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ABSTRACT
The Listeria monocytogenes outbreak in 2011, associated with the consumption of
cantaloupes was responsible for numerous cases of listeriosis and 33 deaths. There is a need to
develop a suitable postharvest treatment to ensure that cantaloupes are free of Listeria
monocytogenes. The overall goal of this research was to determine the effect of a thermal
treatment process, in the form of hot water immersion, to enhance the microbiological safety of
cantaloupes. The specific objectives of this research were: (a) to study the potential of microbial
penetration into whole cantaloupes by conducting dye penetration and surface inoculation of L.
monocytogenes on whole cantaloupes, (b) to develop a finite element model to simulate the timetemperature distribution within cantaloupes during heating and to validate the finite element
model by conducting hot water immersion studies on cantaloupes, and (c) to determine the
destruction of L. monocytogenes on surface inoculated cantaloupes by subjecting them to hot
water immersion.
In the dye penetration study, whole cantaloupes were immersed in dye solution to study
the maximum distance of penetration into cantaloupes. In the surface inoculation study, whole
cantaloupes were inoculated with a cocktail of L. monocytogenes strains L2624, L2625, L2626,
and L2676, the strains that were associated with the 2011 cantaloupe outbreaks. The cantaloupes
were inoculated on the surface with this cocktail in order to determine the extent of microbial
penetration into the fruit. A finite element model of cantaloupes was used to determine the timetemperature distribution in them, when heated by immersing in hot water at different
temperatures, and this model was validated using hot water immersion experiments with
cantaloupes. Based on the results from the finite element model, the inoculated cantaloupes were
subjected to hot water immersion on day 0 of inoculation at temperatures of 850C and 950C for 5
minutes.
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The dye penetration study showed that the maximum penetration was up to 1 cm inside
the fruit. During the surface inoculation study with cantaloupes, the maximum cell population
was recorded on day 0 of inoculation and the maximum cell penetration was up to 1 cm into the
cantaloupes. The predicted time of heating from the finite element model for hot water immersion
at 850C and 950C was 5 minutes in order for the temperature at positions 5 mm beneath the
surface to reach 750C and 850C, respectively. The hot water immersion of inoculated cantaloupes
at 850C and 950C for 5 minutes showed that the thermal treatment reduced L. monocytogenes by
3.46 ± 0.31 log10 CFU/ml and 4.88 ± 0.18 log10 CFU/ml, respectively. Populations of L.
monocytogenes recovered from cantaloupes that were subjected to hot water immersion at 85 0C
and 950C for 5 minutes were significantly lower than those of the controls (P < 0.05).
The results presented in this research show that hot water immersion treatments have the
ability to reduce levels of Listeria monocytogenes in cantaloupes contaminated with this
pathogen. Additionally, the simulation model of heat transfer indicated that while the temperature
of the rind elevated rapidly, the pulp of cantaloupes remained at room temperature. This feature
of hot water immersion treatment is an advantage if such a treatment is considered as a post
harvest treatment process because it does not increase the temperature of the pulp, thereby not
affecting the sensory properties of the cantaloupe.
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Chapter 1
INTRODUCTION
Foodborne outbreaks caused by contaminated fresh produce are an increasing concern all
over the world. According to the Centres for Disease Control and Prevention (CDC) statistics on
foodborne outbreaks in 2008, the total number of outbreaks was 1,034 causing 23,152 cases of
illness and 1,276 hospitalizations, 76% of these hospitalizations were attributed to Listeria
monocytogenes. The objective of postharvest treatments is to enhance shelf life by slowing or
halting undesirable microbiological and chemical changes that could arise during the storage or
transportation of these commodities. Some commodities might require specific additional unit
operations to decelerate their rate of deterioration. For instance, fruits with high respiration rates
require a rapid pre-cooling to their lowest possible temperature without causing chilling injury
(Bachmann and Earles, 2004). One commodity which has been the cause of outbreaks in the past
two decades is cantaloupes. Cantaloupes have caused a substantial number of foodborne
outbreaks by being a vehicle for pathogens including Salmonella enterica serotype Poona (CDC,
1991 and 2002) and Listeria monocytogenes (FDA, 2012).
In light of the 2011 Listeria monocytogenes outbreak, there is a need to develop a suitable
postharvest processing method to ensure that cantaloupes are free of L. monocytogenes and this
formed the inspiration for the research undertaken in this paper. There have been several
publications showcasing research on development of washing and sanitizing treatments as
postharvest treatment methods. For instance, it was shown that holding cantaloupes inoculated
with Salmonella Typhimurium in ambient temperature water at 24±20C for 60 sec resulted in 0.7
log10 reduction (Parnell and others, 2005). Another study showed that washing cantaloupe with
chlorine (1000 ppm) that had been inoculated with Salmonella Stanley HO558 and stored at 40C
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for 0 or 24 h, resulted in a 3.4-log10 CFU/cm2 reduction in attached Salmonella Stanley HO558
(Ukuku and Sapers, 2001).
Thermal treatment, in the form of hot water immersion of fresh produce has been shown
to prevent decay in several temperate, sub-tropical and tropical fruits, vegetables and flowers
(Hara and others., 1996; Lurie, 1998). Annous and others (2004) carried out surface
pasteurization of whole cantaloupes (at 760C for 2-3 min) inoculated with strains of Salmonella
Poona or E. coli to cause a 5-log reduction in microbial load. Schirra and others (2000) conducted
a hot water dip study on ‘Fortune’ mandarins with water temperatures of 50, 52, 54, 56 and 58 0C.
They found that treatment at 50-540C reduced chilling injury and levels of decay, but 560C and
580C caused adverse effects on the mandarin peel. Another study by Fleischman and others
(2001) on inoculated apples immersed in water at 80 and 950C for 15 s produced a reduction of
more than 5 logs of Escherichia coli O157:H7.
A possible postharvest treatment technique for cantaloupes to ensure they are free of L.
monocytogenes is hot water immersion of the whole fruit. In order to develop such a process, it is
necessary to understand microbial penetration in cantaloupes. It is also necessary to understand
the nature of heat transfer in cantaloupes to determine time-temperature distributions within the
cantaloupe. So, for designing a postharvest treatment of cantaloupes using hot water immersion
technique, primary knowledge is required on the combination of heat transfer characteristics in
the cantaloupe as well as penetration characteristics of Listeria monocytogenes.
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Chapter 2
LITERATURE REVIEW
Cantaloupes are fleshy fruits having a thick, netted rind and they bear the scientific name,
Cucumis melo L. subsp. melo var. cantalupensis Naudin. It belongs to the family Curcubitaceae
which includes cucumbers, pumpkins, squashes and watermelons. The edible portion of a
cantaloupe has a soft and juicy texture and the fruit emanates a musky aroma when ripe. They
have a hollow cavity that contains their seeds enveloped in a net of flesh. In the United States, the
production of cantaloupes has shown an increasing trend during 1950-2010 (USDA Cantaloupe
Statistics, 2011).

Production (1000 cwt)

25,000
20,000

15,000
10,000
5,000
0
1940

1960

1980

2000

2020

Year
Figure 2.1: Production of cantaloupe in centum weight (1 cwt = 100 lbs.) in the US
(USDA Cantaloupe Statistics, 2011)
Cantaloupe cultivation originated in Africa and the Middle East, spreading to Europe and
the United States in the fifteenth and seventeenth centuries respectively. Cantaloupes were named
after the commune Cantalupo (Italy) where the Pope used to spend his summers in the eighteenth
century. The seeds of this plant were later brought to America during the colonial period and thus
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these fruits known as muskmelons in the rest of the world, are called cantaloupes in America.
Cantaloupes flourish well in warm climatic conditions and well drained, loamy soils. The
optimum temperature for the seed germination is between 210C and 350C.
California and Arizona are the leading producers of cantaloupes in the US, followed by
Texas and Georgia. Planting usually begins towards the end of the year (December-March) and
the harvest period is between May-July. Once the fruit matures, it separates from the stem
completely (full slip) and it is at this stage that the melon is ripe and ready to be harvested.
Cantaloupes are fruits which are not only rich in flavor but are also nutritious. The pH of
cantaloupe pulp is 7.1 at 250C (Del Rosario and Beuchat, 1995) and its water activity is 0.97-0.99
(Richards and Beuchat, 2004). These fruits are composed mainly of water (90%) and sugar (68%), so for each 100 g, the calorie content is 30 kcal. (Foods & Nutrition Encyclopedia,
Volume1). Cantaloupes are abundant in a number of micronutrients, especially vitamins C, B6
and A. The flesh of cantaloupes is an excellent source of vitamin A (3400 IU/ 100 g) (Foods &
Nutrition Encyclopedia, Volume 1).

2.1 Contamination of cantaloupes
Cantaloupes can become contaminated at various points in its supply chain, starting from
the field to the consumer. Most of the reported cases of cantaloupe contamination and outbreaks
have traced the cause to contamination during postharvest handling (Table 2.1).
2.1.1

Outbreaks
Foodborne illness caused by cantaloupes has become a significant public health concern,

with a number of outbreaks associated with this fruit. Table 2.1 enlists the cantaloupe-associated
outbreaks that have occurred over the past two decades, from 1991 to 2012. In most of the cases,
illnesses were caused by the contamination of the flesh when the fruit was cut by the consumers.
So it must be ensured that the rind is free from contamination before consumption. The outbreaks
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which had the maximum number of cases of infection were caused by Salmonella enterica
serotype Poona (1991, 2000-2002) and Listeria monocytogenes (2011).
Table 2.1: Timeline of reported cantaloupe-associated outbreaks

Year Pathogen

Number
of deaths/
number
of cases

Possible contributing
factors

Reference

1989- Salmonella serotype Multiple states
1990 Chester
in the US

0/245

Imported melons from
Mexico were contaminated

CDC, 1991

1991

Salmonella enterica
serotype Poona

23 states in the
US and
Canada

0/400

Contaminated melons from
Texas/Mexico,
contamination of pulp
through slicing

CDC, 1991

1993

Escherichia coli
O157:H7

Oregon, USA

0/24

Cross-contamination

Del Rosario
and others,
1995

1997

Salmonella
serogroup Saphra

California,
USA

0/24

Imported melons from
Mexico were contaminated

Salmonella enterica
serotype
Oranienburg
2000- Salmonella enterica
2002 serotype Poona

Ontario,
Canada

0/22

Multiple states
in the US

2/89

2011

Multiple states
in the US

33/147

Imported melons from
Mexico, contamination from
rind through slicing
Cut and uncut melons,
traced to packing plant in
Mexico
Contamination from postharvest equipment and
facility

MohleBoetani and
others, 1999
Deeks and
others, 1998

1998

Listeria
monocytogenes

Location of
cases

CDC, 2002

FDA, 2012

2.1.1.1 Contamination by Salmonella
Salmonella is a Gram-negative, rod-shaped bacilli that includes over 2,300 serotypes and
causes the infection salmonellosis which has been responsible for several food-borne illnesses.
There are many foods which serve as vehicles of Salmonella including meat, poultry, milk, fruits
and vegetables.
Cantaloupe-related foodborne illness in the US has been consistently linked with
Salmonella infections. In 1990, a large multistate outbreak associated with Salmonella Chester
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was traced back to cantaloupes. A similar outbreak of Salmonella Saphra in California, USA was
traced back to imported cantaloupes from Mexico in 1997 (Mohle-Boetani, 1999). Salmonella
Poona was also reported to have caused infection through cantaloupe consumption in 1991 and
then from 2000-2002. These melons were traced back to Texas and Mexico, respectively where
the U.S Food and Drug Administration conducted on-farm investigations to determine possible
sources of contamination. They found that water contaminated with sewage, processing (cleaning
and cooling) the produce with Salmonella-contaminated water, poor worker hygiene and
inadequate cleaning and sanitizing of food contact surfaces could have contributed to product
contamination (CDC, 2000-2002). The outbreaks associated with Salmonella Poona which were
traced to Mexico suggested a potential natural reservoir on the farms, possibly from reptiles like
iguanas defecating on the melons and thus contaminating the packing sheds and equipment. In a
binational study conducted by Castillo and others (2003) to determine the levels of Salmonella
contamination from melons in the US and Mexico, they found that the field as well as packing
plant environment, and field or plant workers might play active roles in contaminating the end
product.
2.1.1.2 Contamination by Listeria monocytogenes
Listeria monocytogenes is a facultative intracellular pathogen, which belongs to the genus
Listeria that is Gram-positive, rod-shaped and nonspore-forming (Farber and Peterkin, 1991). L.
monocytogenes are ubiquitous in nature with food forming the primary vehicle of infection. L.
monocytogenes causes listeriosis, which is a serious disease with a high fatality rate of 20-30%
(Bhunia, 2007). L. monocytogenes serotypes are classified into different groups based on their
pathogenic potential. The group with the highest pathogenic potential also includes epidemic
clones, groups of isolates that are genetically related but implicated in different outbreaks
(Lomonaco and others, 2011). Kathariou (2003) defined four epidemic clones of L.
monocytogenes, (epidemic clone I [ECI], ECIa, ECII, and ECIII) and ECIa was renamed as ECIV
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by Chen and others (2007), when they developed a multi-virulence-locus sequence typing
(MVLST) method for distinguishing epidemic clones and outbreak strains. Chen and Knabel
(2007) developed a multiplex polymerase chain reaction (PCR) assay, which combined the
detection of L. monocytogenes serotype 1/2a and 4b, and epidemic clones I, II and III. This rapid
and reliable assay can be used for subgrouping L. monocytogenes from the pure cultures and
reduces the number of isolates that need to be subtyped as well.
Knabel and others (2012) used multiple sequence-based subtyping methods to detect ECV,
associated with the human listeriosis cases in Canada from 1988-2010 and this epidemic clone
belongs to serotype 1/2a. Lomonaco and others (2011) categorized the outbreak isolates from
the listeriosis linked to cantaloupe consumption into 4 pulsed-field gel electrophoresis (PFGE)
profiles and serotypes 1/2a and 1/2b. The detection of the epidemic clones will be crucial to
effectively create prevention plans and improve food safety.
The dose-response relationship of a pathogen is affected by three factors: the
environment (the food matrix), the pathogen (virulence characteristics), and the host (immune
status) (FDA, 2003). Notermans and others (1997) carried out risk-assessment studies for
Listeria monocytogenes with animal models. They found that the intravenous dose causing
infection in 50% (ID50) of mice not previously exposed to L. monocytogenes (nonprotected
mice) was 1.81 log10 CFU and for mice previously exposed to L. monocytogenes the ID50 was
5.6 log10 CFU. In work published by the FDA, for healthy, immunocompetent mice, the lethal
dose of L. monocytogenes (LD50) healthy, immunocompetent mice by intraperitoneal injection
was 4.26 log10 CFU. If this mouse dose-response model were directly applicable to humans, the
dose-response model would overestimate the number of human deaths due to listeriosis by a
factor of over one million. This indicated that normal human beings are much less susceptible
to Listeria monocytogenes than laboratory mice (FDA, 2003).
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In September 2011, the Food and Drug Administration (FDA) and the Centers for
Disease Control and Prevention (CDC) began to investigate a multi-state outbreak of Listeria
caused by cantaloupes from Jensen Farms in Colorado, USA. On inspection of the farm and
sampling of the melons and environment, the species was identified as Listeria monocytogenes
(FDA, 2012). Newly installed equipment used for washing and drying of the cantaloupes had
been previously used for packing another agricultural produce. There were 39 environmental
swabs taken from food-contact or adjacent surfaces and 12 yielded L. monocytogenes isolates
matching the outbreak strain. All 12 swabs were collected either within or immediately
downstream from the newly installed equipment. This is the first case of a listeriosis outbreak
associated with whole fresh, raw agricultural produce. Historically L. monocytogenes outbreaks
have been caused by the consumption of processed foods. The FDA identified the following
factors as contributing to the contamination of the melons:
–

The refrigeration unit drain in the post-harvest treatment facility caused water to pool
adjacent to packing equipment

–

The packing equipment in the post-harvest facility had been used previously by other raw
agricultural produce and was not sanitized regularly

–

Absence of a pre-cooling step to remove field heat from the melons could have caused
condensation on their surface and promoted the growth of L .monocytogenes.

2.1.2. Cantaloupe structure
The structures of fruit or vegetable surfaces play an important role in determining the
adherence level of pathogenic bacteria. Cantaloupes have irregular lenticles in a net-like structure
on their rind, formed in response to natural cracking of the fruit surface during its enlargement.
This rind also forms a suitable site for bacterial attachment. The netted melon surface is
hydrophobic and influences the strong attachment of Salmonella to it. The attachment of
pathogens such as Salmonella, Escherichia coli (O157:H7 and non-O157:H7), and Listeria
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monocytogenes on cantaloupe rinds has a linear correlation with bacterial cell surface
hydrophobicity, negative charge and positive charge. In a study by Parnell and others (2005)
which focused on the efficacy of melon washing practices, it was observed that the netted
cantaloupe retained inoculated Salmonella Typhimurium to a greater extent than smooth skinned
honeydew melons. Also, the concentration of competing natural bacterial flora plays a role in
increasing the attachment of Salmonella. Slow decline in L. monocytogenes was observed on the
inoculated rind of cantaloupes following sanitization (Ukuku and others, 2004).
2.1.2.1. Microbial growth on rind
Pathogenic bacteria are able to survive and grow on the rind of cantaloupes. Beuchat and
Scouten (2004) found that Salmonella Poona inoculated onto intact cantaloupe rind, wounds and
stem scars, survived without any change when held between 2h and 24h at 40C and grew in
wound scars within 24h when held at 210C and 370C. Del Rosario and Beuchat (1995) found that
after inoculating watermelon and cantaloupes with E. coli O157:H7 and storing at 50C, the
population decreased significantly in the first 4 days. On incubation at 25 0C, E. coli O157:H7 on
cantaloupes showed more growth than on watermelons, increasing in the first 4 days and then
remaining constant for a further 14-21 days. The researchers noted that the nutrients in the
suspending medium used for the inocula and high humidity (93 ± 5%) may have influenced the
result, however if E.coli O157:H7 contamination occurred due to animal manure contamination,
the manure could be a potential source of nutrients. Behrsing and others (2003) found that
Salmonella Salford and E. coli inoculated on whole cantaloupes (70C for 7 days) and honeydew
melons (120C for 1 day then 80C for 7 days) survived with no growth; however, Listeria innocua
increased about 2 log CFU/ml after 7days at 80C and refrigeration below 40C stopped the growth.
Annous and others (2005) showed that S. Poona inoculated on cantaloupe rind formed
fibrillar material after holding for 2 h and biofilm formation was observed after 24 h at 200C and
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at 100C. Scanning electron microscopy of the rind showed the existence of a large number of
attachment sites, crevices and pits that could protect inoculated microorganisms (Annous and
others, 2005; Parnell and others, 2005).
Bacterial pathogens are able to survive and grow in the low acid environment (pH = 7.1)
of melon flesh or pulp. Most studies have been based on S. enterica serovars inoculated on freshcut cantaloupes, honeydew melons and watermelon and in general the inocula survived at 40C or
50C, growth was retarded at 100C and at 200C or above, cell concentration could reach hazardous
levels in 4-6 h and up to 7 days depending on the initial contamination level (Ukuku and Sapers,
2001; Golden and others, 1993; Escartin and others, 1989). E. coli O157:H7 showed similar
results when inoculated on cantaloupe and watermelon cubes (Del Rosario and Beuchat, 1995).
Salmonella Enteritidis populations on inoculated cantaloupe and watermelon increased at 100C,
200C and 300C on cantaloupes with generation times of 7.31, 1.69, 0.69 h respectively and on
watermelon with generations times of 7.47, 1.60, 0.51 h respectively (Penteado and Leitão, 2004).
When inoculated cantaloupe flesh, lettuce and bell peppers were held at 18-260C in a controlled
environmental chamber with low (mean 45.1 – 48.4%) and high (mean 85.7 – 90.3%) relative
humidity, microbial survival was significantly greater on the melon as compared to the other
produce (Stine and others, 2005).
2.1.2.2. Contamination through infiltration from rind into the pulp
The ability of microorganisms to penetrate through the rind of fresh fruits and vegetables
creates a convenient medium for its protection from removal by washing or sanitizing, and hence
promotes their survival or growth. The wounds caused by physical damage or pests, fissures and
the stem scar form suitable entry points for these microorganisms. Infection of cantaloupes with
phytopathogens on the rind surface and wound sites has been shown to enhance the survival and
internal migration of S. Poona. The phytopathogens effectively raised the pH of the tissues with
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the distance from the rind surface and S. Poona populations per sample increased up to 4 logs
during storage at 200C over 14 days A temperature differential can also promote microbial
migration, for example, when the temperature of the fruit is higher than the temperature of the
pathogen contaminated water in which it is immersed (Richards, 2003).
Lopez-Velasco and others (2012) studied the root uptake and systemic vine-transport of
Salmonella Typhimurium by cantaloupes, during irrigation. They showed that while this
pathogen contaminated the soil, there was no internalization in the fruit; however, Salmonella
was detected on the rind where the fruit was in direct contact with the soil.
Infiltration of dye and S. Typhimurium into cantaloupes during post-harvest
hydrocooling was demonstrated by Castillo and others (2009). Infiltration of S. Typhimurium up
to 5 mm under the rind has been demonstrated primarily through the ground spot where the
netting is underdeveloped, and, secondarily, through the stem scar (Suslow, 2010). However,
Richards and Beuchat (2004) found that the effect of temperature alone was obscured by the
complexity of the netting and bacterial interactions.
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2.2 Postharvest processing of cantaloupes
There are different postharvest processing techniques associated with cantaloupes depending
on which region they grow in. The fundamental practices are illustrated in figure 2.2 below.
POSTHARVEST
HANDLING

Field Packing

Packed into cartons

Palletized

Shed Packing

Transported to shed

Dumped in flotation tank

Transported in water
flume
Transported to cooler
Rinsed
Forced air cooled
Forced air cooled

Stored and transported

Stored and transported

Figure 2.2 : Postharvest handling of cantaloupe (based on report by California Cantaloupe
Advisory Board, 2004)
As shown in figure 2.2, the postharvest handling of cantaloupes is classified into field
packing and shed packing. The major difference between the two practices is that in shed
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packing, the melons are subjected to direct contact with water before being transported to the
cooler while in the field packing, the melons are not in contact with water at all. In shed packing,
the cantaloupes are dumped into water tanks, transported in channels of water and finally rinsed
in water. Therefore, water is used in abundance in this practice and if this water is not treated well
to be free of pathogens, it can lead to melon to water to melon cross contamination. Contaminated
water can also lead to colonization of pathogens such as Listeria monocytogenes on the foodcontact surface, thereby increasing the potential for food-contact surface to melon. This method
of contamination could possibly have been the way cantaloupes from Jensen Farms were
contaminated by L. monocytogenes in the listeriosis multistate outbreak of 2011. Both practices
entail a rapid cooling stage (by hydrocooling) and storing at 2.2- 5°C in order to remove field
heat as quickly as possible and decelerate decaying. Also, depending on the region or company,
some facilites have a washing and subsequent drying step, such as the FOMESA group in Spain.
Under the field packing practice, the workers can be potential source of contamination
during the packing step. The hands of 3 out of 60 field and packing plant workers surveyed on
cantaloupe farms were contaminated with E. coli (Castillo and others, 2004) and in another study
by Espinoza-Medina and others (2006), Salmonella was detected on the hands of 4 out of 24
packing house workers using PCR.
The processing facility is a potential attraction for reptiles and rodents but also a reservoir
for bacterial pathogens to grow in the presence of waste and damaged melons (Duffy, 2005;
Castillo and others, 2004). This emphasizes the need for hygiene maintenance, pest control and a
sanitation program with Standard Operating Procedures (SOPs). The equipment and environment
of cantaloupe packing facilities including walls and floors of cooling rooms (Castillo and others,
2004) and surfaces to which washed melons are exposed were found to be contaminated by
Salmonella. Duffy and others (2005) detected E.coli on surfaces such as boxing ramps, conveyor
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belts, plastic bags and bins used for harvesting, receiving hopper, transport trailer and an
unloading ramp. Fruit should be culled to remove those with damage or fungal rot and handled to
prevent further damage due to the risk of microbial infiltration and growth.
Hydrocooling is a rapid method of cooling fresh produce compared to air-chilling
because the process entails immersing the produce in low temperature water to quickly remove
field heat. Poorly controlled and cleaned hydrocooler water was observed to have significant
levels of fecal indicators and to contaminate cantaloupe rinds with up to 3.4 log CFU/g total and
fecal enterococci (Gagliardi and others, 2003). So it is essential to ensure that the water used in
the hydrocoolers must be free of pathogens. The development of an integrated approach
encompassing safe growing, harvesting, processing and retail/foodservice handling practices from
farm to table is the most effective means of enhancing cantaloupe safety and quality (FDA,
2005).
2.2.1

Washing treatments
The rind of netted melon has been identified as a major source of bacterial contamination

in outbreaks and therefore considerable effort has been made in reducing the risk at this point in
the supply chain. Washing removes loose soil and can improve visible cleanliness; however, it
can provide a mechanism for both the spread (Parnell and others, 2005) and introduction of
pathogen contamination (Bowen and others, 2006). Washing practices vary with location, in more
arid regions fruit is field packed while in humid areas washing and fungicide applications that
helps control plant pathogens are practiced (Gagliardi and others, 2003).
Water is used in abundance during postharvest processing, during washing treatments as
well as cooling operation and can be a source of microorganisms if it is not treated properly to be

15
free of any contamination. Gagliardi and others (2003) found that much of the contamination
during cantaloupe processing could be traced to primary wash tanks and hydrocoolers.
Cross-contamination between melons when put into the same dump tank is a potential
risk and factors such as high biological load, turbulent flow, temperature and pH can impact the
concentration and efficacy of residual sanitizers (Gagliardi and others, 2003). Washing melons in
water in the absence of a sanitizer has been demonstrated experimentally to spread contamination
in wash tanks (Parnell and others, 2005).
Literature has shown that experimentally sanitized and inoculated cantaloupe rind
retained higher populations of Salmonella (Ukuku, 2006) and L. monocytogenes (Ukuku and
others, 2004) than untreated controls. Also, melon varieties with netted rinds retained larger
concentrations of pathogens. So, inadequate sanitization of all food-contact surfaces and poor
hygiene of packing facilities could contribute to contamination of the produce.
Soaking cantaloupe and honeydew melons inoculated with Salmonella in ambient
temperature water at 24±20C for 60 s resulted in 0.7 and 2.8 log reduction, respectively (Parnell
and others, 2005). The greater amount of organic matter associated with netted rinds is believed
to interfere with sanitizers and use of a surfactant with sanitizers significantly increased washing
efficiency (Parnell and others, 2005).
Mechanical removal of pathogens with scrubbing has been experimentally evaluated for
both industrial and domestic use (Parnell and others, 2005). Scrubbing is more effective than
soaking alone and scrubbing for 60 s reduces the bacterial load more significantly (0.9 log
CFU/cantaloupe). Also, sanitizers control microbial populations in the wash water rather than on
the melons. So unless a sanitizer is added to wash water, contamination can spread to other
melons.
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The time between whole fruit decontamination and processing for fresh-cut products has
been shown to be important. Sanitizing cantaloupe reduced transfer of S. Poona to cut pieces;
however, Ukuku and Sapers (2002) found that if the melons were sanitized and then stored for
several days at 40C or 200C, transfer of S. Poona was observed.
2.2.2

Thermal treatments
Hot water treatment has been shown to prevent rot development in several temperate,

sub-tropical and tropical fruit, vegetables and flowers (Hara and others, 1996; Lurie, 1998;
Schirra and others., 2000). This treatment has many advantages including short treatment time,
killing of pathogens as well as other decay-causing agents and maintaining the quality of the
commodity. Heat may be applied to fruit and vegetables by either hot water dips or hot water
rinsing and brushing (Fallik and others., 1996, 2000). A hot water treatment study was conducted
by Schirra and others (2000) on ‘Fortune’ mandarins after storing them at 60C for 30 days and 3
additional days at 200C. The water temperatures for the treatment were 500C, 520C, 540C, 560C
and 580C for 3 minutes. They found that treatments at 50-540C reduced chilling injury and levels
of decay. They also found that 560C and 580C caused heat damage on the mandarin peel and the
latter additionally caused off flavor. Another research study was conducted by Fleischman and
others (2001) to eliminate Escherichia coli O157:H7 on the surface of whole apples. Immersion
in water for 15 s at temperatures of 800C and 950C produced a reduction of greater than 5 logs of
Escherichia coli O157:H7.
Fallik and others (2000) tested a method to improve the overall quality of Galia melons
by subjecting them to hot-water rinsing and brushing. They found that the optimal treatment
condition to reduce decay and prolong shelf life was 59±10C for 15 s. Solomon and others (2006)
investigated the inactivation of Salmonella on cantaloupes using hot water. Whole, inoculated
cantaloupes were subjected to thermal treatments of varying lengths of time in water at 650C,
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750C, and 850C. They found that treatment at 850C for 60 s and 90 s caused reductions of up to
4.7 log10 CFU/cm2. A research study was carried out by Annous and others (2004) with the
objective of developing a commercial-scale surface pasteurization process to enhance the
microbiological safety of cantaloupes. Surface pasteurization of whole cantaloupes at 760C for 23 min showed a reduction of 5 log CFU/cm2 in inoculated Salmonella Poona and Escherichia
coli, as compared to washing treatments at room temperature. The authors also developed a
computer simulation heat transfer model to investigate the temperature distribution in the inner
portion of the fruit. This model showed them that the cantaloupe layer 1 mm below the surface
rose rapidly to a point lethal to Salmonella, while the temperatures at the layers 5 and 10 mm
below the surface remained relatively low. This indicated that surface pasteurization would
enable destruction of the pathogen while allowing the flesh of the melon to remain cool.
2.2.3

Other potential methods for postharvest processing
An alternate approach to decontaminate whole fruit includes using chemical agents in

wash water, gaseous ozone, non-chemical (heat, irradiation, cold atmospheric plasma), biocontrol
using bacteriocins, bacteriophages and lactic acid bacteria, and new approaches continue to
evolve (Kozempel and others, 2002; Ukuku and Fett, 2002). The combination of agents can have
an additive hurdle effect and increased efficacy; however, these have to be assessed considering
economical and practical factors and the efficacy will depend on the bacterial load of the
incoming melons, melon type and the facility.
2.3 Heat transfer modeling
Heat transfer modeling entails analyzing the basic principles of heat transfer and generating
mathematical solutions to predict the process of heat transfer in a system.
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2.3.1

Conduction
When there exists a temperature gradient in a continuous solid, heat is conducted

through the material by one of two mechanisms. The first mechanism suggests that the
molecules of the solid gain thermal energy and vibrate with increased amplitude and these
vibrations get transferred to the neighboring molecules. The second mechanism suggests the
flow of electrons carrying thermal energy with them (Singh and Heldman, 2009).
The physics of heat conduction is governed by Fourier’s law of heat conduction and is
represented by the expression shown below (McCabe and others, 2005).

.

 T T T 
dq
 k  
   kT
dA
 x y z 

(2.1)

where,
k= thermal conductivity of the material (W/m-0C)
dT/dx= the temperature gradient in x direction (0C/m)
dT/dy= the temperature gradient in y direction ( 0C/m)
dT/dz= the temperature gradient in z direction ( 0C/m)
q = magnitude of heat transfer rate (W)
A= cross-sectional area of heat transfer (m2)

The above equation which represents heat flow in all three directions (x, y and z) in an
isotropic material states that the heat flux

is proportional to the temperature gradient

oppositely directed. The thermal conductivity k is an intrinsic property of the material.

and is
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2.3.2

Convection
When there is a temperature differential between a solid and a fluid in contact with it, heat

exchange will occur between them by the phenomenon of convection.
Newton’s law of cooling governs the physics of heat convection and is represented as shown
below.

q
 h(Ts  T )
A
The above equation states that the convective flux
between the surface of the solid ( ) and the fluid (

(2.2)
is proportional to the temperature difference
. The convective heat transfer coefficient

h depends on the properties of the flow patterns and thermal properties of the fluid (McCabe and
others, 2005).
Modeling aims to simulate real-world processes by building up the system virtually and
applying the heat transfer principles to it. The entire geometry of the system is divided into many
triangular or rectangular elements and the appropriate heat transfer equations and boundary
conditions are applied to each of the elements. The most commonly used numerical techniques
for solving these equations are finite difference, finite element and boundary element.
Computational technology has made it convenient for engineers and scientists to rely on
computers to solve problems using these techniques.

2.3.3

Finite Element Analysis
The finite element method (FEM) of analysis is a popular numerical technique used to

find approximate solutions for differential equations. In FEM, the solution region is considered to
be built of several interconnected smaller regions called finite elements and in each element, the
unknown variables are approximated using known functions.
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Several researchers have used finite element analysis for modeling problems related to
heat and mass transfer (Misra and Young [1979], Chen and others [1990], Lamauro and Bakshi
[1985]). The basic concept of the finite element analysis is the division of the mathematical
model into disjoint [non-overlapping] components of simple geometry called finite elements and
studying the response of each element to the applied boundary conditions at a set of nodal points.
Naveh and others (1983) were the first researchers to apply the FEM to solve heat transfer
problems arising in thermal processing of low-acid foods packed in hermetically sealed
containers. Their goal was to address the practical issues associated with this process and
formulate solutions using the finite element technique. They concluded that if the input data were
accurate, the simulation would generate realistic results. DeBaerdemaeker and others (1976)
demonstrated the application of finite element analysis to time dependent thermal processing
operations such as the cooking of a chicken leg and the cooling process of a fruit but their results
were not validated with experimental data. A three-dimensional finite element model was
developed to predict temperature and moisture distributions in cylindrical potato slabs during
microwave heating by Zhou and others (2000).They found that the time-temperature results from
the model agreed well with the analytical solution and experimental data. Ikediala and others
(1996) applied FEM to the single-sided pan-frying of meat patties with and without turn-over in
order to study the heat transfer process in them. They utilized two dimensional transient heat
conduction physics for their model and validated the same with experimental results.

Finite element modeling has the advantage that the element size can be varied and it
handles irregular geometry as well as spatial variation of material properties well. A heat transfer
model was developed by Almonacid and others (2007) to predict the temperature-time relation in
an egg. They correlated the model results to the kinetic models of vitelline membrane break down
and Salmonella enteritidis growth during the supply chain distribution of eggs. Finite element
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analysis has also been used to study heat transfer during the post harvest cooling of fruits in order
to optimize the process while maintaining fruit quality (Valente and others, 1996; Mederos and
others, 2005; Zhao and others, 2004)
COMSOL Multiphysics® is a finite element analysis software that not only solves the
physics in the simulated model but also facilitates geometry set-up as well as post-processing
analysis. Aversa and others (2006) used COMSOL Multiphysics 3.2 to conduct finite element
analysis on the transport phenomenon in vegetables subjected to drying. COMSOL was also used
by Said and others (2007) to simulate the diffusion of salt through bacon. COMSOL can be used
to simulate food processing operations, including freeze drying and heating of food in
microwaves. Comini and others (1974) solved the two-dimensional time-dependent diffusion
equation of freezing of lamb and beef carcasses by using the tools provided by COMSOL.
2.3.4

Thermal Properties
The ability of a product to conduct, store, and lose heat is determined by its thermal

properties. These characteristics, especially thermal conductivity and specific heat are not only
essential for developing a thermal process model but also for ensuring the safety and quality of
the foods.
2.3.4.1 Thermal conductivity
Thermal conductivity (k) is one of the most important engineering parameters required to
develop suitable processes for foods. It gives the amount of heat that will be conducted per unit
time through a unit thickness of the material if a unit temperature gradient exists across that
thickness (Singh and Heldman, 2009). As a broad classification, there are three techniques used
in the measurement of thermal conductivity. These are:
2.3.4.1.1

Steady-state technique

The principle of steady-state technique of thermal conductivity determination is based on
its measurement when the material temperature does not change with time. The main
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disadvantage of this technique is the long equilibration time required to attain steady state
(Czichos and others, 2006).
2.3.4.1.2

Transient technique

Transient techniques measure temperature change during the process of sample heat up.
This non steady-state method utilizes a line source to determine thermal conductivity and it
measures the temperature as a function of time. A constant power is supplied to the heater
element and its temperature rise is measured by a thermocouple and recorded as a function of
time for a short period of heating. The thermal conductivity of the sample is calculated from the
temperature-time data obtained (Chemminian, 2004). The main advantage of this method is that
these measurements can be performed very quickly. But the main disadvantage is the difficulty
associated with equipment construction or set-up (Baghe-Khandan and others, 1981).
2.3.4.1.3

Quasi-steady state technique

Quasi-steady state method of thermal conductivity measurement utilizes the principle of
unsteady temperature measurements (Ho and Phelke, 1990). The heat source is maintained at a
constant temperature and the temperature change across the sample is measured with respect to
time.
2.3.4.1.3.1 Fitch method
The Fitch method works on the quasi-steady state principle to measure the thermal
conductivity of poor conductors. The Fitch apparatus consists of a heat source and a heat sink,
with the sample placed between them (Fig 2.3). Some of the assumptions of the Fitch method are:
a) The temperature rise of the copper plug is caused by the heat conducted through the
sample
b) No heat transfer occurs across the other faces of the sample (radial direction)
c) No heat is lost from the walls of the copper plug to the insulation surrounding it
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This method involves the assumption of a spatially-constant temperature gradient across the
sample slab (Nesvadba, 1982).

HEAT SOURCE

H

He
TEMPERATURE
DATA
LOGGER

SAMPLE
HEAT SINK

Figure 2.3: Experimental set-up of Fitch apparatus for thermal conductivity determination

The heat conducted through the sample to raise the temperature of the lower block by an amount
ΔT is given by:

Q  mC p

dT
dt

(2.3)

where,
m = mass of the copper block and
Cp = specific heat.
The amount of heat conducted through the solid sample is given by Fourier’s law

Q  kA

T  T
ΔT
 kA
Δx
Δx

where,
k = thermal conductivity of the sample material (W/m-0C),
A = area of the sample (m2),

Δ = thickness of the sample (m),

(2.4)
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T = temperature of the copper plug (0C) and
= temperature of the constant temperature heat source (0C)
As per assumption (a), all the heat gained by the copper plug is equal to the heat conducted
through the solid sample.
Therefore,

T  T
dT
 kA
dt
Δx

(2.5)

kAdt
dT

Δx*m*Cp T  T

(2.6)

mCp

with initial condition, T= T i at t=0

On solving equation (2.6) using the above initial condition, the solution is

ln (

Ti  T
kAt
)
T  T
Δx*m*Cp

(2.7)

Ti  T Δx*m*Cp
)
T  T
A*t

(2.8)

k  ln (

The plot of the natural logarithm of (

) vs time is a straight line, the slope of which is used to

determine the thermal conductivity in the following manner.

k  slope *

Δx*m*Cp
A

(2.9)

Modified versions of the Fitch method has been used to determine the thermal
conductivities of different foodstuffs including grapefruit and oranges (Bennett and others, 1962)
and chicken meat (Walters and May, 1963). Krokida and others (2002) conducted a review on the
use of different techniques to determine thermal conductivity of various food materials. The
review included a summary on the application of the modified Fitch method to apples, calamari,
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pears, beef, macadamia nuts and certain vegetables like carrots and garlic as well. The main
advantage of the Fitch method is that the technique is simple and the process can be carried out in
less than 10 minutes (Reidy and Rippen, 1971).
2.3.4.2 Specific Heat
Specific heat is the amount of heat required to raise the temperature of unit mass by a unit
degree of a given temperature. It is a function of different properties of food such as temperature,
pressure and moisture content. Specific heats of solids and liquids do not depend on pressure
because during the heat transfer processes in food processing operations, the pressure is generally
kept constant (Singh and Heldman, 2009).
The commonly used methods to determine the specific heat of foods are: the method of
mixtures, modified method of mixtures and the method of differential scanning calorimetry
(DSC). The method of mixtures involves direct contact between the food material and the heat
exchange medium; it is not easy to determine the specific heat of hygroscopic foods (Hwang and
Hayakawa, 1979). In the DSC method, the food sample is placed in a heating cell where the
temperature is increased at a constant rate and the specific heat is determined from a single heat
thermogram (relates heat flow with time or temperature) (Knoerzer and others, 2011).
2.3.4.2.1

Differential Scanning Calorimetry

The differential scanning calorimetry is a thermal analysis technique used to measure the
temperature and heat flows associated with phase transitions in a material as a function of time
and temperature. It provides qualitative and quantitative information regarding the physical and
chemical changes involved in exothermic/endothermic processes, or changes in heat capacity.
Differential scanning calorimetry (DSC) is rapid, direct, and dynamic and requires
milligram amounts of sample. The specific heat of a material can be determined as a function of
temperature using the DSC (Wang and Brennan, 1992). This method has been used to determine
the specific heat of different materials, including softwood bark and char (Gupta and others,
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2002) and flue-cured tobacco for moisture contents from 0 to 400 percent (dry basis) and from
temperatures 400C to 700C (Chakrabarti and Johnson, 1972). Young and Whitaker (1972) used
the differential scanning calorimetry technique to determine the specific heat of peanut kernels
and hulls over a range of temperatures (32-57 0C) and moisture contents and found that the
specific heats of the kernels (dry part) changed linearly with temperature. A similar procedure
was followed by Wang and Brennan (1992), who found that the specific heat of potato samples
varied linearly with temperature (40-700C) and quadratically with moisture content. The DSC
has been used to determine the specific heat of a variety of seafood as a function of moisture and
fat content (Radhakrishnan, 1997).
DSC measures the difference in heat flow rate to the sample and a reference material
which is monitored against time (Gallagher and Kemp, 1998). Depending on the method of
measurement used, there are two ways used to carry out differential scanning calorimetry: heatflux DSC and power compensation DSC.
2.3.4.2.1.1 Heat-flux DSC
In a heat-flux DSC, the temperature difference between the sample and the reference is
recorded as a direct measure of the difference in heat flow rate or power (Gallagher and Kemp,
1998).
2.3.4.2.1.2 Power compensation DSC
The principle behind the power compensation DSC is maintaining the sample and the
reference at the same temperature and measuring the difference in power supplied to them.
When an exothermic (heat yielded) or endothermic (heat absorbed) change occurs in the sample,
power or energy is applied to or removed from one or both of the calorimeters to compensate for
the energy change occurring in the sample. The amount of power required to maintain the
system in equilibrium condition is directly proportional to the energy changes occurring in the
sample.

27
An advantage of the power compensated DSC over heat-flux is the smaller size of the
individual furnaces thus promoting faster heating or cooling rate. Also, for the determination of
specific heat, the power compensated DSC generates reproducible results for samples having
vastly different masses.
Specific heat of a material can be mathematically expressed as

 H 
1  H 
1  t 
Cp  

  
m  T p m  T 
 t p

(2.10)

where ,
Cp = specific heat of the sample at constant pressure (J/g-0C),
m = mass of the sample (g),
= heating rate of the sample (0C/s),
H = enthalpy of the sample (J) and
= absolute value of the heat flow to the sample (J/s)
2.4 Summary of literature review
Postharvest processing plays a very crucial role in the microbiological safety of
cantaloupes, especially with the increasing number of foodborne illness outbreaks and the
growing rate of its demand. Cantaloupes have been the cause for many foodborne outbreaks for
the past two decades by being a carrier for a number of pathogens, including Salmonella and
Listeria monocytogenes. Cantaloupes can get contaminated through the soil they grow in because
of the close proximity with the ground. Also, the structure of this fruit has been shown to be
suitable for bacterial attachment, infiltration and growth.
Postharvest practices for cantaloupes have already been established; however, in light of
the outbreaks and illnesses associated with them, there is a need to incorporate additional unit
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operations to prevent microbial contamination. Since the cantaloupe rind has been identified as a
source of contamination, several washing and sanitizing treatments have been researched to rid
the rind off any contamination. Another method of treatment is thermal treatment of cantaloupes
to destroy microorganisms present on cantaloupes. Thermal treatment entails immersing
cantaloupes in hot water with a temperature-time combination that ensures the fruit is
contamination free without affecting its quality. For establishing such a process, it is necessary to
understand the process of heat transfer within the fruit. Towards this end, it is necessary to know
the thermal properties of cantaloupes and use suitable techniques to determine the same.
Computational modeling is a convenient tool to understand the heat transfer process in the fruit
and predict temperature change when it is subjected to hot water immersion. This knowledge can
be used to understand the temperature and time required to destroy pathogenic microorganisms.
Cantaloupes, with their refreshing taste as well as richness in nutrients are an important
part of our diet and it is necessary to develop a suitable postharvest treatment that can address the
current issues of contamination and subsequent spoilage.

2.5 Rationale
Literature has shown that hot water immersion treatment of tropical fruit has helped in
preventing rot development in them. This treatment has been applied to fruits such as mandarins
and apples for successful reduction of inoculated microorganisms. It also has advantages such as
short treatment time and thus maintaining the quality of the fruit. Surface pasteurization of
cantaloupes inoculated with S. Poona and E. coli has been studied by Annous and others (2004)
with the result of significant reduction of microbial load as compared to washing treatments at
room temperature. In short, the development of a thermal treatment for cantaloupes by immersing
them in hot water in order to destroy the pathogens forms the impetus for this research. This
thermal treatment will be developed based on the understanding of how Listeria monocytogenes
grows and penetrates into cantaloupes, when inoculated on the surface.
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2.6 Hypothesis and Objectives
The hypotheses of this study were:
•

Listeria monocytogenes will penetrate from the rind of the cantaloupe into the pulp under
field conditions

•

Hot water immersion treatment can be used during postharvest handling to destroy
Listeria monocytogenes present on cantaloupes

The objectives of this study were:
a) To estimate the maximum penetration of microorganisms into the cantaloupes from the rind
by conducting

a dye penetration study and surface inoculation study with

Listeria

monocytogenes on whole cantaloupes
b) To develop a finite element model on the software COMSOL® to simulate the timetemperature distribution within cantaloupes during heating and to validate the finite element
model by conducting hot water immersion heating of cantaloupes. In order to develop the
model, the thermal conductivity and specific heat of the pulp and rind of cantaloupes will also
be determined.
c) To determine the destruction of Listeria monocytogenes on cantaloupes by conducting hot
water immersion of cantaloupes surface inoculated with Listeria monocytogenes.
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Chapter 3
MATERIALS AND METHODS

This chapter describes the methodology adopted to complete the experiments relevant to
this research and is explained in the same sequence as the research objectives in section 2.6. The
first section describes the dye penetration study that was conducted to examine the maximum
microbial penetration into whole cantaloupes, followed by the inoculation study of penetration of
Listeria monocytogenes in whole cantaloupes. The next section is a description of the
development of a finite element model that simulates the heating of cantaloupes. This section
includes the determination of the individual thermal properties (thermal conductivity and specific
heat) of the cantaloupe pulp and rind. This section also describes the validation of the finite
element model by conducting heating experiments on the cantaloupes. The last section describes
the heat treatment study in which the cantaloupes were inoculated with a mixed bacterial cocktail
containing the four Listeria monocytogenes (L2624, L2625, L2626 and L2676) strains associated
with the 2011 cantaloupe outbreak and subjected to heat treatment for bacterial destruction.
3.1 Cantaloupe selection
Cantaloupes weighing between 2800 g and 3000 g were selected for this research. The
cantaloupes were sent to us by the California Cantaloupe Advisory Board and stored for not more
than 2 days at 40C before use.
3.2. Dye and Listeria monocytogenes penetration studies
These two studies were conducted in sequence, the dye penetration study followed by the
Listeria monocytogenes inoculation study. The first study was carried out to examine if microbial
penetration is possible into whole cantaloupes. Dye penetration would represent the “worst case
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scenario” of microbial penetration because of the microorganisms being carried by water, into the
fruit due to the suction resulting from temperature differences. The Listeria monocytogenes
inoculation study was carried out to validate the results from the dye penetration study for
Listeria monocytogenes specifically.
3.2.1.

Dye penetration study
The technique used to eliminate pathogenic microorganisms in a food relies heavily on

the contamination site of the food. If internalization of the pathogens takes place under certain
conditions, then surface treatments would be insufficient to achieve elimination since the
treatment would not come in intimate contact with the microorganisms in the interior of the food
(FDA, 2011). In order to understand if infiltration of Listeria monocytogenes into the cantaloupe
is possible, a study was performed to examine the uptake of dye by intact cantaloupes. The study
included immersion of warm fruit in cold dye solution, cold fruit in warm dye solution and warm
fruit in warm dye solution. A total of 40 cantaloupes were used in this study.
3.2.1.1. Preparation of dye sample
The dye used for preparing the solution was McCormick® black food color (an aqueous
mixture of FD&C Red #40, FD&C Blue #1, FD&C Yellow #5) at 1% concentration. A
preliminary experiment was carried out by varying the dye concentration between 0.1- 1% to
determine if this concentration difference would have an effect on the uptake of dye by
cantaloupes. The dye solution at 1% concentration was better perceived when penetration
occurred, compared to the lower concentration. Five liter dye solutions were prepared for
immersing each of the cantaloupes.


For preparing the cold solution, the dye was added to two beakers holding 2.5L of
distilled water each (to make up the concentration of 1%) and the beakers were placed in
a refrigerated chamber to equilibrate to 50C.
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For preparing the warm solution, the dye was added to two beakers holding 2.5L of
distilled water each (to make up the concentration of 1%) and the beakers were kept at
room temperature.

3.2.1.2. Immersion of cantaloupes in dye solution
The duration for immersion was determined from preliminary experiments with different
immersion duration times of 15, 30 and 45 minutes. The preliminary experiment showed that with
15 minutes there was no indication of penetration, and there was no difference in extent of
penetration between 30 and 45 minutes. So duration of immersion was fixed at 30 minutes.
Three combinations of water and fruit temperatures were used: warm fruit (30 °C) in cold
water (5 °C), cold fruit (5 °C) in warm water (30 °C), and warm fruit (30 °C) in warm water (30
°C). The fruits were immersed in the 5 L of dye solution in a bucket for 30 minutes, removed and
rinsed under tap water to get rid of the excess dye on the exterior surface. In the case where the
dye had to be cold, the bucket that held the dye solution was placed in a large bucket that was
filled with ice.
3.2.1.3. Examination of cantaloupes
A sharp knife was used to cut the fruit in half from the blossom end to the stem end. The
dissected fruit was then examined visually for dye penetration and photographs were taken. The
cantaloupes were also examined for the uptake of dye through puncture wounds and areas
showing internal fungal contamination.
3.2.2.

Penetration study with Listeria monocytogenes
The objective behind the inoculation study was to study the penetratiton of Listeria

monocytogenes in cantaloupes and understand if it can penetrate into the interior of the fruit.
Therefore, the method of inoculation used was spot inoculation on the surface. Cantaloupes used
for this study were chosen according to the cantaloupe selection procedure described in section
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3.1. They were stored for not more than 2 days at 4 °C before being used. Before inoculation,
circular areas of one sq. cm were marked off at four sites on the rind, at the two ends each along
the longitudinal and transverse directions. These four circular sub-regions are shown in Fig 3.1.

z

point of inoculation

axis of slicing
x

y
(a

Figure 3.1: Illustration of cantaloupe geometry indicating locations where spot inoculation
was done and axis along which it was sliced for analysis
se
mi

3.2.2.1. Inoculum
preparation
ax
is)
The bacterial
cocktail used for inoculation was a mixture of the four strains of Listeria

monocytogenes associated with the 2011 cantaloupe outbreak. These were Listeria
monocytogenes L2624, L2625, L2626 and L2676 (received from the FDA, 2011). A loopful of
each culture from a tryptic soy agar (TSA) plate was transferred into 10 ml test tubes of tryptic
soy broth (TSB) and allowed to grow in an incubator maintained at 35 °C for 24 hours. After 24
hours, the broth was agitated using a vortex mixer to uniformly distribute the culture, and then 0.1
ml was transferred from each tube into respective test tubes containing 9.9 ml 1% peptone
solution. Immediately after this step, the contents were mixed using a vortex and 0.1 ml was
transferred from these tubes into respective 100 ml bottles of tryptic soy broth. These bottles
holding individual cultures of Listeria monocytogenes L2624, L2625, L2626 and L2676 were
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incubated at 350C for 16 hours. The 16 hour time period of incubation was to ensure that the
bacterial cells are in the stationary phase, which is the stage of maximum yield. After 16 hours,
serial dilutions of each strain were prepared from the 100 ml cultures using 1% peptone. For the
final inoculum, a cocktail was prepared from the four strains using the second dilution of each
individual culture (prepared in the previous step). The cell population of the cocktail culture was
determined to be 5 log CFU/ml by surface plating on TSA and enumeration.
3.2.2.2. Application of inoculum
Twelve cantaloupes were inoculated with the Listeria monocytogenes cocktail using the
spot inoculation method at the surface of the cantaloupes corresponding to the four locations
shown in Fig 3.1. To achieve a target inoculum cell population of 1000 CFU/cm2, 0.1 ml was
withdrawn from the cocktail using a pipette and dispensed on the surface of the cantaloupe on the
four marked sites. Following the inoculation, the cantaloupes were placed in an incubator
maintained at 350C (optimum temperature for growth of Listeria monocytogenes). Four uninoculated cantaloupes which were also marked at the four sites were considered as the control
and placed in the incubator as well.
3.2.2.3. Enumeration of Listeria monocytogenes
Microbiological analysis was carried out after water immersion of cantaloupes, to
determine the surviving population of Listeria monocytogenes. The cantaloupes were placed in
sterile plastic bags and placed in ice water before enumeration. The cantaloupes were sliced with
a sterile knife, along the axis indicated in Fig 3.1. At each inoculation site, a plug of flesh
(diameter of 0.5 cm and 4 cm deep) was excised from the cantaloupe using a sterile cork borer.
The plug was removed from the cork borer by pushing at the rind side of the plug. The cylindrical
plug was placed on a sterile petri dish and this plug was then sliced transversely with a sterile
stainless steel scalpel into eight portions (diameter of 0.5 cm and thickness of 0.5 cm),
representing segments four distances (0–0.5, 0.5-1, 1-1.5, 1.5-2, 2-2.5, 2.5-3, 3-3.5, 3.5-4 cm)
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from the site at which the rind was inoculated with Listeria monocytogenes cocktail. Each portion
of the plug was blended in a blender jar with an equal (by weight) portion of 0.1% peptone. From
each of these blended inoculums, 0.1 ml was pipetted and plated onto modified oxford (MOX)
agar. The MOX agar plates were incubated at 350C for 24- 48 hours before examination for
counting colonies of Listeria monocytogenes.

3.3. Finite element model
A mathematical model was developed to describe the heat transfer process in the
cantaloupe. The model consisted of the rind and pulp of the cantaloupe. In addition to these
components, an air gap was included at the center of the cantaloupe to simulate the cavity present
in the fruit. These components of the cantaloupe are illustrated in figure 3.2.
3.3.1. Cantaloupe model geometry and meshing
The mathematical model of the cantaloupe was generated on the simulation software
COMSOL Multiphysics® (Version 4.2, Burlington, Massachusetts). Figure 3.3 shows a three
dimensional view of the cantaloupe geometry. COMSOL® is a software that models and
simulates various physical processes and uses the finite element method of analysis to solve the
differential equations that define these processes. Ten cantaloupes were measured along their
three dimensions to understand their geometry. The geometry of the cantaloupe was represented
by an ellipsoid because they were found to have equal lengths in two directions but longer in the
third direction. The major and minor diameters and the same dimensions were simulated on the
model using the Cartesian coordinate system. So the geometry was created such that the
dimensions along the x and y directions would be the same and represent the minor diameter
while the third dimension along the z direction would be longer and would represent the major
diameter.

36
Rind
Pulp

Air cavity
z

x

y
(a

Figure 3.2: Cross-sectional view of cantaloupe (on the XZ plane) as created on COMSOL®
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Figure 3.3: Three dimensional view of model cantaloupe generated on COMSOL®
se

The physical dimensions
of the ten cantaloupes were averaged and these values are listed
m
ia measurements are shown in terms of semi-axis measurement from the
below in Table 3.1. The

origin (0, 0, 0) in eachxidirection of the three dimensional geometry (semi-axis is defined as half
s)
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the axis length of the ellipsoid in the respective direction). These values were used to model the
cantaloupe on COMSOL®.
Table 3.1: Physical dimensions of the cantaloupe simulated on COMSOL®
Semi-axis measurement as measured from center (m)
Direction

Air Cavity

Pulp

Rind

X

0.0219

0.074

0.079

Y

0.0219

0.074

0.079

Z

0.0512

0.0775

0.0825

Discretization entails splitting of domains into smaller sub-domains or elements that have
hexahedral or tetrahedral geometries. For obtaining an accurate solution, the manner in which the
geometry is discretized into elements is an important step. In COMSOL, this step is executed by
the meshing operation. The size parameters were specified for the elements generated by the
mesh by repeatedly refining the element size and analyzing the results for the respective
simulation runs to ensure numerical accuracy or convergence, these parameters are specified in
table 3.2. For this model, the mesh comprised of 36051 tetrahedral elements and figure 3.4 is an
illustration of the meshed geometry. A model is said to be convergent if and only if a sequence of
model solutions for increasingly refined mesh approaches the correct value.
For this time-dependent problem, the time over which the governing equations needed to be
solved was approached in small increments, to ensure accuracy. In COMSOL, the variable time
step (Δt) was used, in which small time steps are used when the solution is changing rapidly and
large time steps are used when the solution is not changing rapidly. Therefore, the initial step size
was specified as 0.001s and the maximum allowable step size was fixed at 0.1s (reducing the
maximum step size increased the computational time and space). Further, in COMSOL, the error
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due to discretization in time for each time step was controlled by setting the relative tolerance and
absolute tolerance. The algorithm used by COMSOL is:

(3.1)
where,
Ei = error in temperature (0C)
Ai = absolute tolerance for the degree of freedom i (0C)
R = relative tolerance
N = number of degrees of freedom
Ti = temperature (0C)
The default value for relative tolerance in COMSOL is 0.01. Similarly, the default value for
absolute tolerance is 0.001 0C. At the end of each iteration, the solution obtained was checked to
see whether it had converged within these set tolerances, or if it had diverged. It was found that
increasing the absolute tolerance to 0.01 0C decreased the computational time but did not cause
divergence in the solution. It was also found that changing the relative tolerance did not cause
change in computational time or divergence in solution so the default value of 0.01 was used.
Table 3.2: Size parameters for the elements in the cantaloupe model
Element size
parameter
Maximum element
size
Minimum element
size
Maximum element
growth rate
Resolution
of
curvature

Resolution
narrow regions

Description

Value

This is the maximum allowed size of the element

0.0152m

This is the minimum element size allowed.

0.0027
m
1.5

This is the value at which the element size can grow from a
region with small elements to a region with larger elements
This value determines the size of boundary elements compared 0.6
to the curvature of the geometric boundary. The curvature
radius multiplied by the resolution of curvature, gives the
maximum allowed element size along the boundary.
of This value controls the number of layers of elements that are 0.5
created in narrow regions
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Figure 3.4:seMeshed geometry of cantaloupe generated on COMSOL ®
m
ia

3.3.2. Model assumptions
xi

1. The mode of heat transfer within the cantaloupe was considered to be conduction
s)

2. The surface of the cantaloupe was considered to be heated only by convection
3. The heat of respiration of the cantaloupe was considered to be negligible for the short
duration of heating
4. The initial temperature of the cantaloupe was considered to be uniform throughout
3.3.3. Thermal property determination
This section describes the method of determination of thermal properties of
cantaloupes. These properties were used as input parameters for the finite element model of
the cantaloupes, created on COMSOL.
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3.3.3.1. Specific heat measurement
The specific heat of the cantaloupe was measured using the PerkinElmer Instruments
Pyris 1 DSC (PerkinElmer Inc., Massachusetts, USA) which functions on the power
compensation principle. The instrument was calibrated for temperature and heat flow with
standard stainless steel pans containing the standard Indium sample provided by PerkinElmer.
Liquid nitrogen was used as the purge gas for all the experiments in order to maintain an inert
atmosphere inside the chamber.
3.3.3.1.1. Sample preparation
Ten cantaloupes weighing between 2800g and 3000g were used for specific heat
determination. A biscuit cutter of diameter 3.8 cm was used to bore and remove cylindrical plugs
from the whole fruit, as illustrated in figure 3.5. The plugs, whose length ranged between 3.5- 4
cm, were sliced perpendicular to the length, into cylindrical segments of pulp and rind.

Rind

3.5-4cm

Pulp

Hollow of
fruit

Figure 3.5: An illustration showing the locations at which plugs were bored from the
cantaloupe using a biscuit cutter of diameter 3.8 cm
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These segments of thickness 1-2 mm had the same diameter as the plug. The thin layers
were placed evenly at the bottom of stainless steel sample pans. The weight of the samples each
time was between 25-30 mg and thin flat layers were used to ensure enhanced performance by
uniform heat transfer. Stainless steel pans were used because with high moisture cantaloupe
samples, pressure increases with temperature and these pans can withstand high internal pressure
(up to 24 atm). The pans were crimped with stainless steel lids using the PerkinElmer universal
crimp press.
3.3.3.1.2. Experimental setup
The specific heat of the cantaloupe pulp and rind were determined separately for a
temperature range of 0-1000C. The method of specific heat determination followed the same
procedure as Young and Whitaker (1973) in their determination of the specific heat of peanut
kernels and hulls. After the equipment was calibrated for temperature and heat flow, three runs
were required for the specific heat analysis:
1. First run: a baseline with uncrimped empty pans placed in the furnace
2. Second run: sapphire (reference) sample in uncrimped pans placed in the furnace
For the sapphire run, the stainless steel pan containing the sapphire standard weighing
26mg was placed in the sample holder and an empty pan was placed in the reference pan.
3. Third run: cantaloupe sample (rind or pulp) in crimped pans placed in the furnace
For the sample run, the stainless steel pan containing the cantaloupe sample was placed in
the sample holder and an empty pan was placed in the reference pan.
The thermal method applied for all the runs were:
a) Equilibrate isothermally at 00C for 10 min
b) Scan dynamically at 100C/min from 00C to 1000C
c) Equilibrate isothermally at 1000C for 10 min
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The baseline run and the sapphire run were repeated thrice to ensure reproducibility. The
thermogram curve obtained for the baseline run was compared with that of the sapphire, the
isothermal portions matched and data from the baseline subtracted from the sapphire standard.
The same procedure was carried out for the cantaloupe samples. The Pyris software was
programmed to carry out these operations.
3.3.3.1.3. Data analysis
The specific heat of the cantaloupe sample was measured as the absolute value of the heat
flow, divided by the heating rate and multiplied by a calibration constant.

*E

(3.2)

where,
= absolute value of heat flow
= heating rate
E = calibration constant (dimensionless)
The calibration constant E is temperature dependent and calculated from the specific heat
standard for sapphire obtained from the publication by Ditmars and others (1982) for each
temperature. The specific heat of the sample at the corresponding temperature is then determined
using the following equation
(3.3)
where,
Cp = specific heat of the sample (J/g/0C)
H = heat flow to the sample (mW)
Q = heating rate (0C/min)
E = calibration constant (dimensionless)
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60 = conversion constant (minutes to seconds)
M = sample mass (mg)
3.3.3.2. Thermal conductivity measurement
The thermal conductivity values of the cantaloupe rind and pulp were determined by the
Fitch method, for which the samples were placed between the heat source and the heat sink. The
heat source is a vessel insulated on all sides except one, having a highly conductive bottom and
maintained at a constant temperature. The heat sink is a copper block, insulated on all sides
except the one facing the heat source vessel.
3.3.3.2.1. Sample preparation
Five cantaloupes weighing between 2800g and 3000g were used for specific heat
determination. A biscuit cutter of diameter 3.8 cm was used to bore and remove cylindrical plugs
from the whole fruit (figure 3.5). The plugs were sliced into cylindrical samples of pulp
(thickness of 3-5mm) and rind (thickness of 5-5.5mm).
3.3.3.2.2. Experimental setup
The Fitch apparatus (figure 3.6) consisted of two polished, flat and nickel-plated copper
blocks having suitable insulation and thermocouple connections. The heat sink was a copper
block (diameter: 4.4 cm, mass 346g) embedded in an insulating material and the block has a
copper-constantan thermocouple imbedded at its center. The heat source was a well-insulated
cylindrical vessel filled with hot water maintained at 80 0C and the bottom of the vessel had a
copper block of diameter 8.4 cm, the copper-constantan thermocouple junction is embedded at
one edge of the block. The samples of cantaloupe rind or pulp were placed between the source
and sink as illustrated in figure 3.7. The diameters of the samples were 3.8 cm, in order to cover
the surface area of the copper block (heat sink, diameter of 4.4 cm). The sample slabs were kept
thin (thickness less than 5.5mm) to ensure that there was no gap between the sample, the heat
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source and sink. The thermocouple readings from the blocks of the heat source and sink were
recorded every 5 seconds using the HP3497A Data Acquisition Control Unit.

15 cm

Figure 3.6: Ilustration of experimental set-up for Fitch’s method for thermal conductivity
determination

Figure 3.7: Illustration of cantaloupes slices (pulp and rind) of diameter 3.8 cm placed on
the heat sink of the Fitch apparatus

3.3.3.2.3. Data analysis
The temperatures of the heat source

and that of the heat sink (T) were recorded

using the HP3497A Data Acquisition Control Unit. Then, the natural logarithm of (

) was

plotted against time, the slope of which was used to determine the thermal conductivity of the
samples.
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k = slope*

Δ

(3.4)

where,
Ti = initial temperature of the heat sink
m = mass of the copper block, m= 346g,
Cp = specific heat of the copper block, Cp= 0.385 J/g-0C

3.3.3.3. Moisture content, density, water activity and pH determination
The moisture content and density of the cantaloupe were determined in order to
understand the differences in the thermal properties between the rind and pulp. The water activity
and pH of the cantaloupe were determined to understand if these properties influence the
penetration of Listeria monocytogenes in different layers of the fruit. The testing was carried out
on the different layers of the cantaloupe, similar to the samples used for thermal conductivity
measurement. Five cantaloupes were used each for moisture, density, water activity and pH
determination.

3.3.3.3.1. Moisture content determination
The cantaloupe samples were prepared similar to the thermal conductivity study to
determine the moisture content of the different layers. A drying oven (Fisher ScientificTM
IsoTempTM) was used for drying the samples at 1200C for 8 hours (this time-temperature
combination was the result of a preliminary drying study). The weights of the samples were
measured before and after they were placed in the oven. The difference in weights was used to
determine the moisture content of the samples.
Moisture content% =

*100

(3.5)
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3.3.3.3.2. Density determination
The density of rind and different sections of the pulp were determined using the
following protocol.
3.3.3.3.2.1 Density determination for rind
The cantaloupe was sliced along the axis shown in figure 3.8. A biscuit cutter of diameter
3.8 cm was used to excise the plug from pulp to rind and the plug was removed by pushing from
the rind end. The plug was cut in order to separate the rind from the rest of the plug and the
thickness was measured using vernier calipers. Using the dimensions of the rind plug, the
volume was calculated. The weight of this plug was then measured on a weighing scale. The
weight and volume calculated was used to determine the density using the standard formula.
Density =

(3.6)

---- axis of slicing

Figure 3.8: Illustration of cantaloupe geometry indicating axis along which it will be
sliced
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3.3.3.3.2.2.

Density determination for pulp

The remaining part of the plug (without the rind) was sectioned into individual
segments of pulp having thickness of 5 mm each. For each of these segments, the volume, weight
and density was measured and calculated as explained in section. The plug (without the rind) was
weighed just before cutting as well, in order to determine moisture loss of pulp after sectioning.
This moisture loss was found to be within 0.5 ± 0.04 %.

3.3.3.3.3. Water activity measurement
The cantaloupe samples were prepared similar to the thermal conductivity determination.
An AQUA Lab® water activity meter was used for water activity measurement of different layer
at room temperature.

3.3.3.3.4. pH measurement
This study was carried out on cantaloupe samples prepared similar to the thermal
conductivity study to determine the pH of the different layers. The device used was a Mettler
Toledo® FEP20 pH meter with a InLab® Surface probe in order to measure pH of each layer.

3.3.4. Model physics
Governing equation
Fourier’s law of heat conduction was used to describe heat transport in the cantaloupes during the
process of heating. The mathematical representation of this physics is shown below.
(3.7)
where,
= density (kg/m3),
= specific heat (J/kg- 0C),
t = time (s),
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T = temperature (0C),
k = thermal conductivity (W/m-0C),
Q = volumetric heat generation (or the heat of respiration) (W/m3) in the cantaloupe.
For the small period of heating and in comparison with the external applied energy, the heat of
respiration is negligible and therefore, Q=0.
Boundary and initial conditions
Neumann type boundary condition for heat transfer was considered at the cantaloupe surface.
(3.8)
where,
r= (x,y,z) and
ro = (0,0,0)
The values of the variables used in the model are shown below in Table 3.3.
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Table 3.3: Values of variables used for simulation in COMSOL ®
Variable

Value*

Description

Source

Thermal
conductivity of pulp
Thermal
conductivity of rind
Thermal
conductivity of air

Result from Fitch
analysis
Result from Fitch
analysis
COMSOL® material
database

4.01 [kJ/kg-K]

Specific heat of pulp

3.93 [kJ/kg-K]

Specific heat of rind

1047.636570.372589265*T+9.45304214E-4*T26.02409443E-7*T3+1.2858961E-10*T4
[kJ/kg-K]
1.055 [kg/m3]

Specific heat of air

Result from DSC
analysis
Result from DSC
analysis
COMSOL® material
database

1.055 [kg/m3]

Density of pulp

352*T-1[kg/m3]

Density of air

0.566 [W/m-K]
0.514 [W/m-K]
k

-0.00227583562+1.15480022E-4*T7.90252856E-8*T2+4.11702505E11*T3-7.43864331E-15*T4 [W/m-K]

Cp

ρ

Density of rind

Result from density
analysis
Result from density
analysis
COMSOL® material
database

*T is expressed in units of 0Kelvin

3.3.5. Model validation
The finite element model was used to predict temperature at different points in the
cantaloupe during the process of heating. Eight points were chosen inside the cantaloupe model
for generating temperature profiles and these points are illustrated in figure 3.9. Each of these
points was either 0.5 cm or 1 cm interior from the cantaloupe rind. These values were chosen
because it was shown from the results of the penetration study in the previous step that Listeria
monocytogenes never penetrated more than 1 cm from the surface into the interior of the fruit.
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1cm from rind
0.5cm from rind
point of inoculation
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Figure 3.9: Illustration of cantaloupe geometry with points indicating locations where
temperature profiles were generated
a
s

3.3.5.1. Model
validation by hot water immersion
e
A hot
m water immersion study was conducted for validating the temperature profiles of
cantaloupe ati different positions, which were generated on COMSOL for the entire process of
a

heating. Cantaloupes were stored for not more than 2 days at 4°C and before being used, they
x

were placed for 18h at room temperature to equilibrate to an average temperature of 20 0C. The
i

cantaloupes swere fitted with specially fabricated temperature probes at the eight locations
)
described above,
in order to obtain the temperature history at the respective locations. The

temperature probes were constructed using 36-gauge type “T” thermocouple wires (Omega
Engineering, Inc) inserted into 1 cm and 0.6 cm long 32-gauge hypodermic needles (VWR
International LLC). The welded sensing tip of the thermocouple was fitted exactly into the
opening at the sharp end of the hypodermic needle. High-temperature superglue was applied to
secure the thermocouple tip to the needle opening. When the probes were inserted into the
sample, the sensing tips of the thermocouples were 1 cm and 0.5 cm below the cantaloupe
surface. Figure 3.10 shows the thermocouples fitted into the cantaloupe at 6 of the 8 positions
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(shown in figure 3.9) and figure 3.11 is a close-up image of adjacent thermocouples fitted into the
cantaloupe and whose tips are at 0.5 cm and 1 cm from the surface.

Figure 3.10: Illustration of thermocouple probe insertion at various locations in the
cantaloupe. The image shows the probes at 6 of the 8 locations.
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Figure 3.11: Image shows thermocouple probe inserted at two adjacent locations in the
cantaloupe, (1) indicates probe whosei tip is at 0.5 xcm from surface, (2) indicates probe
whose tip iss at 1 cm from surface
i

The treatment vessel used as the
) processings vessel to hold the hot water for the
) ® tank (3.5 ft in height and 2 ft in
immersion study was a cylindrical stainless steel Girton

diameter). An additional 36-gauge type “T” thermocouple was used to obtain the temperature of
the hot water in the processing vessel. The datalogger used for monitoring and collecting
temperature data was a CR 3000 Campbell Scientific datalogger, the type “T” thermocouples
were connected to the datalogger and the datalogger was programmed to record temperature
every 5 seconds.
The hot water temperatures chosen for this study were based on the results from the
surface pasteurization research by Annous and others (2004). They found a 5 log reduction in
populations of Salmonella Poona surface inoculated onto cantaloupes, when these cantaloupes
were washed with agitation under tap water at 760C for 2-3 min. Therefore, the hot water
temperatures chosen for the validation study were 800C and 900C. The temperature was
maintained by injecting steam into the Girton® tank at regular intervals and simultaneously
monitoring temperature on the datalogger. The cantaloupe fitted with thermocouple probes were
then immersed in the hot water in the Girton® tank.

53

3.4. Hot water immersion study of cantaloupes inoculated with Listeria monocytogenes
The objective of this study was to analyze the effect of heat treatment on cantaloupes
inoculated with Listeria monocytogenes. The cantaloupes used for this study had the same
specifications as mentioned in section 3.1.

3.4.1.

Inoculum preparation
The bacterial culture used for inoculation was a mixture of the four strains of Listeria

monocytogenes L2624, L2625, L2626 and L2676. A loop full of each strain from a tryptic soy
agar (TSA) plate was transferred into 10 ml test tubes of tryptic soy broth (TSB) and was allowed
to grow in an incubator maintained at 35 °C, for 24 hours. After 24 hours, the 10 ml test tubes
was agitated using a vortex to uniformly distribute the culture and 0.1 ml was transferred from
each tube into respective test tubes of 9.9 ml 1% peptone solution. Immediately after this step,
these tubes were homogenized using a vortex and 0.1 ml was transferred from these tubes into
respective 100 ml bottles of tryptic soy broth. These bottles holding individual cultures of L.
monocytogenes L2624, L2625, L2626 and L2676 were incubated in a chamber maintained at
350C for 16 hours. The 16 hour time period of incubation was chosen because the bacterial cells
were in the stationary phase of the growth cycle which is the stage of maximum growth. After 16
hours, five serial dilutions of each strain were prepared from the 100 ml cultures using 1%
peptone. The cell population of the culture was determined by surface plating the serial dilutions
(0.1 ml of each) on TSA. For the final inoculum, a cocktail was prepared from the four strains
using the first dilution of each individual culture (prepared in the previous step).
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3.4.2.

Points of inoculation on cantaloupe
Before inoculation, circular areas of one sq. cm were marked off at four sites on the rind,

at the two ends each along the longitudinal and transverse directions. These four points are shown
in figure 3.12.

point of inoculation

axis of slicing

Figure 3.12: Illustration of cantaloupe geometry indicating locations where spot inoculation
will be done and axis along which it will be sliced for analysis
3.4.3.

Application of inoculum
Nine cantaloupes were inoculated with the Listeria monocytogenes cocktail using the

spot inoculation method at the surface of the cantaloupes corresponding to the four locations
shown in figure 3.12 above. The target inoculum cell population was 8 log CFU/ml and 0.1 ml
was withdrawn from the culture using a pipette and dispensed on the surface of the cantaloupe on
the four marked sites.
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3.4.3.1. Hot water immersion treatment of inoculated cantaloupes
There was a one hour time gap following the inoculation and before the hot water
immersion step in order to allow for the Listeria monocytogenes cells to attach and penetrate into
the rind. The cantaloupes were then subjected to hot water immersion at 85 0C and 950C for 5
minutes each, as well as immersion at 200C (control) for 5 minutes.
3.4.3.2. Enumeration of Listeria monocytogenes after hot water immersion
Microbiological analysis was carried out after water immersion of cantaloupes, to
determine the surviving population of Listeria monocytogenes. The cantaloupes were placed in
sterile plastic bags and placed in ice water before enumeration. The cantaloupes were sliced with
a sterile knife, along the axis indicated in Fig 3.12. At each inoculation site, a plug of flesh
(diameter of 0.5 cm and 4 cm deep) was excised from the cantaloupe using a sterile cork borer.
The plug was removed from the cork borer by pushing at the rind side of the plug. The cylindrical
plug was placed on a sterile petri dish and this plug was then sliced transversely with a sterile
stainless steel scalpel into eight portions (diameter of 0.5 cm and thickness of 0.5 cm),
representing segments four distances (0–0.5, 0.5-1, 1-1.5, 1.5-2, 2-2.5, 2.5-3, 3-3.5, 3.5-4 cm)
from the site at which the rind was inoculated with Listeria monocytogenes cocktail. Each portion
of the plug was blended in a blender jar with an equal (by weight) portion of 0.1% peptone. From
each of these blended inoculums, 0.1 ml was pipetted and plated onto modified oxford (MOX)
agar. The MOX agar plates were incubated at 350C for 24 - 48 hours before examination for
counting colonies of Listeria monocytogenes. The colonies were also confirmed to be Listeria
monocytogenes by using polymerase chain reaction (PCR) protocol followed by agarose gel
electrophoresis protocol for Listeria monocytogenes.
3.5. Statistical analysis
The experiment was replicated three times. Microbial data were recorded in log10
CFU/cm2 and analyzed for differences in response in treatments using analysis of variance
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(ANOVA) and the paired t-test to determine significant differences (P≤0.05). All statistical
analysis was carried out using Minitab® (Version 15, Minitab, Inc., State College, Pennsylvania).

57

Chapter 4
RESULTS AND DISCUSSION

The overall goal of this project was to understand the effect of hot water treatments on
the thermal destruction of Listeria monocytogenes inoculated on cantaloupes. This chapter is
divided into sections that correspond to the chronological order of the research objectives
described in section 2.6.
4.1. Dye and Listeria monocytogenes penetration studies
This section summarizes the results of the microbial penetration study which comprised
dye penetration as well as Listeria monocytogenes penetration in cantaloupes.
4.1.1.

Dye penetration study
The dye penetration study comprised of immersing whole cantaloupes in dye solution and

the effects of three temperature combinations of fruit and dye were studied, as explained in
section 3.2.1.

Table 4.1: Results from dye penetration study
Fruit temperature

Dye solution
temperature

Number of samples that showed dye uptake/
Number of sample immersed

300C

50C

20/20

50C

300C

0/10

300C

300C

0/10

Table 4.1 shows the number of cantaloupes that were used in each case along with the
number of cases that resulted in dye uptake by the fruit. Twenty cantaloupes were used in the case
where warm fruit was immersed in cold dye solution, and for each fruit, the dye infiltrated into
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the fruit. In this case, the average penetration distance was 0.72±0.26 cm into the interior of the
fruit (when measured from the surface) and the maximum distance recorded was 1 cm. However,
for the other two cases (cold fruit in warm dye and warm fruit in warm dye) only 10 cantaloupes
each were used because none of the fruits showed dye infiltration. The possible explanation for
this infiltration of dye when warm fruit was immersed in cold dye is that these were the
conditions that would potentially maximize uptake from the inward pressure differential
generated due to cooling of the airspaces within the fruit.
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(a)

(b)

0.7cm

5cm

8.4
cm

(c)

Figure 4.1 Dye penetration in warm cantaloupes when immersed in cold dye. (a) and (b)
show the two halves of the cantaloupe post-immersion. (c) shows an enlarged
image of the area enclosed by the red box in (b), indicating the distance penetrated
by the dye

Figure 4.2 shows the whole cantaloupe post-immersion with the extra dye washed off. It
was observed that, in the case where warm fruit was immersed in cold dye solution, for 17
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cantaloupes the region of the dye uptake in the pulp corresponded to the region of dye uptake on
the rind. However, for the remaining 3 cantaloupes the region of dye uptake on the pulp did not
correspond to region of dye update on the rind. This is illustrated in Figure 4.2 (cantaloupe postimmersion with the extra dye washed off).

(a) Intact fruit after excess dye was washed off

(b) Intact fruit (above) cut into two halves
Figure 4.2 Post-immersion cantaloupe with dye washed off (condition of warm fruit
immersed in cold dye solution), (a) both intact and (b) cut into halves

The structural differences between the rind and pulp could be a possible explanation for
the difference in dye uptake occurring in the rind and pulp. Bartz and Showalter (1981) found that
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when fruits are immersed in dump tanks during post harvest treatment, fruit physiology and fruit
temperature influenced to significant infiltration of fruit with water. Zhuang and others (1995)
showed that Salmonella Montevideo could infiltrate into fresh produce through water used in
postharvest handling. It has been shown that tomatoes and peppers are susceptible to infiltration
of water through the stem scar (Bartz, 1981). So the structure of the fruit has an important role to
play in determining if water can infiltrate into the fruit, potentially contaminating the fruit.
4.1.2.

Listeria monocytogenes penetration study
The dye penetration study showed that the dye penetrated up to 1 cm into the cantaloupe.

The Listeria monocytogenes penetration study was a follow up to the dye penetration study, to
verify the extent of penetration into whole cantaloupes.
Table 4.2 shows the results of penetration of Listeria monocytogenes in cantaloupes. For
all of the twelve cantaloupes that were inoculated, the starting population was 1000 CFU/cm2.
The table shows that the highest population was recovered on day 0 from the cylindrical plugs
closest to the surface of the cantaloupes. Subsequently, for days 1, 2 and 3, the maximum
population was also recovered from the 0-1 cm plugs itself. Between days 0 and 3, there was a
significant reduction in population (P<0.01) for the 0-1 cm plugs.
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Table 4.2 Recovery of Listeria monocytogenes in tissues of inoculated cantaloupes at
different distances and different days at 350C
Populationa,*
Distance
(cm)

Day 0

Day 1

Day 2

Day 3

0-1

b 3.602±0.591b

b 3.55±0.714 bc

b 3.47±0.249 d

b 3.254±0.328 d

1-2

c 0.0±0.00 c

c 0.08±0.3 c

c 0.16±0.38 c

c 0.3±0.77 c

2-3

c 0.0±0.00 c

c 0.0±0.00 c

c 0.0±0.00 c

c 0.06±0.3 c

3-4

c 0.0±0.00 c

c 0.0±0.00 c

c 0.0±0.00 c

c 0.0±0.00 c

a

Population of Listeria monocytogenes in log10 colony-forming units [CFU]/cm2 and values represent
means ± standard deviation
*

Mean values in a column that are not preceded by the same letter are significantly different
(P<0.05). Mean values in a row that are not followed by the same letter are significantly different
(P<0.05).

Table 4.2 also showed that there were no significant differences in population recovered
from 1-2 cm, 2-3 cm and 3-4 cm plugs for all of the days. After 3 days of incubation at 350C, the
pulp of the cantaloupes was very ripe and soft. This occurrence could have caused Listeria
monocytogenes to penetrate deeper into the pulp, thus explaining the recovery of Listeria
monocytogenes from the 1-2 cm and 2-3 cm plugs on day 3. It was observed that Listeria
monocytogenes survived but did not grow within the 0-1 cm plug of the cantaloupe. This could be
attributed to the existence of microflora on the cantaloupe surface that could have provided
competition to Listeria monocytogenes as far as adherence is concerned. In a study by Ukuku and
Fett (2002) where cantaloupes were inoculated with Salmonella strains, E.coli O157:H7 and
Listeria monocytogenes, it was found that Salmonella had the strongest attachment to the fruit. So
the attachment of microorganisms is not attributed only to the surface of the fruit but also to the
synergistic relation between the microorganism and the fruit. A study by Richards and Beuchat
(2005), in which they inoculated Salmonella Poona in wounded rinds of cantaloupe, showed that
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S. Poona survived and grew in the wound. They could recover S. Poona from tissues at depths up
to 3–4 cm below the inoculated wound, showing that pathogens can migrate from the site of
inoculation into adjacent mesocarp tissues. The results of this current study also show that if the
microorganisms are able to penetrate into the interior of the fruit, they are capable of surviving
inside the fruit. Therefore, it is critical to ensure that the surface of the cantaloupe is free from
pathogens when delivered to consumers because the pathogens can spread to the pulp of the fruit
when sliced, leading to microbial growth in pulp.
4.2. Finite element modeling of heat transfer
The finite element model generated on COMSOL® simulated the temperature distribution
in the cantaloupe as it was subjected to thermal treatments. The thermal properties of cantaloupes
were experimentally determined, and were incorporated into the COMSOL model.
4.2.1.

Thermal properties of cantaloupe
This section discusses the thermal conductivity and specific heat values of cantaloupe as

determined by the methods described in section 3.4.
4.2.1.1. Thermal conductivity of cantaloupe
A preliminary experiment was conducted with the temperature of the heat source
maintained each at 650C, 800C, 850C and 900C, and it was found that changing the temperature of
the heat source did not change the thermal conductivity. Therefore the heat source was set at
800C. The thermal conductivity values are summarized in table 4.3 below.
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Table 4.3: Average thermal conductivity values of cantaloupe

Pulp

a

Sample type

Thermal conductivitya(W/m-K)

Rind

0.514±0.027 b
0-1 cm

0.566±0.015 c

1-2 cm

0.566±0.023 c

2-3 cm

0.565±0.018 c

3-4 cm

0.565±0.021 c

Values followed by the same letter are not significantly different (P<0.05)
Table 4.3 shows the average thermal conductivity values of the cantaloupe rind as well as

different sections of the pulp. The table shows that the thermal conductivity did not change for
the different sections of the pulp but it was different between the rind and the pulp (P<0.05). The
thermal conductivity of the rind was lower than that of the pulp. A study by Bennett and others
(1962) showed that marsh grapefruits have a thick peel and lower thermal conductivity compared
to the juice vesicles. They surmised that the lower conductivity of the peel could be attributed to
the large volume of the rind taken up by air. So the difference in thermal conductivity between
pulp and rind can possibly be explained by the next study which examined the moisture content,
water activity and pH of cantaloupes. The thermal conductivity values determined in this research
compare well with the literature value of 0.5711 W/m-K which is the documented thermal
conductivity of cantaloupes as determined by Rahman (1996).
4.2.1.2. Specific heat of cantaloupe
The temperature range used for the differential scanning calorimetry experiments was
00C to 1000C because the temperature range of the thermal treatment applied to cantaloupes in
this research was between 0 0C to 1000C. The specific heat of the samples, like the thermal
conductivity values, showed a difference between the rind and the pulp but no difference between
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the pulp layers, for a 95% confidence interval. The specific heat values are summarized in table
4.4 below.
Table 4.4: Average specific heat values of cantaloupe

Pulp

a

Sample type

Specific heata(KJ/kg-K)

Rind

4.01±0.19 b
0-1 cm

3.93±0.15 c

1-2 cm

3.94±0.11 c

2-3 cm

3.93±0.24 c

3-4 cm

3.93±0.27 c

Values followed by the same letter are not significantly different (P<0.05)
Table 4.5 shows the average specific heat values of the cantaloupe rind as well as

different sections of the pulp. The table shows that the specific heat did not change for the
different sections of the pulp but it was different between the rind and the pulp, for a 95%
confidence interval. Table 4.4 also shows that the rind has a higher specific heat compared to the
pulp. This difference could be attributed to the difference in moisture levels as seen in section 4.3.
These values of specific heat compared well with the literature value of 3.969 KJ/kg-K as
determined by Lutz and Hardenburg (1968).
4.2.2.

Moisture content, water activity, density and pH of cantaloupe
The results for measurement of moisture content, water activity and pH are summarized

in Table 4.5 below. These properties were measured for the different layers of the cantaloupe
starting from the rind to the interior of the fruit.
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Table 4.5: Moisture content, water activity and pH of cantaloupe
Sample type

Moisture content1 (%)

Water activity2

pH3

Rind

89.03±0.35 a

0.971±0.01 c

6.62±0.08 d

0-1 cm

88.71±0.29 a

0.972±0.01 c

6.63±0.08 d

1-2 cm

88.62±0.22 a

0.972±0.023 c

6.61±0.11 d

2-3 cm

88.67±0.26 a

0.972±0.012 c

6.62±0.065 d

3-4 cm

88.70±0.17 a

0.971±0.028 c

6.62±0.092 d

Pulp

1

Moisture content values followed by the same letter are not significantly different (P<0.05)
Water activity values followed by the same letter are not significantly different (P<0.05)
3
pH values followed by the same letter are not significantly different (P<0.05)
2

At a 95% confidence interval, it was found that there was no significant difference in
moisture content, water activity or pH between the different layers of the fruit. The results of this
study could not explain the difference in values of thermal conductivity and specific heat between
the rind and the pulp but the high moisture content of the fruit is a possible explanation for the
high specific heat of both, the pulp and the rind. The water activity and pH of the rind and pulp
were not significantly different either, indicating that these factors are probably not the driving
force for the penetration characteristics of Listeria monocytogenes.
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Table 4.6: Density of the rind and pulp sections of cantaloupe
Sample type

Density1(kg/m3 )

Rind

1.055±0.07 a
0-0.5 cm

1.08±0.05 a

0.5-1 cm

1.05±0.09 a

1-1.5 cm

1.07±0.06 a

1.5-2 cm

1.08±0.04 a

2-2.5 cm

1.06±0.06 a

2.5-3 cm

1.09±0.03 a

3-3.5 cm

1.065±0.02 a

3.5-4 cm

1.045±0.06 a

Pulp

1

Density values followed by the same letter are not significantly different (P<0.05)

Table 4.6 shows that there is no significant difference in density values between the rind
and the different layers of the cantaloupe. So, for both the rind and pulp in the COMSOL model
of the cantaloupe, the average value of density used was 1.055 kg/m3.
4.2.3.

Simulated temperature distribution in cantaloupes during hot water immersion
The simulated model used to describe the heat transfer process consisted of the rind, pulp

and air gap in the cantaloupe. The assumptions used were that, the surface of the cantaloupe was
considered to be heated only by convection and within the cantaloupe the heat transfer was by
conduction. It was also assumed that the initial temperature of the fruit was 200C and the surface
heat transfer coefficient for water was 1168 W/m2-0C. This value of heat transfer coefficient was
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taken from the value generated by the study conducted by Solomon and others (2006), which
comprised hot water immersion of cantaloupes for a temperature range of 75 0C to 950C.

4.2.3.1. Temperature dependence on heat transfer coefficient and Biot number calculation
Cantaloupes have a high specific heat value as seen in section 4.2.1.2, so the amount of
energy required to heat them is very high. This was the reason behind selecting a value of 1168
W/m2-0C as the heat transfer coefficient in the study by Solomon and other (2006).
In order to validate this assumption and verify whether increasing the heat transfer
coefficient would have an influence on the time-temperature characteristics of cantaloupes,
simulation runs were conducted for the following values of heat transfer coefficient: 1226 W/m20

C and 1285 W/m2-0C (which correspond to 5% and 10% increase) respectively for a hot water

immersion temperature of 950C.
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Figure 4.3: Simulated temperature profiles at 0.5 cm and 1 cm below the surface of
cantaloupes, immersed in hot water at a temperature of 950C for various heat
transfer coefficients
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Figure 4.3 shows the simulated time-temperature curves at 0.5 cm and 1 cm below the
surface of cantaloupes subjected to hot water immersion (temperature = 950C) and at various heat
transfer coefficients. Increasing the heat transfer coefficients did not change the time-temperature
curve at either of the locations.
Additionally, the Biot number was also calculated in order to understand if the heat
transfer in cantaloupes is governed by its internal conductive resistance or external convective
resistance to heat transfer.
Bi=

(4.1)

Bi=

(4.2)

where,
Bi= Biot number
h= heat transfer coefficient at the surface (W/m2-0C)
k= thermal conductivity of the cantaloupe =

L=

(W/m-0C)

(m)

Table 4.7 Biot number for cantaloupes calculated for various heat transfer coefficients
h (W/m2-0C)

L (m)

k (W/m-0C)

Bi

1168

0.0825

0.55

58.4

1226

0.0825

0.55

61.3

1285

0.0825

0.55

64.3
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Table 4.7 shows the Biot number calculated for the various heat transfer coefficients that
were used in the simulation results shown in Fig 4.3. For all the heat transfer coefficient values,
the Biot number is greater than 40, which implies that the internal conductive resistance to heat
transfer in a cantaloupes is greater than its external convective resistance to heat transfer and thus
implying that there is negligible surface resistance to heat transfer (Singh and Heldman, 2009).
Hence with the increasing heat transfer coefficient values, the heating trend within the cantaloupe
does not change. Therefore, the heat transfer coefficient value, 1168 W/m2-0C, used in the
simulation model of this research is a valid assumption for hot water temperatures of 80 0C-950C.
4.2.3.2. Simulated temperature distribution in cantaloupes during hot water immersion
Figure 4.4 shows both the simulated and experimental temperature distribution within the
cantaloupe when immersed in hot water at 800C and both curves follow a similar trend. The chart
shows that the temperature, at the point 5 mm below the surface, rose from 200C to 500C within
30 seconds and reached 700C within 5 minutes of heating. The rate of increase from 200C to 500C
is mathematically expressed as[ T(0C) = 0.7636*t(sec) + 25.896] and the rate of increase from
500C to 700C is expressed as [T(0C) = 0.0557*t(sec) + 57.306]. The equations show that the rate
of increase from 200C to 500C is almost 12 times faster than the rate of increase from 500C to
700C. But the temperature at the location 1 cm below the surface rose almost linearly with time,
mathematically expressed as [T(0C) = 0.1044*t(sec) + 19.915] and attained a final temperature
of 490C at the end of 5 minutes. It can also be noted that the simulated temperature profiles for
the respective location within the cantaloupe follow the same trend as the experimental
temperature profiles.
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Figure 4.4: Simulated and experimental temperature profiles of the cantaloupe at 0.5 cm
and 1 cm below the surface, immersed in hot water at a temperature of 800C

Figures 4.5 and 4.6 illustrate a two-dimensional temperature contour plot of the
cantaloupe. Figure 4.5 shows the temperature distribution inside the cantaloupe after it had been
heated at 800C for 300 seconds. The colors indicate the contours of temperature in degree Celsius
based on the scale on the right. The top of the scale with the red color indicates the highest
temperature while the bottom of the scale, blue color indicates the lowest temperature. Figure 4.5
shows that at the end of 300 seconds or 5 minutes, the cantaloupe has achieved a temperature of
about 79.90C at the surface and about 700C at 0.5 cm beneath the surface. Most of the fruit’s
interior remains at its initial temperature of 200C even after it had been subjected to heating for 5
minutes.
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16 cm

Temperature (0C)

16.4cm
Figure 4.5: Temperature contour plot of cantaloupe after thermal treatment at 800C for 300
seconds
Figure 4.6 shows the temperature distribution inside the cantaloupe after it had been
heated at 900C for 300 seconds. The colors indicate the contours of temperature in degree Celsius
based on the scale on the right. The top of the scale with the red color indicates the highest
temperature while the bottom of the scale, blue color indicates the lowest temperature. Figure 4.6
shows that at the end of 300 seconds or 5 minutes, the cantaloupe has achieved a temperature of
about 87.70C at the surface and about 800C at 0.5 cm beneath the surface. Most of the fruit’s
interior remains at its initial temperature of 200C even after it had been subjected to heating for 5
minutes.
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16 cm

Temperature (0C)

16.4cm
Figure 4.6: Temperature contour plot of cantaloupe after thermal treatment at 900C for
300 seconds

Figure 4.7 shows the simulated and experimental temperature distribution beneath the
surface of cantaloupe, heated in hot water at 900C and both curves follow a similar trend. The
figure shows that the temperature, at the point 5 mm below the surface, rose from 20 0C to 600C
within 50 seconds and 800C within 5 minutes of heating. The rate of increase from 200C to 600C
is mathematically expressed as[ T(0C) = 1.079*t(sec) + 23.66] and the rate of increase from
600C to 800C is expressed as [T(0C) = 0.0848*t(sec) + 62.2]. The equations show that the rate of
increase from 200C to 600C is almost 13 times faster than the rate of increase from 600C to 800C.
The temperature at the location 1 cm below the surface rose almost linearly with time,
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mathematically expressed as [T (0C) = 0.1243*t(sec) + 20.38] and attained a final temperature of
520C at the end of 5 minutes.
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Figure 4.7: Simulated and experimental temperature profiles of the cantaloupe at 0.5 cm
and 1 cm below the surface, immersed in hot water at a temperature of 900C
Figures 4.4 and 4.7 show that the experimental and simulated temperature profiles
follow a similar trend and therefore the assumptions used to generate the model were correct.
Figures 4.5 and 4.6 show that for water bath temperatures of 800C and 900C, the cantaloupe
temperatures at 5 mm below the surface reached 70 0C and 800C at the end of five minutes of
heating.
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4.3. Hot water immersion treatment of Listeria monocytogenes inoculated cantaloupes
The results from the dye penetration study as well as Listeria monocytogenes penetration
study indicated that these microorganisms penetrated up to 1 cm into the fruit. The thermal
treatment by hot water immersion was aimed at destroying Listeria monocytogenes that resides
within 1 cm of the fruit, measured from the surface. Also, the highest population was recorded on
day 0 so the inoculated cantaloupes were subjected to heat treatment on day 0.
For thermal treatments of inoculated cantaloupes, the hot water temperatures used was
850C and 950C and treatment time of 5 minutes caused temperature rise at positions at 0.5 cm and
1 cm as shown in figures 4.8 and 4.9, respectively. These plots show that the cantaloupes, at
positions of 5 mm below the surface took 5 minutes to reach 750C or 850C, when immersed in
water bath at temperatures of 850C and 950C, respectively..
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Figure 4.8: Simulated temperature profiles of the cantaloupe at 0.5 cm and 1 cm below the
surface, immersed in hot water at 850C
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Figure 4.9: Simulated temperature profiles of the cantaloupe at 0.5 cm and 1 cm below the
surface, immersed in hot water at 950C

Figure 4.9 shows that the temperature, at the point 5 mm below the surface exposed to
950C, rose from 20 0C from 850C within 5 minutes of heating. The temperature at the location 1
cm below the surface was 550C at the end of 5 minutes. Hence, the inoculated cantaloupes were
immersed in water held at each of 850C and 950C for a period of 5 minutes. The control
cantaloupes were also inoculated and immersed in water at room temperature (T = 20°C) for a
period of 5 minutes as well. The starting inoculum population was 7.14 ± 0.33 log10CFU/cm2.

77
Table 4.8 Final population of Listeria monocytogenes recovered from cantaloupes following
hot water immersion treatmenta,b
Water temperature (0C)

Distance (cm)

0-0.5
0.5-1
1-1.5
1.5-2
2-2.5
2.5-3
3-3.5
3.5-4

95

85

20

1.75 ± 0.12 c
0.00 ± 0.02 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d

2.85 ± 0.31e
0.00 ± 0.04 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d

4.51 ± 0.25 f
0.00 ± 0.03 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d
0.00 ± 0.00 d

a

Population reduction (log10 CFU/cc) based on initial population of 7.14 ± 0.33 log CFU/cm2.
Values represent means ± standard deviation from 18 cantaloupes. Values followed by the same
letter are not significantly different (P<0.05)
b

Table 4.8 shows the population of L. monocytogenes recovered from inoculated
cantaloupes that had been subject to water immersion at temperatures of 20°C, 85°C and 95°C for
5 minutes. For all three temperatures, L. monocytogenes was only recovered from the plug of
thickness 0.5 cm from the rind. There was a significant difference between the populations
recovered from 0-0.5 cm plug for all of the three temperatures. The lowest population of 1.75 ±
0.12 log10 CFU/cc was recovered from the cantaloupes subjected to treatment at 95°C for 5
minutes and the highest (4.51 ± 0.25 log10 CFU/cc) from the control cantaloupes that were
subjected to immersion at 20°C for 5 minutes. The population recovered from the treatment at
85°C for 5 minutes was 2.85 ± 0.31 log10 CFU/cc and this was significantly higher than the
population recovered after treatment at 95°C for 5 minutes.
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Figure 4.10: Reduction in population of Listeria monocytogenes in cantaloupes after hot
water immersion for 5 minutes at different temperatures. Values are mean ± SD
from 18 cantaloupes.

Figure 4.10 shows the reduction in population of Listeria monocytogenes in cantaloupes
subjected to immersion treatment with a starting population of 7.14 ± 0.33 log10 CFU/ml. Five
minutes at 85 °C resulted in a reduction of 3.46 ± 0.31 log10 CFU/ml (P<0.05). Water at 95°C
was an effective treatment in reducing populations of Listeria monocytogenes, with heating time
of 5 minutes resulting in 4.88 ± 0.18 log10 CFU/ml reductions (P<0.05). The control treatment at
20 °C resulted in a population reduction of 0.55 ± 0.17 log10CFU/ml.
The thermal inactivation of Salmonella on cantaloupes using hot water, conducted by
Solomon and others (2006) showed a reduction of almost 5 log10 CFU/cm2 in microbial load.
Their study comprised a surface inoculation and the numerical analysis predicted a time period of
60s for the surface to achieve their target temperature of 85 °C. The study by Ukuku (2005) with
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Salmonella on cantaloupes also showed that hot water rinsing caused a higher reduction in
microbial load (4.9 log10 CFU/cm2) compared to sanitizer treatment with hydrogen peroxide or
chlorine (2.6 log10 CFU/cm2). Reductions in levels of Listeria monocytogenes achieved in this
current study further highlight the utility of hot water as a method for decontaminating the surface
of cantaloupes. Therefore, the use of hot water immersion can be considered as an effective
method for decontaminating the surface of cantaloupes.

80

Chapter 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
5.1. Conclusions
The maximum penetration of dye into the cantaloupe was observed when the warm fruit
was immersed in cold dye. The maximum distance up to which the dye infiltrated was 1 cm
beneath the surface of the fruit. The results of the inoculation study, showed that the highest
population of Listeria monocytogenes was recovered from the fruit slices which had a thickness
of 1 cm measured from the surface to the inside of the cantaloupe.
A finite element model was successfully developed to predict temperature change in
cantaloupes when subjected to heating treatments and there was good agreement between the
simulated and experimental results. The heat transfer model can be used further to obtain
temperature profiles at other temperatures of thermal treatment in order to develop a suitable
thermal process for cantaloupes.
The hot water immersion of inoculated cantaloupes at 850C and 950C for 5 minutes
showed that the thermal treatment could reduce the Listeria monocytogenes by 3.46 ± 0.31 log10
CFU/ml and 4.88 ± 0.18 log10 CFU/ml, respectively.
Water at 95°C was an effective treatment in reducing populations of Listeria
monocytogenes, with heating time of 300s resulting in reduction of 4.88 log10 CFU/ml. The use of
hot water immersion treatment is an effective method to decontaminate cantaloupes. The work
presented in this research demonstrates the utility of hot water immersion to reduce levels of
Listeria monocytogenes from contaminated cantaloupes. It was also observed that during the hot
water immersion (both, experimental and the simulated model of heat transfer) that the edible
portions of cantaloupes remained cool while only the temperature of the rind outer surface
elevated rapidly.
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5.2. Suggestions for future research
While developing a suitable postharvest treatment of cantaloupes to make it safe for
consumption, it is important to understand its effect on the quality of the fruit. So, it is important
to examine the quality attributes such as hardness and level of dissolved solids as well as shelf
life of cantaloupes after they are subjected to hot water immersion. It is also necessary to
understand whether the sensory attributes of cantaloupes are affected after they are subjected to
hot water immersion. Additionally, it is also important to understand the effect of hot water
treatment on susceptibility of the fruit to post-processing contamination with spoilage
microorganisms or pathogens.
Heat transfer in a medium like water is rapid when there is agitation, because this
increases the heat transfer coefficient. Therefore, it is important to evaluate the effect of heating
cantaloupes under different degrees of agitation in hot water, on the time-temperature distribution
within the cantaloupes as well as the destruction of Listeria monocytogenes.

.
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