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Gamma Radiation in the Control of Decay in
Strawberries, Grapes, and Apples’

{Manuscript received August &, 1960)

SUMMARY

Radio-sensitivity of Penicillium expansum and  Rotrytis
cinerea conidia was proportional to the gamma dose and de-
pendent on the nature of the suspending medium, Tn addition,
for B. einerea, recovery was modified by the holding period and
the nature of the suspending medium following irradiation.
[rradiation at from 100,000 to 300,000 rep (in rad, 91,280 to
273,840) substantially reduced gray mold and Rhizopus rot of
strawberries during storage at 75° F for 3 days or at 41° F for
10 days. Dosges of 300,000 rep prevented deeay of berries stored
a total of 8 days at alternating temperatures of 41° T and
75° F; injury in fruit irradiated at this dose was visible after
4 days’ storage and severe injury was observed after 8 days.
Under these conditions, doses of 200,000 rep prevented decay
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for 7 days, and 100,000 rep for 6 days without visible injury
to berries. At 75° F a dose of 50,000 rep did not reduce growth
of P, expanswm in Jonathan apples regardless of the age of
infection. A dose of 100,000 rep significantly redueed voung
infeetions (1-day-old) while 200,000 rep was required to check
deeay in d-day-old infections, Doses exceeding 200,000 rep in-
jured the fruit. Tokay grapes inoculated with B, cinerca re-
mained free of deeay for 4 days at 75° F after at least 200,000
rep; to prevent deeay for 10 days’ storage, a dose of 500,000
rep was required. Time of appearance and intensity of rotting
were inversely proportional to the dose.

S'l'unuzs ON strawberrvies, grapes,
and apples reported in this paper are part of an
extensive investigation fo attempt control of post-
harvest diseases with gamma radiation. Experiments
were designed to determine whether disease control
was possible within a dose range that would not injure
fruit. Two previous papers have dealt with oranges
and lemons, and peaches (2, 3). These studies have
shown that although a relatively low dose of radiation
can cause marked injury, somewhat lower doses can
effeetively delay fungal growth and spoilage. Simi-
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larly, radiation together with refrigeration, which can
delay radiation injury, as well as retard deeay, may
combine to prolong the shelf life of fruit (2). Re-
cently Nelson et al. (5) studied the influence of beta
radiation (electron source) on the appearance of
Tokay and Thompson seedless grapes and strawber-
ries held at 3-4° C.

The organisms and fruits investigated differ in
their reactions to gamma radiation Therefore, the
results are dependent on the combined influence of the
suseept-parasite sensitivities. The approaches fol-
lowed in this study were: (a) effect of radiation on
the fungus alone, (b) exploration of some factors re-
spousible for survival of the organisms in association
with the living suscept, (e) use of refrigeration as an
adjunct to radiation and (d) effect of radiation on
texture and color of the fruit at various doses. A
preliminary report of these investigations has been
made (1).

MATERIALS AND METHODS

The methods used to prepare conidia of Penicillinm expan-
«am (Lk) Thom, and Botrytis cinerca Pers. ex Fr, and to
determine their response to radiation were the same as those
deseribed for Penicillinm digitatum Sace. (2). Since both
Tochinai’s and Czapek’s media were found to yield nearly
100¢¢ germination of unirradiated spores, comparisons were
made of the influence of these media on total germination fol-
jowing irradiation.

Twelve strawberries in perforated polyethylene bags were
inchuled in each of 16 sealed cans to reeeive a seleeted dose.
Sinee a high pereentage of strawberries available on the Chi-
engo market are always contaminated with B. cinerea and
Rhizopus stolonifer (Ehr, ex Fr.) Vuillemin, artificial inocula-
tious were unnecessary. After irradiation, equal numbers of
these strawberries were held at 75° F for 3 days or at 41° F for
10 days. In another experiment, samples were held at 75° F
for 2 days, then placed in the refrigerator (41° F) for 4 days,
returned to a temperature of 75° I, and observed immediately
and twice daily for an additional 2 days. Controls for each
experiment. consisted of unirradinted, identieally prepared ma-
torial. Tissue was examined microscopically to determine pres-
ence of mycelium in berries which had not shown visible gigns
of an infeetion, Records were also made of any changes in
appearance of the berries as a result of radiation,

In order to insure a high incidence of gray mold, disease-
tree Tokay grapes were inoculated by dipping into a dense
suspension of B, cinerea spores.  After a 24:-hr incubation
period in a humidity chamber, small bunches of the inoeulated
grapes (about 20 grapes) were plaeed in perforated polycethy-
lene bigs in No 2 eans. Eight sealed eans of inoculated grapes
recvived each seleeted dose. Records were made when inoculated
anirradiated controls showed infeetion (within 4 days at 75° F)
amd periodically for an additional 6 days. In all trials, repli-
eates of the unirradiated inoculated eontrols were infected.

Selected Jonathan apples, which had been in storage at
35 Y, were surface disinfested with 1-1000 HgCl: and rinsed
«wveral times in tap water. Approximately 15 punctures were
made at the ealyx end and on one cheek of each apple to pro-
vide infection courts, Inoculations were made by dipping
punctured fruit into 2 conidial suspension for 13 scconds.
Counts of viable spores in the inoculating medium averaged
40,000 spores/ml. Controls were similarly prepared and either
inoculated with the fungus or dipped into sterile distilled water.
Following inoculation, the apples were held in humidity cham-
pers at 75° F for either 1 day or 4 days, prior to irradiation.
All apples, regardless of the incubation period, were irradiated
4t the same time. Two apples were packed in a perforated
polyethylene bag and placed in & No 2 ecan. Eight apples of
cach designated ineubation period were irradiated at a selected
Jose at each trial. Al inoculated unirradiated control sumples

produced a uniform infection when incubated at 75° F. In-
fections were scored on the extent of development of the rotted
areas surrounding points of inoculation. All apples were scored
6 and 10 days following irradiation when control samples
showed maximum rot as defined by the infection rating. The
infection rating used is as follows:
Rating Description
0 No rot around point of puncture.
1  Rotted area discrete, slow in enlarging, no coalescence
of spots, no sporulation on surface.
2 Rotted spot cnlarging, little or no coalescence of spots,
no sporulation on surface.
3 Less than 3 of apple rotted, spots beginning to coalesce,
sporulation sparse to just beginning on surface.
4 14 to % of apple rotted, rotted spots coalesced, sporula-
tion on surface.
14 to % of apple rotted, spots coalesced and enlarged,
profuse sporulation on surface.

(3]

Gamma radiation was provided from fission produets in
spent fuel elements and arranged in the High Level Gamma
Irradiation Faecility at the Argonne National Laboratory,
Lemont, Illinois. Doses given in rep (to convert rep to rads,
multiply rep by 91.289%) are approximate within 10%.

Secleeted doses for the different fruits in individual No. 2
cans were repliented a total of at least 8 times in 2 separate
trials. Following irradiation, the lids of the cans were cut off
and replaced loosely to permit ventilation. Examinations were
made daily to trace the development of rot and any changes in
the general appearance of the fruit.

RESULTS

Studies on spores. The radio-sensitivity of spores differed in
the two media. Tochinai’s medium provided proteetion and
resulted in a higher percentage of germination of the conidia
than Czapek’s medium over the range of doses tested from
50,000-250,000 rep. Under the conditions of the experiment a
dose between 300,000 and 500,000 rep would be required to pre-
vent germination of P. erpansum conidia in either medium
(Figure 1). From earlier studies (3) doses of from 500,000 to
1,000,000 rep prevented germination of RB. stolonifer spores.

Previous experiments indicated that there was protection,
recovery, and an increase in germination from prolonging the
period irradiated spores were kept in a suspending medium
hefore they were plated out. To test this observation, conidin
of B. cinerca were suspended in distilled water and in Tochi-
nai’s and Czapek’s media and kept at 38°F for 1, 2, and 6
days after irradiation (Table 1). The procedure to determine
the pereentage germination after & 20-hour incubation at room
tempernture was the same as for Penicillium digitatum (2).

Rate of recovery and protection afforded conidia from the
suspending medium were not consistently better in Czapek’s
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Figure 1. Germination of gamma-irradiated con}dia of Peni-
cillium expansum in Tochinai’s and Czapek’s media.
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solution than in distilled water alone.

water or Czapek s medium,

before they are plated out.
HES

to prevent germination for 2 to
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treatmoent with 1,000,000 to 2,000,000 rep wis necessary.

Studies with fruit
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rate of re-
covery was higher in Toehinni*s medium than in either distilled
Henee germination of
conidia may be dependent on factors sueh as the type of medin
as well as the length of time spores are held after irradiation
A dose of from 500,000 to 1,000,000
rep was required to prevent germination of B. cinerea conidia
in Toehinai’s medium for 1 day following irradintion;
G days after
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irvidintion were noted atfter 2 days at 73° F, and at 300,000
rep only after an additional 4 days at 417 F. Tnjury to the
fruit after irradiation occeurred in the following order: soften-

leaking, and finally bleaching of eolor. These symptoms
and  more intensely in proportion to  the
Additional periods of storage following re
") showed that the mycelinm was present
100,000

strawberries,

saoner
dose,
ol
amd finally at
apparently a deli
injnry

rep

rep (Table 2). With

and those required to retard the development of the pathogen
for a prolonged period of time,

(1) Effeet of gamma radiation and teagth of refrigecation

on gray mold and Rhizopus rol of strawherries,
range of doses tested, i.e., 100,000 to 300,000 rep, there was an

Within

the

appreciable reduction in deeay resulting from both R. stolonifer

and B, einerea after 3
after 10 days’
the initial

days’
storage at 41°
concentration of

storage at
inoculum
parison impossible of the relative survival
lowing 2 days’ storage at 75°

2). At 1,000,000,

TABLE 1

Per cent germination' of Botrytis cinerea conidia in different
suspendmg media at three intervals following irradiation at

various levels

75°
F (Figure 3).
of

B. cinerea

of these fungi.

Suspending medium

Caapek ‘ Water
100 | 1060
100 | 100
100 | 100
100 | 87.8
100 ‘ 76.5
100 100

478 | 53
100 | 69,8
100 100

18.3 | 43

69.3 | 63.4

77.6 70.8

3.1 1.6
2.6 13.5
71.6 | 46.3
0 | 0
0 i [
0 ‘ oy
0 | 1]
0 | 1]
0 | (1]

F (Figure 2) or
The variahility in
and R,
stolonifer in these berries before irradiation made a dircet com-
Fol-
F oand an additional 4 days at
41° F, no rot had developed at any of the doses tested, while
the unirradinted controls were almost completely rotted (Table
750,000, and 500,000 rep, adverse effects of

relopment n_,l' aray mold rot of grapes.

(23 Effeet of gamma radiation and time on de

As determined visunlly,

storage

PERCENT INFECTION

L8 MaErotaEst
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Figure 2. Average percentage of irradiated strawberries in-

fected by Botrytis cinerea (gray mold) and Rhizopus stolonifer

Days after ;

:rrmh-ﬂ:nn Dose (rep)*

at 387 F { '['mhm:u i
1 |0 (control) 100 |
2 ‘ 100 !
h 100 [
1 100,000 100 |
2 100
[ 100
1 175,000 100 1
2 100 |
6 100 |
1 300,000 | 100
2 100 1
i 100 |
1 500,000 72.0 ‘
2 B4.4
6 L
1 1,000,000 0 1
3 5.5
I i 59.5 |
1 2,000,000 | 0 ‘
2 0
6 | 0

1 Average percentage germination of 300 spores in each of 3 repli-

entes,
*To convert rep to rad, multiply rep by 91.2

Effect of irradiation at various dose levels on the appearance of strawberries and the per cent infected'
storage at 75 % and 41° F

89%.

(Rhizopus rot) after 3 days at 75° F.

TABLE 2

fruit following alternate

'\tnrup:v temperature und time intervals zafl--r n:m!mtmn

Approx. | g |
dose (rep) |

%
e R ‘ Infected |
0 (umtml) ‘ ‘aurr.u-v mold; rotted, | as
soft 1
100,000 | Firm, color good 0.0
\
200,000 ‘ Firm, color good 0.0
300,000 l Firm, no color ‘ 0.0
| change |
500,000 { Very slightly soft, | 0.0
[ no color change [
750,000 | Soft leaking, no color | 0.0 {
! change ‘
1,000,000 | Very soft; leaking: | 0.0
no color change | |

Additional
4 days at
41°F

rotted,

Surfaece mold:
soft
Firm, no color
change
Firm, no color
change
Slightly soft, no
ecalor change
Very soft, lenking,
color bleached
Very soft, leaking.
color bleached
Very soft, leaking.
color bleached

]1|f||l|--i
BT T i
0.0
0.0
0.0
0.0

0.0

0.0

' Infections due to Rhizopus stolonifer and

Botrptis cineren,

o
|
|

Additional | % l Additional | o
1.‘.(153;"}:1‘!' Inf(-t ted | ]T‘E':‘"’-‘.I-?t i Infected
| Surface mold; rofted, 100 Surface mold; rotted, | 100
soft soft
Surface mold, soft 77 Surface mold; soft 100
from rot
Firm, no color 0.0 Surface mold; soft 84
change from rot
Very soft, some leak- 0.0 Very soft, leaking, 0.0
ing, color bleached some color bleached
Very soft, lenking, 0.0 Very soft, leaking, 0.0
eolor bleached color bleached
Very soft, leaking. 0.0 Very soft, leaking, 0.0
color bleached color bleached
Very soft, color 0.0 Very soft, color | 0.0
hle od blenched |
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TABLE 3

Effect of irradiation at various dose levels on the appearance of inoculated grapes and the per cent infected ' fruit following several
storage periods at 75°F

4 days 8 days 10 days
Jose (rep -
Dose (rep) Appearance Int'c{(c‘:u-d Appearance lanuu-d Appearance Infz.;led
0 (control) Color bleached from rotted 100 As after 4 days 106 As after 4 days 100
areas, grupes soft, sur- I
face mold
A0,000 Color blenched from rotted 100 Ax control 100 As control 100
ETApes, some areias soft
100,000 Color good on most grapes, L As control 100 As control 100
rot started
200,000 Color good, grapes firm 0.0 Color good on most grapes, 54 As control 100
rot started, some grapes
soft
B00,000 Color good, grapes firm 0.0 Color good, grapes firm, 20 Color good on most grapes, 57
rot started surface mold
500,000 Color good, grapes firm 0.0 No odor, grapes firm, 0.0 Color good, no odor, 0.0
color good | grapes firm
1,000,000 Color good, grapes firm 0.0 Color good, off-odor, 0.0 .| Color good, off-odor, 0.0
grapes firm i grapes firm

! nfections due te Botrytis cinerea.

no color changes were apparent at any of the doses selected for
the experiment (Table 3). Similarly, the grapes retained their
firmness and, with the exception of u fermented off-odor of
those grapes receiving 1,000,000 rep, no other deteetable
changes oceurred in the fresh produet over the range of the
Joses tested. At 1,000,000 and 500,000 rep, no rot developed in
any of the replieates for a period of 10 days at 75° F, while
unirradiated controls were completely rotted within 4 days,
Within the range of doses tested between 50,000 and 300,000
rep, the first appearance and total amount of deeay from
B. cinerea were inversely proportional to the dose.

(3) Influence of radiation and storage time on developm - ni
of injury and blue mold rot of apples. At a dose of at least

80+ -
: Rhizopus rot
[ Gray mold

z |
9 60 ]
o
o
or . O %;
| 20
}
[ i :
| AN
LR . .

0 1.0 1.51.75 20 310
| DOSE (X10° REP)

Figure 3. Average percentage of irradiated strawberries in-
jected by Botrytis cinerea (gray mold) and Rhizopus stolonifer
(Rhizopus rot) after 10 days at 41° F.

100,000 rep, there was significant reduction in the development

of rot after 6 days’ stornge at 75° I for those apples inocu-
lated one day prior to irradiation (Table 4). However, after

TABLE 4

Average infection ratings of whole apples inoculated with
Penicillium expansum, incubated for 1 or 4 days prior to irradia-
tion with various doses, and then held up to 10 days at 75° F

! Incubation period prior to irradiation

Approx. 1 day ineubation
dose (rep) =y

P imsiiay | After

| Initial \I 6'duys

4 days inecubation

After

| After | After
10 days

i 6 days ! 10 days

Initial

1

0 | (] | 0 | 0 | O
{non-inoculated : | l ‘
control) | | |
0 Lo i dies il sio \ 2.3 ! 50 | 5.0
(inoculated | | | [ |
control) | | ] |
50,000 | | | 50 | | 406 | 5.0
100,000 | | | | 82 | 473
200,000 i \ R | g0 | 82
300,000 | el 2.0 1 2.6
500,000 | J e T TR I
1,000,000 | i IO | 1.9 ‘ 2,0
Least significant S LS j 1.0 1.8
difference @ 19:1 | | | l | 1

10 days' stornge at 75° 17, the minimal dose required to signifi-
cantly reduce the advancement of infection was 200,000 rep.
A 4-day ineubation period required a minimal dose of 100,000
rep to show significant decay reduetion at the 6-day seoring; a

minimuwm  of 200,000 rep, and more significantly a2 dose of
300,000 rep, showed deeay reduction at the 10-day scoring. At
30,000 rep, there was no delay in rotting of apples regardless
of the incubation period prior to irradiation. Apparently, a
minimal dose to retard blue mold on apples is the same whether
an ineubation period of 1 day or 4 days precedes irradiation.
Whole apples were injured by gamma radiation at doses of
200,000, 500,000, and 1,000,000 rep, Injury was in the form
of skin and flesh browning and softening in proportion to the
dose. No adverse effeets were visible following doses of either
100,000 or 200,000 rep when apples were held 10 days at 75° .

DISCUSSION

It is difficult, on the basis of our knowledge of the
mechanism of the effect of radiation on suscept and
pathogen cell eonstituents, to give an explanation for
the delay in rotting of fruit as observed in our experi-
ments. The delay in rotting of the fruits as a result




98 FOOD TECHNOLOGY, FEBRUARY, 1961

of radiation in a non-sterilizing range of doses may
be the result of (a) a partial inactivation and/or
recovery of the pathogen, (b) a lengthening of the
latent period of infection, or (¢) changes in the sus-
cept’s resistance to infection. Those doses which are
high enough to eradicate the fungus also produce
irreversible injury. While the action of radiation has
been likened to that exhibited by a fungistat (5), the
term ‘‘fungistat’’ is generally restricted to chemieals
which can arrest development of fungi while in con-
tinuous contact.

The recovery of the pathogen from irradiation in
the suscept and on culture media is dependent on the
time after irradiation and on the nature of the sub-
strate. A metabolite which may be responsible for
post-irradiation recovery has not been demonstrated.
However, some components of proteinaceous materials
can afford protection and stimulate recovery of bac-
teria (4, 7). Sulfhydryl compounds, such as ecys-
teine, for example, may compete with or replace
sulfhydryl groups of certain enzymes which are sensi-
tive to gamma radiation (4). A fungal agent of decay
in association with the substrate in the form of suscept
tissue or a complex organic culture medium may be
protected by this reaction.

Lower doses of radiation are needed to retard young
infections of apple (Table 4) after a 1-day incubation
than to retard infection after a 4-day incubation.
P. expansum may be more susceptible to radiation in
its early than its later stage of growth., Sherman and
Albus (6) demonstrated that during the lag growth
phase of Escherichia coli, cells are more suseeptible to
both chemical and physical changes of environment
than cells from the later portion of the logarithmic
and stationary growth phases. This sensitivity in
‘‘physiologic youth’’ has also been shown in our

radiation work with Penicillium digitatwm myceliun
(2).

The use of radiation for fresh produce pastenriz
tion remains an experimental tool, for it has not ye:
proved its safe, practical, or economical worth. Iow
ever, it does merit attention in a study of pathoger
radio-sensitivity and threshold levels of host injury
Finally, radiation offers an approach to understaml
ing common physiological diseases, since it ean oftem
induce nearly the same disorders and types of symp
toms expressed after produce has been aged, frozen
dried, or overheated.
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