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Effect of gamma irradiation on inactivation of Escherichia
coli O157:H7, Salmonella Typhimurium and Listeria
monocytogenes on pistachios
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Significance and Impact of the Study: Generally, nuts have lower water activity which precludes the
growth of food-borne pathogens. But, food-borne outbreaks due to pathogen-contaminated nuts have
been reported in the last few decades. Pistachios are one of the most popular nuts and have many
health beneficial effects. However, many pasteurization interventions have been used to reduce patho-
gens on pistachios, but most of them are not effective. This study confirms the effectiveness of gamma
irradiation on pasteurization of pistachios. This may be helpful in nut processing industries to ensure
the microbial safety of nuts.
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Abstract

This study evaluated the efficacy of gamma irradiation to inactivate food-borne

pathogens on pistachios (Pistacia vera L.). Pistachios inoculated with

Escherichia coli O157:H7, Salmonella Typhimurium and Listeria monocytogenes

were subjected to gamma irradiation in the range of 0, 0�5, 1, 3 and 5 kGy,

and colour change was evaluated after treatment and during storage at room

temperature. Pathogen populations decreased with increasing treatment doses.

A gamma irradiation dose of 5 kGy decreased the three pathogens on

pistachios to under the detection limit (1�0 log CFU per g) without effecting

colour change. During storage following treatment, pathogens were reduced

due to the postirradiation effect. D-values of pathogens on pistachios showed

that L. monocytogenes was more resistant to gamma irradiation than was E. coli

O157:H7 or S. Typhimurium. During gamma irradiation treatment, L, a and b

values of pistachios did not significantly change but these values changed

during storage. These results show that gamma irradiation has potential as a

nonthermal process for inactivating food-borne pathogens in pistachios

without inducing colour changes.

Introduction

People have been enjoyed nuts since prehistoric times.

Especially, pistachios (Pistacia vera L.) have been con-

sumed since before 7000 BC in Turkey. Consumption of

pistachios can benefit human health by preventing car-

diovascular diseases and facilitating weight loss due to

their composition of unsaturated fatty acids, protein,

dietary fibre, magnesium, potassium, vitamin K and phy-

tochemicals such as phytosterols, lutein and polyphenols

(Dreher, 2012). Generally, pistachios have not been

recognized as a possible source of pathogenic bacteria

due to their low water activity. But in 2009, the CDC

(Centers for Disease Control and Prevention) reported

that multiple samples of pistachios and pistachio-contain-

ing products which were collected over several months

from a single company were contaminated with several

serovars of Salmonella (including Montevideo, Newport

and Senftenberg) (CDC, 2009). Also, Al-Moghazy et al.

(2014) detected Salmonella on pistachios and pistachio-

containing products (pistachio flour and pastes) collected

from a local market.
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Several methods have been employed to control food-

borne pathogens on pistachios. Akbas and Ozdemir

(2006) used ozone to inactivate Escherichia coli and Bacil-

lus cereus in pistachio samples. One part per million of

ozone for 360 min reduced these pathogens by 3�5 and

about 3 log CFU per g, respectively, without inducing any

quality changes. However, this result shows that ozone

treatment is too time-consuming to be economically fea-

sible for reducing pathogens on pistachios. McEgan and

Danyluk (2015) used 70% ethanol and two quaternary

ammonium sanitizers to reduce pathogens on pistachios.

Those three sanitizers inactivated Listeria monocytogenes,

but did not reduce E. coli O157:H7 or Salmonella.

Gamma irradiation is a control intervention with many

advantages. It is a nonthermal treatment which is less

detrimental to food quality than thermal treatment and

can be used in large scale pasteurization processing due

to longer penetration depth and, especially, can effectively

reduce pathogens in low moisture foods which are diffi-

cult to pasteurize by conventional heating. Song et al.

(2014) used gamma irradiation to pasteurize black and

red pepper. Five kGy of gamma irradiation effectively

reduced E. coli O157:H7 and Salmonella Typhimurium to

under the detection limit (1�0 log CFU per g). Ban and

Kang (2014) used gamma irradiation to inactivate S.

Typhimurium in peanut butter. About 4 log reduction

occurred when peanut butter was treated with 3 kGy of

gamma irradiation. And also, gamma irradiation effec-

tively reduced bacteria on tahini, tahini halva and seeds

(Osaili et al., 2016, 2018; Fan et al., 2017).

To date, there have been no studies documenting inac-

tivation of food-borne pathogens on pistachios by gamma

irradiation. The effect of gamma irradiation on pistachio

quality was investigated in several previous research stud-

ies (Kashani and Valadon, 1984; Mexis and Kontominas,

2009; Behgar et al., 2011). Therefore the objectives of this

study were to evaluate efficacy of gamma irradiation to

inactivate food-borne pathogens on pistachios and con-

firm quality changes during gamma irradiation and post-

storage by colour value measurement.

Results and discussion

This study confirmed that gamma irradiation is effective

at reducing pathogens on pistachios. When samples were

treated with 5 kGy of gamma irradiation, the three patho-

gens were reduced to under the detection limit (1�0 log

CFU per g). Figure 1 shows reduction in E. coli O157:H7

on pistachios by gamma irradiation during post-treatment

storage. When pistachios were treated with 0�5, 1�0 and

3�0 kGy, E. coli O157:H7 was reduced by 0�99, 1�50 and

4�32 log CFU per g respectively. Also, E. coli O157:H7

was reduced to below the detection limit after 5 days

storage (3 kGy gamma irradiation treated sample) and

15 days storage (1 kGy gamma irradiation treated sam-

ple). Figure 2 shows inactivation of S. Typhimurium on

pistachios by gamma irradiation. The results were similar

to those of E. coli O157:H7, except that only the 5 kGy

gamma irradiated sample was reduced to under the detec-

tion limit immediately after treatment. But after 5, 10

and 15 days storage, S. Typhimurium was not detected in

the 3, 1 and 0�5 kGy gamma irradiation treated samples

respectively. Figure 3 shows surviving populations of L.

monocytogenes on pistachios after gamma irradiation and

storage. The reduction trend was similar to that of S.

Typhimurium. Like our study, gamma irradiation can

effectively reduce pathogens in low moisture foods. Al-

Bachir (2014) used gamma irradiation to reduce the natu-

ral microflora of pistachios. One kGy of gamma irradia-

tion reduced the total plate count and yeast/mould count

to under the detection limit (1�0 log CFU per g).

Assunc~ao et al. (2015) reported that 5 kGy of gamma

irradiation reduced Aspergillus flavus in Brazil nuts by

more than 3�52 log CFU per g. Also, 10 kGy of gamma

irradiation reduced moulds and coliforms in English wal-

nuts to under the detection limit (10 CFU per g) (Wil-

son-Kakashita et al., 1995).

Table 1 shows D-values of the three pathogens on pis-

tachios. These values were 0�85 (E. coli O157:H7), 0�86
(S. Typhimurium) and 1�02 (L. monocytogenes) respec-

tively. L. monocytogenes showed higher resistance to

gamma irradiation than did E. coli O157:H7 or S. Typhi-

murium. There are some studies which corroborate the

results of this study. Saroj et al. (2006) reported that L.

monocytogenes on mung bean sprouts showed higher

resistance to gamma irradiation than did S. Typhimur-

ium. Thayer et al. (1995) reported that D-values of L.

monocytogenes on meats were larger than those of S.

Typhimurium.

Similar to other antimicrobial interventions, gamma

irradiation treatment can induce nonlethal injury of

micro-organisms (Wu, 2008). Injured cells cannot be

detected on selective medium because injured cells are

more easily affected by environmental factors; that is

selective agar contains antibiotics, dyes or bile salt which

hinder the growth of injured micro-organisms (Prentice

and Clegg, 1974; Jang and Rhee, 2009). If injured cells are

allowed to resuscitate, they can adapt to stress in much

the same way as acid-adapted micro-organisms. Stress-

adapted micro-organisms usually show increased resis-

tance to antimicrobial interventions. There are several

studies which reported that acid-adapted food-borne

pathogens showed resistance to control interventions

(Buchanan and Edelson, 1999; Kim and Rhee, 2016;

Chung et al., 2018). Hartke et al. (1994) also reported

that sublethal UV irradiation induced production of
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proteins which resulted in increasing thermal protection

of Lactococcus lactis subsp. lactis IL1403. And, unfortu-

nately, Buchanan et al. (1999) confirmed that acid-

adapted E. coli O157:H7 showed resistance to gamma

irradiation. In this study, we did not confirm the genera-

tion of injured cells and adaptation of recovered cells.

But, there are several studies which reported pathogen

reduction during storage after irradiation treatment. Song

et al. (2009) reported that populations of L. monocytoge-

nes, Staphylococcus aureus and Vibrio parahaemolyticus in

Bajirak jeotgal (salted, seasoned and fermented short-

necked clams) were reduced during storage at 10°C after

irradiation treatment. Ban and Kang (2014) reported that

S. Typhimurium in peanut butter was reduced during

storage at 4 and 25°C after irradiation treatment. These

results were due to the postirradiation effect where

injured cells damaged by gamma irradiation cannot adapt

to the surrounding environment during storage (Byun

et al., 2001). Especially, pistachios have low water activity

(<0�5) which is a major challenge for injured cells to

overcome.

As shown in Figs 1–3, pathogens on nonirradiated pis-

tachios were reduced during storage. Pathogen reductions

during storage have been reported several times by

researchers especially in low moisture foods. Blessington

et al. (2012) reported that E. coli O157:H7, Salmonella

Enteritidis PT 30 and L. monocytogenes in walnut kernels

were reduced during storage at 23°C. Also, Burnett et al.
(2000) reported that levels of Salmonella in peanut butter

decreased during storage at 5 and 21°C. Salmonella in

peanut butter stored at 21°C was reduced more quickly

than this pathogen in peanut butter stored at 5°C. Inter-
estingly, there are some studies which demonstrate

antimicrobial activity of pistachios. Oleoresin oil of pista-

chio (Ghalem and Mohamed, 2010), essential oils from

the gum of pistachio (Alma et al., 2004) and pistachio
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Figure 1 Effect of gamma irradiation treatment and storage time at

room temperature (20°C) on reduction in Escherichia coli O157:H7 on

pistachios. Irradiation dose: ( ) 0 kGy, ( ) 0�5 kGy, ( ) 1�0 kGy, ( )

3�0 kGy, ( ) 5�0 kGy.
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Figure 2 Effect of gamma irradiation treatment and storage time at

room temperature (20°C) on reduction in Salmonella Typhimurium on

pistachios. Irradiation dose: ( ) 0 kGy, ( ) 0�5 kGy, ( ) 1�0 kGy, ( )

3�0 kGy, ( ) 5�0 kGy.
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Figure 3 Effect of gamma irradiation treatment and storage time at

room temperature (20°C) on reduction in Listeria monocytogenes on

pistachios. Irradiation dose: ( ) 0 kGy, ( ) 0�5 kGy, ( ) 1�0 kGy, ( )

3�0 kGy, ( ) 5�0 kGy.

Table 1 D-values of Escherichia coli O157:H7, Salmonella Typhimur-

ium and Listeria monocytogenes on pistachios exposed to gamma irra-

diation

Pathogen D-value (kGy)

E. coli O157:H7 0�85 � 0�02 A

S. Typhimurium 0�86 � 0�01 A

L. monocytogenes 1�02 � 0�05 B

Means of three replications � standard deviation. Values followed by

the same letters are not significantly different (P > 0�05).
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polyphenols (Bisignano et al., 2013) showed antimicrobial

activity against micro-organisms. Due to these reasons

pathogens on pistachios experience further reduction

during storage at room temperature.

Table 2 shows colour changes during gamma irradia-

tion treatment and storage after treatment. Gamma irra-

diation treatment did not affect L, a and b values of

pistachios. During storage, a and b values changed but

there was no significant difference between treated and

nontreated samples. There are studies which confirmed

gamma irradiation did not affect the quality of pistachios.

Mexis and Kontominas (2009) reported that 5 kGy

gamma irradiation did not affect the colour values of pis-

tachios. Also, Behgar et al. (2011) reported that there

were no significant total phenolic contents changes during

gamma irradiation treatment up to 60 kGy.

In conclusion, gamma irradiation can be used as a con-

trol intervention for pistachios. Five kGy gamma irradia-

tion reduced three pathogens to under the detection limit

without colour value changes. During 20°C storage,

pathogens continued to decrease so following gamma

irradiation treatment, storage at room temperature is rec-

ommended for pistachios in order to ensure microbiolog-

ical safety. However, further studies about the adaptation

of sublethally injured micro-organisms to gamma irradia-

tion and their resistance to several control methods

should be investigated.

Materials and methods

Bacterial strains and cell suspension

Three strains each of E. coli O157:H7 (ATCC 35150,

ATCC 43889, ATCC 43890), S. Typhimurium (ATCC

19585, ATCC 43971, ATCC 700408) and L. monocytogenes

(ATCC 15315, ATCC 19114, ATCC 19115) were used.

Each strain was obtained from the bacteria culture collec-

tion of Seoul National University (Seoul, Korea) for this

study. Stock cultures were prepared by mixing 0�7 ml of

a tryptic soy broth (TSB; Difco, BD, Sparks, MD) 24 h,

37°C culture with 0�3 ml of sterile 50% glycerol and then

storing at –80°C. Working cultures were streaked onto

tryptic soy agar (TSA; Difco, BD), incubated at 37°C for

24 h and stored at 4°C. Each strain of E. coli O157:H7, S.

Typhimurium and L. monocytogenes was cultured in 5 ml

TSB at 37°C for 24 h, harvested by centrifugation at

4000 g for 20 min at 4°C and washed three times with

sterile 0�2% peptone water (PW; Bacto, Becton, Dickin-

son, Sparks, MD). The final pellets were resuspended in

sterile 0�2% PW, corresponding to approximately 108-

109 CFU per ml. Subsequently, suspended pellets of each

strain of the three pathogen species were combined to

produce a mixed culture cocktail.

Sample preparation, inoculation

Roasted in-shelled nonsalted pistachios (Pichia vera L.)

used for this study were purchased at a local grocery store

(Seoul, Korea). For inoculation, 0�3 ml of culture cocktail

was applied to each 25 g sample inside a sterile stomacher

bag (Labplas Inc., Sainte-Julie, Quebec, Canada). The

inoculated samples were mixed by hand massaging for

2 min to ensure even distribution of the pathogens and

dried for 1 h in a biosafety hood. Uniform distribution of

inoculum was confirmed by similar CFU counts (about

106 CFU per g) on selective agar that were obtained from

single inoculated pistachios taken from different locations

after the drying step. After drying, all samples were stored

in a 4°C incubator, and transferred to an insulated cooler

with ice during transportation.

Gamma irradiation treatment

Twenty-five gram of inoculated pistachio samples in

stomacher bags was irradiated in a cobalt-60 gamma irra-

diator (point source AECL, IR-79, MDS Nordion Interna-

tional Co., Ltd., Ottawa, Ont., Canada) at the Advanced

Radiation Technology Institute, Jeongeup, Korea. The

source strength was approximately 100 kCi with a dose

rate of 10 kGy h�1 at room temperature (25°C). The

doses applied in this study were 0�0 (control), 0�5, 1�0,
3�0 and 5�0 kGy. Doses were applied by controlling the

treatment time (0, 3, 6, 18 and 30 min). An absorbed

dose was confirmed using a ceric/cerous dosimeter (Bru-

ker Instruments, Rheinstetten, Germany). After irradia-

tion, all samples were transferred to an insulated cooler

(temperature <10°C) with ice during transportation.

Nonirradiated controls were also maintained under the

same storage and transport conditions as the irradiated

samples.

Bacterial enumeration

Twenty-five gram samples were diluted in 225 ml of ster-

ile 0�2% PW and pummelled for 2 min in a stomacher

(EASY MIX, AES Chemunex, Rennes, France). After

stomaching, 1 ml aliquots of stomached samples were

tenfold serially diluted in 9 ml of sterile 0�2% PW, and

0�1 ml of sample or diluent was spread-plated onto each

selective medium. Sorbitol MacConkey agar (SMAC;

Difco), Xylose Lysine Desoxycholate agar (XLD; Difco)

and Oxford Agar Base (OAB; MB Cell) with antimicrobial

supplement (MB Cell) were used as selective media for

the enumeration of E. coli O157:H7, S. Typhimurium and

L. monocytogenes respectively. Where low populations of

surviving cells were anticipated, 1 ml aliquots of the orig-

inal homogenate were equally distributed between four
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plates of each respective medium and spread-plated. To

confirm the effect of storage at room temperature (20°C)
on pathogen survival, bacterial enumerations were con-

ducted on day 0, 5, 10 and 15. All plates were incubated

at 37°C for 24 h and colonies were counted.

D-value calculation

Numbers of surviving pathogens were plotted on a loga-

rithmic scale as a function of dose (kGy), resulting in a

survivor curve. D-value, the dose in kGy needed to

decrease the pathogen population by 90% (1 log), was

calculated by the following equation.

log
N

N0

� �
¼ � 1

D
� d;

where N = the number of survivors at gamma irradiation

dose, N0 = initial pathogen population, D = D-value

(decimal reduction dose) and d = gamma irradiation dose

(Hvizdzak et al., 2010).

Colour measurement

Colour values of L, a and b were used to measure the col-

our of samples. Hunter’s colour values (L, a, b) were

measured using a Minolta colorimeter (model CR300,

Minolta Co., Osaka, Japan). Colour was measured from

three random locations. L, a and b values indicate colour

lightness, redness and yellowness of the sample respec-

tively.

Statistical analysis

All experiments were repeated three times with duplicate

samples. Data were analysed with one-way ANOVA using

the Statistical Analysis System (SAS Institute, Cary, NC)

and Duncan‘s multiple range test to determine significant

differences (P < 0�05) in mean values of micro-organism

populations. Microbial counts were transformed to log10
values for analysis. One log was used for calculations in

the case of populations below the detection limit.
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