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1 Introduction
The recent trends in consumer’s attitudes to foods and 

produce have documented increases in the utilization of minimally 
processed fruits and vegetables in many parts of the world. Among 
the ready-to-eat vegetables that are routinely consumed with 
minimal preparation include carrot and tomato (United States 
Department of Agriculture, 2021). These are important vegetables 
due to their nutritional value and commercial importance as the 
two produce accounts for over 16.8 metric tons of total world 
production (United States Department of Agriculture, 2021; Food 
and Agriculture Organization, 2021). In the United States, annual 
consumption of carrots and tomatoes are approximated at over 
6.2 metric tons. Although carrot and tomato have been processed 
by produce industry and utilized as processed vegetables, the 
bulk of produce may be consumed with minimal preparation 
(United States Department of Agriculture, 2021).

Pathogen occurrence and contamination of carrot and 
tomato have been documented in United States and various 
parts of the world (Ajayeoba et al., 2016; Arumugaswamy et al., 
1994; Ponniah et al., 2010). For example, Listeria monocytogenes, 
Salmonella enterica or Escherichia coli O157:H7 and other 
pathogens have been associated with post-harvest contamination 
of ready-to-eat produce and other foods (Callejón et al., 2015; 
Carstens et al., 2019; Buchanan et al., 2017; Castro-Ibáñez et al., 

2017). The above foodborne pathogens have drawn attention, due 
to their impacts on food safety and consumer health (Scallan et al., 
2011). Therefore, to mitigate the deleterious health effects to 
consumers, post-harvest interventions to enhance produce 
safety should be diversified and show effective controls (Scharff, 
2015; Olanya et al., 2019).

Listeria monocytogenes is one of the pathogens that pose 
consistent risks to food safety and consumer’s health (Vahidy et al., 
1992; Costa et al., 2022). The bacterium has a peculiar life-cycle 
adaptation in which it is capable of saprophytic survival in the 
soil, but can transition to pathogenic life cycle upon entry in 
human or animal cells (Freitag et al., 2009). L. monocytogenes 
is a psychrophilic foodborne bacterium that can survive 
and sustain growth at temperatures below 1 ºC; making its 
occurrence problematic under refrigerated conditions and in 
food-manufacturing environments (Buchanan  et  al., 2017). 
Additionally, L. monocytogenes can also multiply in diverse pH and 
osmotic conditions, under both aerobic and anaerobic situations 
(Buchanan et al., 2017; Välimaa et al., 2015). Furthermore, the 
bacterium could adhere to food contact surfaces or occur in biofilms 
for longer durations and has tolerance for high concentrations 
of decontaminant agents, enhancing its persistent survival 
(Ferreira et al., 2014; Kara & Aslan, 2021; Murray et al., 2017).
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Contaminated carrots and tomatoes have been associated 
with various foodborne pathogens including L. monocytogenes 
and other pathogens (Ponniah et al., 2010; Marik et al., 2020). 
A common approach for decontamination of fresh-cut fruits 
and vegetables in the produce industry is by the application 
of sanitizing agents (Ukuku et al., 2012). Chemical sanitizers 
(chlorine-based compounds and oxidizing agents) have been 
used, however; these have resulted in some toxic by-products 
on fresh produce (Alvarado-Casillas et al., 2007). Non-thermal 
interventions have impacted microbial growth and pathogen 
survival on produce following its application (Julien-Javaux et al., 
2019). Other compound such as phloretin (polyphenol) obtained 
from produce has also shown good potential for in-vitro inhibition 
of L. monocytogenes (Zhao et al., 2022).

Gamma radiation is one of the non-thermal measures that have 
shown efficacy in decontamination of produce. Gamma radiation 
intervention has been utilized to inhibit sprout development in 
tuberous crops and regulate fruit ripening in many commodities 
(Ramos et al., 2013). It has also been approved for use in extending 
the shelf life of produce and for insect disinfestation at the dosage 
level of approximately 1 kGy (Pinela & Ferreira, 2017). Gamma 
radiation has a rapid decontamination process in which the 
application is quick and non-time consuming, with less toxic 
by-products and lower impact on sensory properties of foods 
(Prakash & Foley, 2004). The justification for low-dose gamma 
irradiation (GR) in this research is the continuous occurrence 
of post-harvest produce contamination despite advances in food 
safety measures and low-dose GR presents a viable technology 
to decontaminate produce.

Data on low-dose GR levels that could be utilized for 
Listeria inactivation as well as generate knowledge on injury 
and recovery or re-growth of Listeria under such conditions 
are lacking (Morehouse & Komolprasert, 2004). Similarly, 
data on pathogen survival would also be useful for designing 
optimum inactivation measures for Listeria on produce. It was 
anticipated that knowledge on radiation efficacy would promote 
the safe consumption of baby carrot (Daucus carota) and tomato 
(Lycopersicon esculentum). Due to GR benefits in regulation of 
fruit maturation and preventing insect infestation, FDA has 
approved ionizing radiation as a food additive for processing 
of fresh produce for radiation dosage up to 1 kGy level (Food 
and Drug Administration, 2019). Additionally, World Health 
Organization and Food and Agriculture Organization endorsed 
gamma irradiation use for eliminating harmful micro-organisms 
based on its food safety applications (Barkai-Golan & Follett, 
2017). Therefore, the objective of this research was to assess the 
survival and reduction of L. monocytogenes on post-harvest carrot 
and tomato when subjected to low-dose radiation at different 
storage temperatures and times.

2 Materials and methods
2.1 Bacterial strains and microbial propagation

Listeria monocytogenes used in this experiment consisted of 
a cocktail of strains 008, 2625, and 2634. The pathogen strains 
were from the culture collections at USDA-ARS, Wyndmoor, 
PA. The bacterial stock cultures were maintained in Tryptic Soy 
broth (TSB; BBL, Sparks, MD, USA) in 20% glycerol, stored at 

−80 °C. The cultures were revived by transfer of a loopful (~ 
0.05 mL) to 9 mL TSB and incubated at 37 °C  for L. monocytogenes 
for 24 h (Olanya et al., 2019; Berrios-Rodriguez et al., 2020a). 
The bacterial cells were centrifuged (10,000 × g, 5 min, 5 °C) 
and cell pellets were washed twice with 0.1% BPW (BBL, Sparks, 
MD, USA). Bacterial cell pellets were re-suspended in 10 mL of 
phosphate buffer saline to concentrations of 6-7 log CFU/mL ( 
Berrios-Rodriguez et al., 2017).

2.2 Bacteriological media

Total bacteria were quantified on Trypticase Soy Agar (TSA). 
L. monocytogenes was quantified on a modified Oxoid agar 
(MOX) selective agar (BBL, Sparks, MD, USA) by spread-plate 
method. The media and plating methods were previously used 
(Berrios-Rodriguez et al., 2020a).

2.3 Produce and pathogen inoculations

Carrots (Daucus carota) and tomatoes (Solanum lycopersicum) 
were purchased from a local grocery store in Wyndmoor, 
PA and refrigerated at 5 °C. Prior to use, produce types were 
rinsed in sterile de-ionized water, sanitized in 200 ppm sodium 
hypochlorite, and then rinsed with sterile de-ionized water 
(Berrios-Rodriguez et al., 2020b; Olanya et al., 2018). Produce 
(10 g) was weighed for the total number of treatments. Tomato 
and carrot (10 g each) were inoculated with 6-7 log of Listeria 
monocytogenes by dipping in 20 mL inocula suspension in a 
biosafety cabinet (LABGARD ES Class II) for 5 min and air-
dried for 30 min (Olanya et al., 2018).

2.4 Radiation treatments on Listeria monocytogenes 
populations

The effects of gamma radiation treatments on the survival 
of Listeria populations on produce were investigated in 
randomized and replicated experiments. Radiation treatments 
were as follows: 1) Control (0), 2) 0.25 kGy, 3) 0.50 (kGy), 4) 
0.75 (kGy), 5) 1 kGy and applied on 2 produce types (carrot 
and tomato) following Listeria inoculations and then the 
produce was subjected to 3 sampling times (0, 3, and 7 days). 
Treatments were applied on produce types and, then stored at 
5 °C (refrigerated temperature) and 20 °C (room temperature) 
in order to assess if produce storage temperatures after gamma 
radiation treatment of pathogens could affect bacterial survival. 
Treatments (5 radiation dosages and 2 produce types) were 
arranged in a completely randomized design with 3 replications 
and the experiment was conducted twice.

2.5 Gamma radiation effects on L. monocytogenes survival 
on carrots and tomatoes

After pathogen inoculations, produce was irradiated at 4 °C 
using a Lockheed-Georgia (Marietta, GA) cesium-137 self-
contained gamma radiation source as previously described 
(Niemira  et  al., 2005; Niemira & Boyd, 2013). Produce in 
stomacher bags with designated treatment was irradiated at the 
dosages of 0.25 to 1.0 kGy using methodology from previous 
research, but different pathogen/host combinations (Berrios-
Rodriguez et al., 2022; Olanya et al., 2015).
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2.6 Assessment of injury and recovery of L. monocytogenes 
on carrots and tomatoes

Injury to L. monocytogenes cells was quantified by the overlay 
culture procedure (Lee & Kang, 2001). The non-selective medium 
(TSA) was used to facilitate repair of injury of Listeria cells. 
Dilutions of 100 µL obtained from radiated produce samples that 
had been stomached (containing L. monocytogenes) were pipetted 
and spread-plated onto TSA medium and plates were air-dried 
at 25 °C for 2 h. This was done to promote the resuscitation of 
injured cells (Kang & Siragusa, 1999). Then, TSA plates were 
overlaid with MOX (BBL/Difco, Sparks, MD) selective medium. 
These were air-dried for 2 h at 25 °C and incubated at 37 °C for 
2 days. Typical tiny white, pin-point colonies of L. monocytogenes 
were enumerated from the randomized and replicated plates. 
The injured Listeria were computed from the overlay medium 
as a proportion of the pathogen counts (CFU/g) on the selective 
medium. Recovery of injured populations were quantified on 
MOX selective medium as a proportion of the cells on the non-
selective (TSA) medium.

2.7 Microbiological evaluations

Irradiated carrot and tomato samples were subjected to 
microbiological analysis by adding 40 mL of buffer (BPW) to 
produce samples (previously inoculated with L. monocytogenes 
and then treated with gamma radiation at different doses) when 
compared to untreated control. The produce samples were 
stomached for 2 min at 230 rpm (Stomacher 400 Circulator, 
Seward 400, UK) and serially diluted. L. monocytogenes populations 
were enumerated on modified oxoid agar (MOX) selective 
medium (BBL) modified with supplements and incubated at 
37 °C. The colony forming units from the plating media were 
recorded (Berrios-Rodriguez et al., 2022).

2.8 Data analysis

L. monocytogenes populations from produce that were 
irradiated and from the untreated (control) were plated on MOX 
medium and quantified as colony forming units. The counts of 
Listeria populations from pathogen-inoculated carrot and tomato 
were converted to Log CFU/g of produce. Data were analyzed by 
general linear models (PROC GLM) of the Statistical Analysis 
System, SAS Version 9.3 (SAS Institute Inc., Cary, NC, USA). 
The effects of treatments (radiation dosages, produce, storage days 
and temperatures) on mean Listeria populations were computed 
by Analysis of Variance (PROC GLM) of the statistical analysis 
system (SAS, Statistical Analysis System, Cary, NC). Significant 
differences among treatment means were computed by using 
Least Significant Difference (LSD) statistics at P < 0.05.

3 Results and discussion
The survival of L. monocytogenes populations on carrot 

and tomato were significantly (P < 0.05) impacted by gamma 
radiation treatment. When data were averaged across days for 
each inoculated produce, pathogen populations at either 5 °C 
(refrigerated temperature) or 20 °C (room temperature) varied 
with each radiation dosage (Table 1). In the un-treated produce 
(control), the average population ranged from 6.67 ± 0.23 to 7.43 ± 
0.12 log CFU/g of produce. The mean populations of Listeria 

on carrot were 6.67 logs (0 kGy) and 1.39 (1 kGy) at 5 °C, and 
at 20 °C, these were 6.98 (0 kGy) and 4.25 (1 kGy) (Table 1). 
On tomato, the Listeria populations were 7.18 (0 kGy) and 
3.16 (1 kGy) at 5 °C, while bacterial numbers were 7.43 (0 kGy) 
and 3.63 (1 kGy) of treatment following storage at 20 °C (Table 1).

The mean occurrence of L. monocytogenes populations on 
non-irradiated samples (0 kGy) after pathogen inoculations of 
produce were not significantly (P > 0.05) different on carrot and 
tomato (Table 1). Therefore, this indicated similar levels of pathogen 
presence on the surfaces of both carrot and tomato following produce 
inoculations, perhaps due to similar bacterial attachment and retention. 
Our findings contrast with a previous study in which occurrence 
of L. monocytogenes was noted to be greater on carrots than on 
tomato by about 2.3% (Zhu et al., 2017). However, we hypothesize 
that the frequency of occurrence of L. monocytogenes on minimally 
processed fresh produce or foods may vary, due to persistence of 
Listeria in different environmental conditions (Buchanan et al., 2017; 
Olanya et al., 2018). It has been documented that L. monocytogenes 
can grow in diverse environments such as 4.3 to 9.3 pH values 
(Ferreira et al., 2014; Zhu et al., 2017). The range of pH values cited 
above have been described to coincide with those found in many 
fruits and vegetables, thereby facilitating pathogen occurrence or 
growth (Zhu et al., 2017).

The radiation treatments of pathogen-inoculated produce 
resulted in significant (P < 0.05) reductions of L. monocytogenes 
(Figure  1). Linear decreases in pathogen populations were 
similar on carrot and tomato at subsequent radiation dosages 
on the untreated produce at 0 kGy to 1 kGy of gamma radiation. 
A 4.6 log reduction of L. monocytogenes populations on carrot 
from 7.37 ± 0.29 (control) to 2.78 ± 0.20 (1 kGy) log CFU/g of 
produce were recorded for samples processed immediately after 
irradiation treatment (Figure 1). On tomato, a 4.5 log reduction 

Table 1. Effects of gamma radiation on Listeria monocytogenes populations 
on post-harvest carrot and tomato.

Temperature 
(°C)w Dosage (kGy) Carrot 

 (Log CFU/g)w
Tomato  

(Log CFU/g)w

5 0 6.67 ± 0.23a 7.18 ± 0.18a
0.25 5.75 ± 0.33b 6.65 ± 0.16b
0.50 4.85 ± 0.20c 5.60 ± 0.15c
0.75 3.79 ± 0.16d 4.05 ± 0.07d
1.00 1.39 ± 0.53e 3.16 ± 0.17e

Means - 4.49 5.33
LSD(0.05) - 0.88 0.53

20 0 6.98 ± 0.09a 7.43 ± 0.12a
0.25 6.08 ± 0.18a 6.75 ± 0.07b
0.50 5.39 ± 0.15b 5.73 ± 0.11c
0.75 4.73 ± 0.13bc 5.01 ± 0.20d
1.00 4.25 ± 0.23c 3.63 ± 0.32e

Means - 5.49 5.71
LSD(0.05) - 1.1 0.68

wBacteria populations were averaged at radiation treatment across days with 3 replicates 
per inoculated produce stored at either 5 °C or 20 °C, subsequent to radiation treatments 
and plated on MOX selective medium. Data represents means and associated standard 
errors for Listeria monocytogenes populations at radiation dosage. The same letters within 
columns indicate non-significant differences (P > 0.05) in mean Listeria populations. 
LSD = least significant difference statistics
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of L. monocytogenes (from 7.68 ± 0.22 (control) to 3.11 ± 0.25) 
at 1 kGy was recorded on day 0 of storage.

When produce was stored at 5 °C for 3 days after gamma 
radiation treatment, significant linear decreases in Listeria 
populations were observed on both carrot and tomato (Figure 2). 
On carrot, 5.9 log reductions (from 7.04 ± 0.15 to 1.09 ± 
0.25 log CFU/g) and on tomato, 3.9 log reductions (7.31 ± 0.11 to 
3.34 ± 0.26 log CFU/g) were recorded (Figure  2). Pathogen 
reductions were significantly (P < 0.05) greater on carrot than 
on tomato. The reduction in L. monocytogenes on pathogen-
treated tomato from radiation treatment was also recorded at 
20 °C. Listeria reductions on carrot and tomato were from 6.77 ± 
0.17 to 3.95 ± 0.24 (2.8 log CFU/g) and from 7.21 ± 0.22 to 2.98 ± 
0.20 (4.2 log CFU/g), respectively (Figure 2).

At 7 days of produce storage at 5 °C after pathogen inoculations 
and radiation treatment, the reduction of Listeria populations 
was similar to that stored at 5 °C for 3 days. A 4.4 log reduction 
of Listeria (from 6.21 ± 0.41 to 1.76 ± 0.17 log CFU/g) was 
recorded on carrot, while a 4.0 log pathogen reduction (from 
6.97 ± 0.44 to 2.94 ± 0.19 log CFU/g) was obtained on tomato 
stored at 5 °C (Figure 3).

The survival of L. monocytogenes populations on carrot 
and tomato progressively decreased as radiation dosage applied 
on produce increased from 0.25 kGy to 1.0 kGy. The surviving 
Listeria populations differed and was significantly (P < 0.05) 
lower at 5 °C than at 20 °C when data were averaged across 
produce and storage days. This suggests that L. monocytogenes 
survival may be adversely impacted by low-dose gamma radiation 
treatments at the storage temperatures investigated. Gamma 
radiation application for inactivation of bacterial pathogens is not 
unexpected as radiation treatments have previously resulted in 
bacterial DNA breakage and cell damage, depending on radiation 
dosage and application duration (Prakash & Ornelas-Paz, 2019; 
Niemira & Boyd, 2013). Damage to other bacteria cellular 
components may also occur, leading to injury and possible cell 

death. The radiation sensitivity of L. monocytogenes in turkey 
nuggets was recorded at 0.70 kGy (Sommers & Thayer, 2000), 
implying that dosage at similar values would be sufficient for 
pathogen inactivation at the storage temperatures indicated.

The significant (P < 0.05) L. monocytogenes reductions on 
carrot and tomato by low-dose gamma radiation, demonstrated 
the efficacy of radiation treatment on both produce types. 
For example, Listeria reductions on carrot and tomato were > 
4.5 when produce samples were processed immediately. At 5 °C 
(3 days), reductions of Listeria were 5.9 logs (carrot) and 3.9 logs 
(tomato). The pathogen reductions were 4.4 logs (carrot) and 
4.0 logs (tomato) at 7 storage days. At 20 °C (3 days), pathogen 
reductions were 2.8 logs (carrot) and 4.2 logs (tomato), while 
Listeria decreases were 2.2 logs (carrot) and 2.9 logs (tomato) 
at 7 days of storage. Therefore, these findings imply that low-
dose radiation as an established but under-utilized technology, 
can be an effective and efficacious intervention tool for L. 
monocytogenes reductions on post-harvest carrot and tomato. 
Similar or identical research methods may be used for a different 

Figure 1. Reduction of L. monocytogenes populations on post-harvest 
carrot and tomato following pathogen inoculations on produce 
(7-8 logs). Low-dose gamma radiation (0-1.0 kGy) was applied to 
pathogen-inoculated produce processed after irradiation treatment. 
The graph represents pathogen reduction with associated standard 
errors at various radiation doses.

Figure 2. Reduction of L. monocytogenes populations on post-harvest 
carrot and tomato subsequent to pathogen inoculations on produce 
(8-9 logs). Low-dose gamma radiation (0-1.0 kGy) was applied to 
pathogen-inoculated produce stored at 5 C and 20 C for 3 days, then 
processed. The graph represents pathogen reduction with associated 
standard errors at various radiation doses.
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bacterial-host combination since pathogen inactivation results 
on one post-harvest produce may not always be directly applied 
to another produce without adequate data or validation.

In previous studies, irradiation treatments showed reductions 
of L. monocytogenes on various food substrates with results 
similar to this study. At 1 kGy of irradiation dose, 4.14 log CFU/g 
reductions of Listeria were recorded on tomato (Bari  et  al., 
2005). Similarly, a 4.0 log reduction of L. monocytogenes on 
carrot was documented in published research (Dhokane et al., 
2006). Therefore, our results are consistent with previous studies 
and is indicative of the efficacious nature of gamma radiation 
applications for Listeria inactivation, even though the Listeria 
strains used in the cited studies were different from those used 
in this research. A 1 kGy dosage of gamma radiation application 
has been designated by FDA, WHO and FAO as suitable for food 
applications for control of pathogenic bacteria (Barkai-Golan & 
Follett, 2017; Food and Drug Administration, 2019).

In this research, pathogen reductions showed significant 
(P < 0.05) linear decreases (Figures 1-3) and the average L. 

monocytogenes reductions on produce was slightly better at 5 °C 
(4.5 logs) than at 20 °C (3.0 logs), when data were averaged across 
storage days regardless of produce types. Our results are consistent 
with previous studies in which radiation treatment of produce 
and low temperature storage resulted in greater reductions of L. 
monocytogenes (Arvanitoyannis et al., 2009). For example, when 
shredded carrots packed in polyethylene bags and inoculated with 
L. monocytogenes and E. coli were subjected to a 1 kGy of radiation 
treatment and stored at 5 °C, L. monocytogenes reduction in excess 
of 4 logs was recorded (Arvanitoyannis et al., 2009). Similarly, the 
effect of radiation treatment and low temperature exposure reduced 
L. monocytogenes populations in sliced cabbage and radish by 4-5 logs 
in comparison to non-irradiated produce (Prakash & Foley, 2004).

Injury associated with Listeria populations following radiation 
treatment varied on carrot and tomato, for samples processed 
immediately after treatment (Figure 4). The mean populations 
of injured cells were either below detection to low values on 

Figure 3. Reduction of L. monocytogenes populations on post-harvest 
carrot and tomato subsequent to pathogen inoculations on produce 
(8-9 logs). Low-dose gamma radiation (0-1.0 kGy) was applied to 
pathogen-inoculated produce that was stored at 5 °C and 20 °C for 
7 days, then processed. The graph represents pathogen reduction with 
associated standard errors at various radiation doses.
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Figure 4. Radiation treatment effects on injury and recovery of L. 
monocytogenes inoculated on post-harvest carrot and tomato. Data 
indicates % of injured (A) and recovered populations (B). The injured 
populations were computed from the overlay medium as a proportion 
of the pathogen counts (CFU/g) on selective medium. Recovery of 
injured populations were quantified on MOX selective medium as 
a proportion of the cells on non-selective (TSA) medium. Bars with 
the same letters on the graph are not significantly different (P>0.05). 
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samples in the control (un-treated) or exposed to 0.25 kGy. The 
populations of injured cells ranged from 2.1-13.3 logs on carrot 
and tomato. The average % of injured Listeria cells from produce 
stored for 3 days were lower at 5 °C than at 20 °C (Table 2). On 
carrot and tomato stored at 5 °C, injured cells were 7.0% and 
3.3%; respectively, whereas at 20 °C, these were 16.1% and 3.6%, 
on carrot and tomato, respectively (Table 2).

After 7 days of produce storage at 5 °C, % injured cells on 
carrot and tomato were 8.9% and 5.2%, respectively. At 20 °C 
storage, the mean values were 6.9% and 3.3% on carrot and 
tomato, respectively (Table 3). The mean recovery (%) of injured 
Listeria populations on produce varied and was comparatively 
greater on carrot (11.9%) than on tomato (3.4%), for samples 
processed immediately (Figure 4). The mean % of recovery of 
injured Listeria cells on produce after 3 days of storage were 
similar on both carrot and tomato (1.8-8.9%) and at 5 °C 
and 20 °C (Table 2). Similarly, the average % of injured cells 
recovered from produce following storage for 7 days ranged from 
1.5 to 9.6% (Table 3). This implies that less injury of bacterial 
cells may be expected at lower storage temperatures at 3 days 
of storage for the Listeria strains investigated.

The quantification of radiation effects on pathogen injury 
and recovery is important for documenting its sensitivity to 
gamma radiation, particularly as they pertain to post-harvest 

Table 3. Injury and recovery of Listeria monocytogenes populations 
from post-harvest carrot and tomato after low-dose gamma radiation 
treatmentsw.

Carrot Tomato
Temp Dosage

(kGy)
Injury
(%)x

Recovery
(%)y

Injury
(%)x

Recovery 
(%)y

Day 7
5 °C

0 4.2c 2.3c 2.6bc 2.2b

0.25 5.8bc 4.2b 3.9b 4.5a

0.50 6.7bc 16.4a 5.2b 3.2b

0.75 7.9b 15.3a 8.6a 2.6b

1.00 18.3a    ND…. 8.8a     ND….

Means - 7.0 9.6 5.2 3.1

  LSD(0.05) - 3.7 1.8 1.5 1.2

Day 7
20 °C

0 2.3c 0.5e 2.2c 10.4b

0.25 5.1c 1.7d 7.8c 17.8a

0.50 5.3c 0.9e 12.3b 4.6c

0.75 9.7b 1.8d 16.2ab 3.2c

1.00 20.3a 2.6c 18.6a 2.3c

Means - 8.5 1.5 11.4 7.6

   LSD(0.05) - 4.2 0.5 4.5 5.6

wBacteria populations were averaged across gamma radiation treatment for each produce 
stored at either 5 °C or 20 °C subsequent to radiation treatments; xInjured populations 
(%) was computed as: 1– (Listeria populations in overlay media/Listeria populations in 
TSA) x 100%; yPathogens recovered (%) was computed as: 1– (Listeria populations in 
MOX media/Listeria populations in TSA) x 100%. Means followed by the same letters in 
columns are not significantly different (P>0.05). ND = below detection level.

Table 2. Injury and recovery of Listeria monocytogenes populations 
from post-harvest carrot and tomato after low-dose gamma radiation 
treatmentsw.

Carrot Tomato
Temp Dosage 

(kGy)
Injury (%)x Recovery 

(%)y
Injury (%)x Recovery 

(%)y

Day 3
5 °C

0 1.2c 0.6e 1.7c 0.8c

0.25 2.7c 1.7d 3.2b 3.3b

0.50 6.9b 0.9e 3.4a 0.6c

0.75 7.2b 1.8d 4.8b 2.3b

1.00 16.8a 4.6c     ND….     ND….

Means - 7.0 1.9 3.3 1.8

  LSD(0.05) - 4.2 0.8 1.4 1.5

Day 3
20 °C

0 4.5c 3.9c 0.8c        3.9c  

0.25 17.4b 9.3b 1.2c 13.6a

0.50 17.8b 15.5a 3.7bc 6.8b

0.75 18.6b 7.8b 5.5ab 1.7d

1.00 22.0a 7.9b 6.8a      ND…..

Means - 16.1 8.9 3.6 6.5

  LSD(0.05) - 3.3 5.2 3.0 2.2
wBacteria populations were averaged across gamma radiation treatment for each produce 
stored for 3 days either 5 °C or 20 °C subsequent to radiation treatments;  xInjured 
populations (%) was computed as: 1– (Listeria populations in overlay/Listeria populations 
in TSA) × 100%. Means followed by the same letters are not significantly different 
(P > 0.05); yPathogen populations recovered from injury (%) was computed as: 1– (Listeria 
populations in MOX selective media/Listeria populations in TSA) × 100%. Means followed 
by the same letters are not significantly different (P > 0.05). ND = below detection.

produce. This is important to ascertain if radiation treatment 
would be sufficient to minimize resuscitation of L. monocytogenes. 
In this research, the mean % of recovery of injured Listeria cells 
on produce at 3 days of storage were similar on both carrot 
and tomato (3.6-5.8%) and at 5 °C and 20 °C storage; while % 
recovery of injured Listeria cells from both produce were 3.3 
to 8.3%, following 7 days of storage. Therefore, we may expect 
low levels of recovery of L. monocytogenes cells from produce 
that has been gamma-irradiated. The high levels of pathogen 
reductions suggest that gamma radiation treatment can be utilized 
to mitigate Listeria contamination of post-harvest carrot and 
tomato. In a commodity such as rice grains, gamma radiation 
dose of < 5kGy had no significant effects on sensory quality of 
rice protein (Yao et al., 2022).

4 Conclusion
The mitigation of pathogen contamination on fresh 

produce is a significant food safety issue. Low-dose gamma 
radiation significantly reduced Listeria populations at 5 °C and 
20 °C storage across days. Linear decreases were significant 
as radiation dosage increased from 0.25 to 1.0 kGy, implying 
that the treatments were efficacious for Listeria control. 
The food applications of low-dose radiation for control 
of pathogenic bacteria can improve post-harvest safety of 
carrot and tomato.
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