to the

least significant difference test (P < 0.05).

killed P. expansum spores. Our results are consistent
with those of Jitareerat et al. (2005), who showed that
gamma irradiation controls spore germination and my-
celial growth in P. expansum. In addition, the complete
inhibition of fungal growth has been reported as a result
of radiation-induced DNA damage, which results in non-
functioning cells and cell wounding (Monk et al., 1995;
Smith and Pillai, 2004). Gamma irradiation has been
shown to successfully inactivate fungi from various agri-
cultural commodities (De Silva et al., 2006). Interestingly,
a recent study by Jeong et al. (2015) has shown that three
fungal pathogens have a greater sensitivity to the e-beam
treatment than to gamma or X-ray irradiations. However,
a few previous studies have shown that plant pathogenic
fungi differ with respect to radiosensitivity to irradiation
(Saleh et al., 1988; Tiryaki, 1990). Accordingly, gamma
irradiation could be an alternative method to reduce fun-

gicide use (Cia et al., 2007).

In vitro antifungal activity against C. gloeosporioides
and P. expansum in response to fumigation. The degree
of antifungal activity is presented as the rate of inhibition
in comparison with the non-treated control. The EDN fu-
migation treatment at 1.5 g and 2.0 g doses caused 100%
growth inhibition rate in both postharvest pathogens C.
gloeosporioides and P. expansum; while fumigation treat-
ment at doses below 1.5 g resulted in 77.5% and 85.7%
inhibition of fungal growth for C. gloeosporioides and
P expansum, respectively (Fig. 4). An EDN dose > 1.5 g
caused complete growth inhibition for the two pathogens.
Previous reports (Sholberg and Randall, 2007; Song et
al., 1996) have suggested that the vapors of hexanal, a
C-6 carbon aldehyde, are effective for the control of both
blue and gray molds on matured apples. Many previous
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Fig. 2. (A) Microscopic observations of the fungal spore germination after gamma radiation treatment on Colletotrichum gloeospori-
oides during 24 h and 72 h. Scale bar = 10 um. (B) Germ tube length was drastically reduced upon the increasing of irradiation dose.
(C) The percent conidial germination rate was reduced at higher doses of irradiation. The germination counting was done using a
hemocytometer. The experiment was repeated three times with three replicates per treatment. Bars with the same letters indicate no
statistical difference between the treated and non-treated control, according to the least significant difference test (P < 0.05).
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studies support our results. Lee et al. (2009) reported that
the volatile organic compounds (VOCs) from Oxyporus
latemarginatus EF069 inhibit several pathogenic fungi,
including C. gloeosporioides. The purified VOC 5-pentyl-

2-furaldehyde inhibits the mycelial growth of Rhizoctonia
solani in a dose-dependent manner. The application of
higher concentrations of chemicals to control anthracnose
disease increases the risk of high levels of toxic residues
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Fig. 4. Antifungal activity of an eco-friendly fumigant ethanedinitrile (EDN) against Colletotrichum gloeosporioides and Penicillium
expansum in comparison with the non-treated control under i vitro conditions. The experiment was repeated at least once with three
replicates per treatment. Bars with the same letters indicate no statistical difference between the treated and non-treated control, ac-

cording to the least significant difference test (P < 0.05). The photographx were taken 7 days after incubation at 25°C.

in papaya (Hernandez-Albiter et al., 2007). The mycelial
growth of C. gloeosporioides and C. acutatum was inhib-
ited by VOCs from yeast, and the exposure of pathogenic
fungi to VOCs induces an increase in peroxidation levels,
indicating the occurrence of oxidative stress (Rezende et
al., 2015). A previous report revealed that the volatile oil
of Illicium verum strongly inhibits the mycelial growth of
the postharvest pathogens Botrytis cinerea and C. gloeo-
sporioides by > 90% as a natural fumigant (Lee et al.,
2007), suggesting that natural eco-friendly fumigants are
highly effective for the suppression of fungal growth.

Effect of combined gamma irradiation and fumigation
to control postharvest diseases caused by C. gloeospo-
rioides and P. expansum in apples under storage condi-
tions. The combined treatment of gamma irradiation and
EDN resulted in greater control of both diseases under
both ambient (25 + 2°C) and cold (4°C) temperatures as
compared with either treatment alone. The degree of dis-
ease reduction was assessed as the inhibition percentage.
The combined treatment with 1.5 g EDN and 0.4 kGy of
irradiation caused 72.8% inhibition of C. gloeosporioides,
which was the highest disease control rate among all the
treatments with respect to apple anthracnose (Fig. 5A).
There was no difference in the percentage of disease con-
trol of C. gloeosporioides between temperature conditions
of 25 + 2°C and 4°C for a storage period of 20 days and
30 days, respectively. The maximum inhibition of apple

anthracnose caused by C. gloeosporioides was observed
for the combined treatment with EDN (1.5 g) + irradia-
tion (0.4 kGy), followed by the combined treatment with
EDN (1.5 g) + irradiation (0.2 kGy) under both tempera-
ture conditions. Our results are also consistent with those
of Jung et al. (2014), who also described the significance
of the combined treatment with irradiation.

In the case of blue mold disease control caused by P.
expansum, the maximum levels of disease control were
88.4% and 87.7% for the combined treatments of EDN
(1.5 g) + irradiation (0.4 kGy) and EDN (1.5 g) + irradia-
tion (0.2 kGy), respectively, for a storage duration of 20
days at an ambient temperature (25 + 2°C). However, in-
terestingly, the fumigant treatment of 1.5 g of EDN alone
was effective for disease control and the effects were
nearly equal to those observed in the combined treat-
ment of EDN (2.0 g) + irradiation (0.4 kGy) (Fig. 5B).
The combined treatment EDN (1.5 g) + irradiation (0.4
kGy) showed the maximum disease control of 83.4% for
the storage period of 30 days at 4°C, and the next highest
disease control was 70.5% for the combined treatment of
EDN (1.5 g) + irradiation (0.2 kGy). Our results suggest
that gamma irradiation can contribute to a reduction in
postharvest diseases by reducing the use of fungicides.
Fig. 6 shows disease control during postharvest decay by
C. gloeosporioides and P. expansum for the combined
treatment of EDN (1.5 g) + irradiation (0.4 kGy) in com-
parison with the untreated control under two different



466 Cheon et al.

A Colletotrichum gloeosporioides
1007 554 2%
807
s
S 601
c
9]
[&]
[0}
o 40 A
[0}
0
a
20
0- 3
3N 3N 3N ) ) S 3N N
oo\‘o q:{_O WO q:@ ARSI (1:{9 WO
O 97 97 oY o & & O O
R MR R S
S S S )
NN \6? \<~°
<>e 0% 0% Oé
RS2 2 <
Treatments
10049
4°C

Disease control (%)

N N T P TP NN
O @ @@ 0 e %@ NS

<N PN N PN NN LA s
R S SR R

Treatments

B

Penicillium expansum

100 1 o

Disease control (%)

3
o&'@ “O‘\ “0‘\ \{gﬁ \{gﬁ \.QQ ,\"90" \{‘04. \{gﬁ
N A N N N A NN
Q Q
LIPS
S S S S
ISR
S S S

Treatments

Disease control (%)

> ) ) ) ) S ) ) )
&&o \{_0 \{_O ‘_O b:@ O \(p q:{_O ‘_O

SIS AN S
SRR RS
x x x x
0% % 6% &°

Q ] >
S & &

> N
S S S
S & & &
Treatments

Fig. 5. Evaluation of combined application of irradiation with fumigation at various doses in control of anthracnose and blue mold
caused by Colletotrichum gloeosporioides (A) and Penicillium expansum (B), respectively, at two different storage temperatures (25
+ 2°C and 4°C) on postharvest apple fruits. The experiment was repeated at least once with 18 replicates (fruits) per treatment. Bars
with the same letters indicate no statistical difference between the treated and non-treated control, according to the least significant

difference test (P < 0.05). EDN, ethanedinitrile; IR, irradiation.

temperature conditions 25 £ 2°C and 4°C for 20 days and
30 days, respectively. Among the development of ionizing
radiation technologies, gamma ray irradiation has been
widely investigated for various agricultural commodities
to protect against postharvest fungal pathogens, includ-
ing C. gloeosporioides (Cia et al., 2007) and P. expansum
(Mostafavi et al., 2011). These studies generally show
postharvest disease control at low doses than at high
doses, suggesting that gamma irradiation at < 0.75 kGy
inhibits conidial germination when combined with fumi-

gation (Cia et al., 2007). These results are in agreement
with our results. In conclusion, low doses of gamma irra-
diation produced a stimulatory effect on disease control in
combination with fumigation. The lethal doses recorded
were 0.2 kGy and 0.4 kGy for radiosensitive species,
and these results were attributed the high suppression of
disease development when the treatments were combined
with fumigation.
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Fig. 6. Disease control of postharvest pathogens, anthracnose and blue mold caused by Colletotrichum gloeosporioides and Penicil-
lium expansum, respectively, in stored apples after the combined treatment of fumigation and irradiation in comparison with the non-
treated control. The photographs were taken 20 days and 30 days after storage at 25 & 2°C and 4°C, respectively. EDN, ethanedini-

trile; IR, irradiation.
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