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Listeria monocytogenes and Cronobacter sakazakii are both important foodborne
pathogens. Bacterial endophytes, which reside in plant cells, can provide antimicrobial
compounds and protect the host organism from plant pathogens. These biological
compounds could be used in agriculture and the food industry. In this thesis, we
investigated the culturable bacterial community from tropical fruits and their ability to
reduce and/or inhibit the growth of L. monocytogenes and/or C. sakazakii. A total of 196
bacterial endophytes were recovered from tropical fruits. Among all these bacterial
endophytes, 33 (16.8%) isolates showed an inhibition zone against L. monocytogenes,
while 13 (6.6%) isolates showed inhibition against C. sakazakii. The inhibitory strains
were identified as Bacillus spp., Enterobacter spp., Microbacterium spp., Pantoea spp.
and Pseudomonas spp. Furthermore, Pantoea spp. and Enterobacter spp. were used in
challenge studies with cantaloupe and liquid infant formula and demonstrated some
antagonistic activity against L. monocytogenes and C. sakazakii, respectively.
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Chapter I
Introduction
The number of cases in which individuals have been infected by foodborne
pathogens has continuously increased over the past decade. Data from The World
Health Organization (WHO) show that one-tenth of the world’s population consumes
contaminated food, resulting in 420,000 deaths per year, where almost 30% of the
deaths are among children less than 5 years of age (WHO, 2017). Newborns are highly
susceptible

to

foodborne

pathogens,

especially

Listeria

monocytogenes

and

Cronobacter sakazakii (Bortolussi, 1999; Kalyantanda et al., 2015). Although cases of
C. sakazakii infection are rarely found, the case-fatality rate is still high at approximately
40-80% (Bowen & Braden, 2006). The methods for controlling foodborne pathogens
such as L. monocytogenes and C. sakazakii with natural compounds have gradually
become advanced as we also know much more about how best to use environmental
monitoring to minimize the risks from foodborne pathogens (e.g., GMPs, HACCP).
Consumers are currently buying more organic products that contain beneficial
bacteria and are less chemically treated. These beneficial bacteria from a plant source
may provide alternative options for controlling or reducing the growth of foodborne
pathogens in food products.
Bacterial endophytes (plant-associated bacteria) can provide benefits to plants.
Researchers have found that endophytes not only can enhance a plant’s abilities to
supplement plant growth, but they can also produce various antimicrobial compounds
1

that can be used in medicine and agriculture. Bacterial endophytes have been
considered a part of the plant’s immune system because they can strengthen it. They
can move inside plant cells and produce antimicrobial compounds that protect the plant
cells from plant pathogens. Bacterial endophytes live inside a plant’s internal tissues
without causing any harmful symptoms or adverse effects during their association with
plants. They also do not appear to be harmful to humans, at least in low quantities, as
people consume them daily from fruits and vegetables. These bacterial endophytes
could potentially be applied in the food industry to reduce or inhibit foodborne
pathogens.
Research hypothesis
Bacterial endophytes of tropical fruits and seeds have not been well explored.
The bacterial endophyte communities of tropical fruits might play important roles in food
safety by inhibiting foodborne pathogens. Therefore, this study hypothesizes that
bacterial endophytes isolated from tropical fruits such as papayas, dragon fruits, sugar
apples and

guava will be

able to

control foodborne pathogens such

as

L. monocytogenes and C. sakazakii in food products.
Research Objectives
1. To isolate or recover bacterial endophytes from tropical fruits such as papayas,
dragon fruits, sugar apples and guava;

2

2. Following objective 1, screening and identifying the candidate bacterial
endophytes that produce antimicrobial compounds to control L. monocytogenes
and C. sakazakii;
3. To conduct competitive challenge studies with L. monocytogenes/C. sakazakii on
food products using the potential inhibitory strains or the candidate endophytic
bacteria.

3

Chapter II
Literature Review
2.1 Listeria monocytogenes
2.1.1 Background on L. monocytogenes
Listeria monocytogenes is a Gram-positive, rod-shaped bacterium. It can tolerate
harsh conditions such as low pH (at least pH 4.3), low temperatures (in refrigerator;
4-10oC) and can survive for long periods of time in food products. The organism is
widely distributed in nature and can be found in soil, water, compost, vegetation, the
feces of some animals and can contaminate many foods. In fact, L. monocytogenes is
transmitted to humans through the direct ingestion of contaminated foods (Farber &
Peterkin, 1991).
L. monocytogenes cause listeriosis in humans. Listeriosis can lead to various
symptoms, including diarrhea, meningitis and septicemia, which may result in death
(Farber et al., 1996). There are two major manifestations of foodborne listeriosis, i.e.,
invasive and non-invasive. In invasive listeriosis, L. monocytogenes can survive in the
human immune system and then multiply and move throughout the host’s blood and
lymphatic system. Invasive listeriosis often affects the elderly, those with weak immunity
and pregnant women. A fetus can experience a perinatal infection through
transplacental transmission from the mother. Non-invasive listeriosis usually leads to
gastroenteritis with mild, flu-like symptoms. Non-invasive listeriosis is rarely found in
4

healthy individuals unless they consume a large amount of L. monocytogenes (Lake et
al., 2005).
Some strains of L. monocytogenes can be multi-antibiotic resistant, due to the
long-term use of antimicrobials in livestock and antibiotic residue on food products,
which can contaminate the ecosystem (Landers et al., 2012). In 2016, Osman and his
research team isolated L. monocytogenes from cow and buffalo milk, and tested the
isolates for antibiotic susceptibility. They found that L. monocytogenes was resistant to
cloxacillin, oxacillin, pefloxacin, flumequine, cephalosporin, bacitracin, lincomycin and
clindamycin. Moreover, in a recent study, 23 strains of Listeria spp. were found to be
multi-drug resistant. The antibiotic resistance of L. monocytogenes, especially to
tetracycline, clindamycin, and ciprofloxacin, was also observed in a study by Escolar et
al. (2017).
2.1.2 Serotypes
Listeria species have unique group-specific surface proteins: somatic (O) and
flagellar (H) antigens. Listeria O antigens are comprised of 16 subtypes (I-XV), while the
H antigens consist of 4 subtypes (A, B, C and D) (Liu, 2006; Seeliger & Höhne, 1979).
Serotypes of Listeria species are classified using these group-specific surface proteins.
The combination of O and H antigens classifies L. monocytogenes into 13 serotypes,
including 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4ab, 4c, 4d, 4e and 7 (Kathariou, 2002).
All 13 serotypes are classified into five serogroups, namely I.1 (1/2a-3a), I.2 (1/2c-3c),
II.1 (4b-4d-4e), II.2 (1/2b-3b-7) and III (4a-4c) (Doumith et al., 2004). The differentiation
of the phenotypic or molecular subtypes of L. monocytogenes is related to phylogeny,
5

epidemiology and ecology for understanding the distribution and transmission of the
pathogen in the food chain (Sauders et al., 2003; Wiedmann, 2002). Recently, whole
genome sequencing (WGS) has replaced conventional molecular subtyping techniques
for tracking the source of a listeriosis outbreak and monitoring the food processing
facility (Hurley et al., 2019; Jackson et al., 2016).
L. monocytogenes serotype 4
Serotype 4b is predominantly isolated from human clinical isolates (Liu, 2006;
Vitas & Garcia-Jalon, 2004). In fact, several studies have shown that both epidemic and
sporadic listeriosis outbreaks are associated with serotype 4b (Swaminathan, 2001;
Wiedmann et al., 1996). Furthermore, the majority of large foodborne illness outbreaks
of human listeriosis since the 1980s have been due to serotype 4b (Swaminathan,
2001). In contrast, other serotypes such as 4a, 4ab and 4c, have been rarely involved in
outbreaks of foodborne listeriosis (Jacquet et al., 2002; Wiedmann et al., 1996).
L. monocytogenes serotype 1/2
Serotypes 1/2a, 1/2b and 1/2c are associated with human listeriosis (Doumith et
al., 2004; Jacquet et al., 2002). Serotype 1/2a is mainly isolated from foods (Liu, 2006)
such as fish, fishery products (Basha et al., 2019; Kramarenko et al., 2013), beef, goat
meat (Chevon meat), chicken and pork (Shakuntala et al., 2019). Furthermore, the
prevalence of L. monocytogenes in retail ready-to-eat (RTE) foods, such as meat
products, seafood and dairy products suggests that serotype 1/2a and 1/2b are the
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dominant serotypes, followed by serotype 1/2c (Bohaychuk et al., 2006; Coillie et al.,
2004; Gilbreth et al., 2005; Handa et al., 2005).
L. monocytogenes serotype 3a
Contamination of marine finfish and retail ice by L. monocytogenes was mainly
associated with serotype 3a, which had multidrug-resistance to ampicillin, penicillin,
erythromycin, tetracycline and clindamycin (Basha et al., 2019). In addition,
L. monocytogenes serotype 3a was predominantly isolated from foods such as milk,
beef, goat meat (Chevon meat), chicken and pork (Shakuntala et al., 2019).
2.1.3 Outbreaks
Several large foodborne outbreaks of listeriosis have occurred globally during the
last decade (Table 1). Previous studies have shown that several types of food have
been associated with both small and large outbreaks, including dairy products, fruits
and vegetables, meat and poultry products, fish products and seafood (Figure 1).

7

Category of foods

Figure 1. Categories of foods implicated in outbreaks of foodborne listeriosis (Modified from Schlech, 2019;
Swaminathan, 2001).
8

L. monocytogenes can also contaminate products that are not subjected to a
listericidal process. However, L. monocytogenes is generally found in the natural
environment where there is decaying plant material, soil, animal feces, sewage, water
and animal feeds (particularly silage). Therefore, this pathogen can be transferred
through multiple routes to animal and plant food products (Schuchat et al., 1991).
The first report of an L. monocytogenes outbreak occurred in 1981 in Nova
Scotia, Canada. The pathogen was isolated from an unopened package of coleslaw.
The pathogen was assumed to have contaminated cabbage fertilized with manure from
sheep, due to the storage of harvested cabbage at a cold temperature in an unheated
shed. There were 41 coleslaw-associated cases. Among the 41 cases, 34 cases
occurred in pregnant women, and 7 cases occurred in non-pregnant adults (Matthews
et al., 2017).
Then, in 1985, an outbreak in California was reported involving Mexican-style
cheese contaminated with L. monocytogenes. The 142 cases of infected individuals
consisted of 93 cases in pregnant women and 49 cases in non-pregnant adults. Among
the infected, one-third of the individuals died (Matthews et al., 2017).
Further outbreaks of this foodborne pathogen have occurred globally over the
past decade (Table 1). For example, a multistate listeriosis outbreak occurred in 2011
that involved contaminated cantaloupes and which led to 146 cases, 143
hospitalizations and at least 33 deaths (McCollum et al., 2013). Later, in 2014,
a listeriosis outbreak in California and Maryland was associated with the consumption of
9

cheese products produced by Roos Foods of Kenton, Delaware. A total of 8 illnesses
and one death were reported (CDC, 2014a; Matthews et al., 2017). One year later,
another two outbreaks of listeriosis occurred. First, in 2015, a multistate outbreak
reported in patients from 12 states involved the consumption of pre-packaged caramel
apples and resulted in at least 35 cases of illness, 34 hospitalizations and 7 deaths
(CDC, 2015b; Matthews et al., 2017). Secondly, the Blue Bell ice cream outbreak
occurred due to L. monocytogenes contamination and involved 10 illnesses and three
deaths (CDC, 2015a; Matthews et al., 2017). Recently, there was a large outbreak of
listeriosis in South Africa in 2017-2018, with over 1000 cases and over 200 deaths.
Contaminated processed meats, referred to as polony, was the source of this outbreak
(Smith et al., 2019).
Several studies of listeriosis outbreaks have suggested that foodborne listeriosis
in human populations can cause both epidemic and sporadic disease. Case-control
studies of sporadic listeriosis cases in the absence of epidemic disease have implicated
food products such as cold meats, turkey franks, and delicatessen-type foods (Schuchat
et al., 1992).

10

Table 1. Summary of global listeriosis outbreaks between 2011 to 2019
Year

Food vehicle

Country

Number of
cases (death)

2011 Cantaloupes

USA

2012 Ricotta Salata Cheese

USA (13)

22 (4)

(Heiman et al., 2016)

2013 Cheeses

USA (5)

6 (1)

(Choi et al., 2014)

Cheeses

USA (2)

8 (1)

(CDC, 2014a; Matthews et al., 2017)

Cheeses

USA (4)

5 (1)

(CDC, 2014b)

Bean Sprouts

USA (2)

5 (2)

(Garner & Kathariou, 2016)

Caramel Apples

USA (12)

35 (7)

(Garner & Kathariou, 2016)

Ice Cream

USA (4)

10 (3)

(Pouillot et al., 2016)

Soft Cheeses

USA (10)

30 (3)

(CDC, 2015c)

Packaged Salads

USA (9)

19 (1)

(Self et al., 2019)

USA (2)

2 (1)

(CDC, 2016b)

USA (4)

9 (3)

(CDC, 2016a)

Vulto Creamery Soft Raw Milk
USA (4)
Cheese

8 (2)

(CDC, 2017)

Deli Ham

USA (2)

4 (1)

(CDC, 2018)

Pork Products

USA (4)

4 (0)

(CDC, 2019b)

Meat

South
Africa

2014

2015

2016 Raw Milk
Frozen Vegetables
2017

2018

2019 Deli-Sliced Meats and Cheeses

146 (33)

Reference

1060 (200)

USA (4)

8 (1)
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(McCollum et al., 2013)

(Smith et al., 2019)
(CDC, 2019a)

2.1.4 Symptoms
Infection by L. monocytogenes causes listeriosis, which is a rare human disease
with severe clinical manifestations (Matthews et al., 2017). Listeriosis frequently occurs
in susceptible population groups, which includes pregnant women, the elderly, fetuses,
neonates and immunocompromised patients (Doganay, 2003; Rocourt, 1996). Other
predisposed patients include those with malignancy, organ transplants, and other
immunocompromised states (Huang et al., 2010; Rivero et al., 2003).
Whether L. monocytogenes can cause infection in humans depends on the type
of food product, the virulence of the strain, host susceptibility (Mclauchlin et al., 2004),
and dose-response of the pathogen (Chen et al., 2010; Mclauchlin, 1996). For example,
certain high-risk populations may be affected by L. monocytogenes at low doses
(Farber & Peterkin, 1991; Maijala et al., 2001).
Listeriosis in pregnant women
Pregnant women infected with L. monocytogenes can develop chorioamnionitis,
producing early-onset neonatal listeriosis (Girard et al., 2014). Effects on the infant
include prematurity, sepsis at birth, fever, diffuse maculopapular cutaneous eruption,
hepatic involvement with jaundice (Mylonakis et al., 2002), and granulomatosis
infantiseptica with a high case-fatality rate (Schlech, 2014). Clinical manifestations
among pregnant women include flu-like symptoms, fever, chills, malaise and
pyelonephritis before the early onset of labor (Mylonakis et al., 2002).
12

After 1 to 2 weeks following the birth of a baby infected with L. monocytogenes,
late-onset neonatal meningitis can occur with characteristic clinical features such as
fever, irritability, bulging fontanelle and meningismus. The common clinical syndrome in
the case of mothers involves uncomplicated pregnancy, delivery and postpartum course
with no signs of sepsis (Schlech, 2014).
Listeriosis in nonpregnant adults
Normally, nonpregnant healthy individuals are resistant to infection by
L. monocytogenes. However, L. monocytogenes infection of nonpregnant adults can
present as uncommon bacterial meningitis with two major clinical features, i.e.,
subacute bacterial meningitis and central nervous system listeriosis.
The symptoms of subacute bacterial meningitis include fever, headache and
neck stiffness. The second form of central nervous system listeriosis is referred to as
rhombencephalitis. Clinical manifestations include fever, headache, nausea and
vomiting, which occur early with signs of meningeal irritation less commonly present.
Multiple cranial nerve abnormalities and cerebellar dysfunction, including ataxia, can
occur subsequently (Schlech, 2014).
Listeria monocytogenes infection
After ingestion of L. monocytogenes-contaminated food, the bacteria adhere to
the epithelial cells of the gastrointestinal tract through the interaction of internalin (InlA
and InlB) with host cell receptors (cadherin). The bacteria thereby penetrate the
epithelial cells of the gastrointestinal tract. The bacteria are phagocytosed by
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macrophages (Ireton, 2007) and consequently enter into the intracellular phagocytic
vacuole. The pathogens lyse the vacuolar membrane with the help of listeriolysin O and
secreted phospholipases, thus avoiding intracellular killing. Subsequently, the
pathogens invade adjacent cells via plasma membrane protrusions without entering the
extracellular environment to escape the human T-cell immune system. The bacteria
cross the intestinal epithelium barrier and enter the circular system, which is a primary
bacteremia, to disseminate to target tissues, such as the liver and spleen, through the
lymph nodes. In hepatocytes, the bacteria replicate and recruit polymorphonuclear cells,
which leads to hepatocyte lysis and bacteria release. Bacteria in the liver can thereby
rapidly circulate in the bloodstream, called a secondary bacteremia. In high-risk and
immunocompromised patients, L. monocytogenes can cross the blood-brain barrier or
fetoplacental barrier resulting in fatal meningitis, sepsis, premature birth or abortion
(Radoshevich & Cossart, 2018) (Figure 2).

Figure 2. Schematic of L. monocytogenes infection of a human (Radoshevich &
Cossart, 2018).

14

2.1.5 Control of L. monocytogenes
There are several ways to control L. monocytogenes, depending on the food
matrix. Decontamination technologies have developed rapidly during the last decade.
For example, using ultraviolet (UV) light to decontaminate the surface of a food matrix,
such as liquid, powder and solid foods, can reduce biofilm formation and the number of
foodborne pathogens (Holck et al., 2018; Montgomery & Banerjee, 2015). Furthermore,
natural compounds from plant sources have also been used to try to control foodborne
pathogens. For example, edible (protein-based) films containing antimicrobial
compounds such as nisin, are used as wrapping material on the surface of food
products to prevent microbial contamination (Joerger, 2007). Chitosan and alginate
films containing garlic oil have also been used to control foodborne pathogens such as
L. monocytogenes (Friedman & Juneja, 2010; Pranoto et al., 2005). Moreover, the
method of using live cells in food products has been implemented to improve gut health
and enhance gastrointestinal immune responses (Mazahreh & Ershidat, 2009).
However, only 1% of bacteria can be cultured, and their functions have not yet been
explored (Martiny, 2019; Wade, 2002). Further research will need to be done to find
novel probiotic strains for use in the food industry.
Currently, several lactic acid bacteria that are safe to consume have been
approved to be added in food products by Health Canada and the US Food and Drug
Administration (FDA). For example, Lactococcus lactis subspecies lactis produces a
bacteriocin, referred to as nisin. Nisin has been used as a safe biological food
preservative (Montville, 1998). This led to further research on novel probiotics and/or
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the compounds that they produce, to be used in the food industry to control foodborne
pathogens. Ame and Brashears (2002) used a cocktail of Pediococcus acidilactici,
Lactobacillus casei and L. paracasei in cooked ham and frankfurters inoculated with
L. monocytogenes. After 28 days of storage, the number of L. monocytogenes was
reduced from 8 log10 CFU/mL to 3.25 log10 CFU/mL, whereas the number of lactic acid
bacteria increased by 1 log10 CFU/mL during the storage time (from 7 to 8 log10
CFU/mL). The researchers also found that lactic acid bacteria produced a bacteriocin
that could have an anti-listerial effect (Ame & Brashears, 2002). Baka and colleagues
(2014) also found that Leuconostoc carnosum isolated from frankfurter sausages was
able to inhibit the growth of L. monocytogenes at various temperatures (4, 8, 12 and
25°C) after 4 h (Baka et al., 2014). Theivendran and colleagues (2006) used a
combination of nisin and grape seed extract to inhibit L. monocytogenes in turkey
frankfurters. After 12 h, the numbers of L. monocytogenes were reduced from 9 log10
CFU/mL to zero. The seed extract could contain antimicrobial compounds or the
microbial community within the seed could have produced antimicrobial compounds
(Theivendran et al., 2006).
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2.2 Cronobacter sakazakii
2.2.1 Background on C. sakazakii
Cronobacter sakazakii, formerly known as Enterobacter sakazakii, is a Gramnegative rod-shaped bacterium. It is generally found in natural environments and can
infect the intestinal tracts of animals (Oonaka et al., 2010). The prevalence of
C. sakazakii in powdered infant formula (PIF) and infant drinks is still low in European
countries. For example, O’Brien et al. (2009) looked for the presence of C. sakazakii in
22 milk-based infant formula, one soy-based infant formula and 6 cereal-based infant
drinks. Only two samples of cereal-based infant drinks were positive for C. sakazakii.
However, C. sakazakii has continuously been found in PIF that cannot be sterilized after
being processed (Aksu et al., 2016; Miranda et al., 2017; O’Brien et al., 2009).
C. sakazakii can survive in the low water activity of PIF and dry conditions found within
low moisture food processing plants (Gurtler & Beuchat, 2007), and cause adverse
health effects in infants, particularly premature and low-birthweight infants. It can cause
serious brain abscesses, necrotizing enterocolitis, sepsis, hydrocephaly, and meningitis
that can lead to death in neonates. C. sakazakii can also infect humans through wounds
and the urinary tract, which can result in diarrhea in people of all ages, especially in
immunocompromised individuals (Drudy et al., 2006).
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2.2.2 Serotypes
The genus Cronobacter contains 7 species: C. sakazakii, C. malonaticus,
C. muytjensii, C. turicensis, C. dublinensis, C. universalis and C. condiment (Jaradat et
al., 2014). Only C. sakazakii, C. turicensis and C. malonaticus have been reported to
cause neonatal infections (Singh et al., 2015). The classifications are based mainly on
the molecular characterization of Cronobacter spp., which include several approaches
such as multi-locus sequence typing (MLST), O-antigen serotyping, ompA analysis and
rpoB analysis (Cui et al., 2014; Fei et al., 2015; Forsythe et al., 2014; Joseph et al., 2012).
Multi-locus sequence typing (MLST)
MLST has been the main approach used for the molecular characterization of
Cronobacter spp. This approach divides the Cronobacter spp. into sequence types
(STs). The details of the STs are recorded in an open-access MLST database (Forsythe
et al., 2014; Ogrodzki & Forsythe, 2017).
ompA analysis and rpoB analysis
The ability of C. sakazakii to invade human intestinal epithelial cells and brain
microvascular endothelial cells is mainly due to the ompA gene-encoded outer
membrane protein A (Kumar et al., 2007). Sequence analysis of the ompA gene has
also been related to the identification and typing of C. sakazakii, and the presence of
ompA can be correlated with the virulence of C. sakazakii (Fei et al., 2015; Kumar et al.,
2006). Meanwhile, sequencing of the housekeeping gene RNA polymerase -subunit
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(rpoB) can only be used to identify Cronobacter down to the species level (Fei et al.,
2015).
O-antigen serotyping
The outer cell surface of Gram-negative bacteria, including Cronobacter, is
covered with lipopolysaccharide (LPS) structures. The LPS structure contains
O-antigens, indicating serological diversity (Jaradat et al., 2014). Within the genus
Cronobacter, different strains have different LPS structures and show differences in
pathogenicity. Therefore, the pathogenicity depends on the structure (linear or
branched) and composition of LPS (Maclean et al., 2009).
O-antigen serotyping is commonly used for epidemiological purposes (Blažková
& Javu, 2015; Jarvis et al., 2013). The strategy of O-antigen serotyping is based on the
multiplex polymerase chain reaction (PCR). In 2008, Mullane and colleagues developed
a molecular serotyping method. The concept underlying this approach involves
amplification of the rfb encoding locus, followed by MboII digestion. The PCR-restriction
fragment length polymorphism (PCR-RFLP) profile allows for the comparison of several
isolates. Mullane et al. (2008) reported the first two O-antigen serotypes, O1 and O2.
Later, using PCR-RFLP profiles, five additional C. sakazakii O-antigen serotypes (O3,
O4, O5, O6 and O7) were reported (Sun et al., 2011). However, the new findings
contradicted previous studies, with the result that two serotypes of C. sakazakii
(serotypes O5 and O6) were actually re-classified as C. malonaticus serotypes O2 and
O3, respectively (Blažková & Javu, 2015).
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2.2.3 Prevalence of C. sakazakii serotypes
There are five serotypes of C. sakazakii, including O1, O2, O3, O4 and O7,
classified using O-antigen serotyping (Blažková & Javu, 2015; Mullane et al., 2008; Sun
et al., 2011). Several studies have reported that C. sakazakii serotypes O1 and O2 are
the main ones isolated from clinical cases (Blažková & Javu, 2015; Scharinger et al.,
2016; Sun et al., 2011; Xu et al., 2015; Yan et al., 2015), PIF samples (Fei et al., 2017;
Scharinger et al., 2016; Sun et al., 2011; Xu et al., 2015) and the environment of PIF
manufacturing facilities. Li et al. (2017) investigated the genetic diversity of 40 strains of
Cronobacter spp. isolated from spices and cereals in China between 2014 and 2015.
The results showed that the most prevalent species of Cronobacter isolated was
C. sakazakii. Among C. sakazakii, serotypes O1 and O2 were most often found (Li et
al., 2017).
Some studies have shown that C. sakazakii serotype O3 can be isolated from
both clinical cases (Scharinger et al., 2016; Sun et al., 2011; Xu et al., 2015) and PIF
samples (Blažková & Javu, 2015; Scharinger et al., 2016; Sun et al., 2011; Xu et al.,
2015). In contrast, Blažková and Javu (2015) did not isolate C. sakazakii serotype O3
from clinical cases. C. sakazakii serotype O4 has been isolated both from clinical cases
(Blažková & Javu, 2015) and PIF (Fei et al., 2017).
C. sakazakii serotype O7 was found to be able to survive in PIF, as well as the
processing environment, for several years (Chase et al., 2017; Fei et al., 2017).
However, C. sakazakii serotype O7 has not been isolated from clinical cases (Blažková
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& Javu, 2015). A summary of the sources where each serotype of C. sakazakii has
been found can be seen in Table 2.
Table 2. Sources where C. sakazakii serotypes have been found1
Serotype

Sources

Serotype O1

mainly clinicala,b,c,d,e and PIF samples

Serotype O2

mainly clinicala,f,g,h,I,j,k,l,m and PIF samples

Serotype O3

mainly PIF and some clinical samplesn

Serotype O4

clinical and PIF samples

Serotype O7

PIF samples

a=neonate; b=spinal (fluid); c=septum; d=throat; e=stool sample; f=abdominal puss; g=sputum, h=CSF;
i=bronchial wash; j=throat swab; k=rectal swab; l=tongue swab; m=wound swab; n=blood.
1Modified

from Alsonosi, et al., 2015; Gopinath et al., 2018; Mullane et al., 2008
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2.2.4 Outbreaks
The epidemiology of Cronobacter species is incomplete and poorly reported due
to the rarity and underreporting of cases of Cronobacter infection in developing and
less-developed countries (Friedemann, 2009). The first report of C. sakazakii isolated
from a human clinical specimen was in 1953 (FarmerIII et al., 1980). Later, the first
outbreak of C. sakazakii occurred at Osterhills Hospital (St. Albans City Hospital),
England, in 1958, where two neonatal cases presented with meningitis. C. sakazakii
was later described as a “pigmented coliform bacterium” (Farmer, 2015). A chronology
of the C. sakazakii outbreaks which occurred in neonates, infants, and children in the
years ranging from 1958 and 2016 can be seen in Table 3.
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Table 3. Chronology of C. sakazakii outbreaks in neonates, infants, and children ages 1–14 years
Year

Country

1958
1979
1981
1984
1986-1987
1989
1993-1998
1998
1999-2000
2001
2004
2006
2010

2015

England
Macon, Georgia, USA
Oklahoma City, Oklahoma
Greece
Reykjavik, Iceland
Porto, Portugal
Jerusalem, Israel
Brussels, Belgium
Jerusalem, Israel
Knoxville, Tennessee, USA
France
Chandigarh, India
Queretaro, Mexico
Missouri, Florida, Oklahoma, and
Illinois, USA
Sydney, Australia

2016

Pennsylvania, USA

2011

Number of cases
Total
Death
2
2
1
1
11
4
3
1
187
15
4
12
2
2
50
1
4
2
1
2
-

Reference
(Farmer, 2015; Urmenyi & Franklin, 1961)
(Monroe & Tift, 1979)
(Henry & Fouladkhah, 2019)
(Arseni, 1987)
(Biering et al., 1989)
(Lecour et al., 1989)
(Block et al., 2002)
(Acker et al., 2001)
(Block et al., 2002)
(CDC, 2002)
(Henry & Fouladkhah, 2019)
(Ray et al., 2007)
(Jackson et al., 2015)

2

1

(Andrews, 2011)

1

1

(Mcmullan et al., 2018)

1

-

(Bowen et al., 2017)
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2.2.5 Symptoms
C. sakazakii causes infection in all age groups, especially in debilitated
individuals and infants 0-12 months (Fiore et al., 2008). Predisposed individuals are
those with low-birthweight, premature birth (less than 36 weeks), immunodeficient
infants whose mothers are HIV-positive, infants hospitalized in intensive care units and
infants with low stomach acidity (Fiore et al., 2008; Tall et al., 2013).
Regarding the pathogenesis of C. sakazakii, the pathogen attaches and invades
through the gastrointestinal tract, resulting in human infection. Symptoms of the initial
phase of C. sakazakii infection are anorexia, irritability, jaundice, paleness, cyanosis,
collapse, spasms and temperature instability (Bar-Oz et al., 2001). Furthermore,
Cronobacter infection can cause severe invasive disease (Tall et al., 2013) and longterm infection, which includes sepsis, meningitis, cerebritis, bacteremia, necrotizing
enterocolitis and septicemia in infants (Fiore et al., 2008; Healy et al., 2010; Tall et al.,
2013). If infants survive, longer-term effects can include delayed development,
hydrocephaly, mental retardation and neurological sequelae (Bowen & Braden, 2006;
Nazarowec-White & Farber, 1997).
Meningitis is the most severe clinical manifestation of Cronobacter infection
(Baylis et al., 2011) and is associated with a high case-fatality rate among children less
than 5 years of age (Fiore et al., 2008). Advanced complications caused by this disease
can result in ventriculitis, brain abscess, cerebral infarction and cyst formation (Baylis et
al., 2011).
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Additional clinical manifestations of the invasive disease can include neonatal
necrotizing enterocolitis, which is caused by bacterial colonization of the intestinal tract
resulting in bacteremia and/or meningitis (Baylis et al., 2011), and is associated with
a high case-fatality rate. This disease is seen more frequently in infants fed PIF than in
breastfed infants (Fiore et al., 2008).
Elderly patients are also predisposed to Cronobacter infection, including patients
who have experienced strokes affecting their ability to swallow (dysphagia) and those
on a diet of rehydrated protein supplements (Tall et al., 2013). Observed forms of
Cronobacter infections include wound infections, urinary tract infections, septicemia,
vaginitis and aspiration pneumonia (FAO/WHO, 2008).
2.2.6 Antibiotic resistance of C. sakazakii
Several studies have reported that C. sakazakii can be effectively eliminated by
using various antibiotics. However, C. sakazakii has been found to be resistant to
certain antibiotics such as amoxicillin-clavulanate, cephalothin, rifampicin, and
vancomycin (Table 4). Furthermore, the inappropriate use of antibiotics, such as
prolonged use or an inappropriate dose, quantity, and/or length of application, can lead
to the development of antibiotic resistance (Fei et al., 2015; Langdon et al., 2016;
Pe´rez et al., 2007).
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Table 4. Antibiotic resistance profile of C. sakazakii, P. agglomerans, P. stewartii and
Pantoea spp.
C. sakazakii

P.
agglomerans

P. stewartii

Pantoea
spp.

Amikacin

S

S

-

-

Amoxicillin
AmoxicillinClavulanate
Ampicillin
AmpicillinSulbactam
Aztreonam

-

I

-

-

S/R

-

-

-

S

I

R

R

S

-

-

-

S

S

-

-

Carbenicillin

-

R

-

-

Cefotaxime

S

R

-

-

Ceftazidime

S

S

-

-

Cefepime

S

S

-

-

Ceftriaxone

S

-

-

-

Cefazolin

S

-

-

-

Cephalothin

R

-

-

-

Chloramphenicol

S

S

-

R

Ciprofloxacin

S

S

-

-

Colistin

S

S

-

-

Cotrimoxazole

-

S/R

-

-

Gentamicin

S

S

R

-

Imipenem

S

S

-

-

Kanamycin

-

-

R

S

Levofloxacin

S

S

-

-

Meropenem

S

S

-

-

Mezlocillin

-

S/R

-

-

Minocycline

-

S

-

-

Moxifloxacin

S

S/R

-

-

Nalidixic acid

-

S

R

-

Antibiotics
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Netilmicin

S

-

-

-

Nitrofurantoin

S

-

-

-

Piperacillin
Piperacillintazobactam
Rifampicin

S

S

-

-

S

S

-

-

R

-

R

-

Spectinomycin

S

-

-

-

Streptomycin

-

S

-

-

Tetracycline

S

S

-

S

Ticarcillin

-

S/R

-

-

Tigecycline

-

S

-

-

Tobramycin
Trimethoprimsulfamethoxazole
Vancomycin

S

S

-

-

S

-

-

-

R

-

-

-

References
[1-4]
[5]
[6-9]
[10]
R: resistant; I: intermediate; S: susceptible
[1-4] Fei et al., 2017; Li et al., 2019; Parra-Flores et al., 2018; Sharma & Prakash, 2013
[5] Mardaneh & Dallal, 2013
[6-9] Ahmad et al., 2001; Coplin et al., 1986; Herrera et al., 2008; Mohammadi et al.,
2012
[10] Díaz et al., 2016
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2.2.7 Control of C. sakazakii
The method of manufacturing PIF involves killing at least some bacteria, yeasts
and molds. When PIF is made, it is pasteurized at 85-94°C for 30 s, homogenized,
evaporated and spray-dried into small particles (Chandan & Kilara, 2011). However, this
infant powder is not completely sterilized, and Cronobacter species as well as other
bacteria can be present in PIF. Thus, in order to inactivate any cells of C. sakazakii that
may present in the PIF, water at a temperature of at least 70°C should be used to
reconstitute the powder (Silano et al., 2016). In addition, the prepared formula should
not be left at room temperature for longer than 2 h, or 24 h in the fridge (Silano et al.,
2016).
In terms of using probiotics in infant formula, there are a limited number of
published studies in this area. Saavedra and her team (2004) studied the effect of
consuming PIF with Bifidobacterium lactis and Streptococcus thermophilus among
infants aged 3 to 24 months. They found that after consuming the infant formula with
probiotics, the infants were less colicky or irritable, and they received fewer antibiotics
than the control group. In addition to using the probiotics, other antimicrobial
compounds have been used in broth and PIF to try and control C. sakazakii. For
example, Al-nabulsi et al. (2009) used nisin and lactoferrin to reduce the numbers of
Cronobacter spp. in 0.2% peptone water, however, due to the presence of a high
concentration of divalent cations, the antimicrobial activity of these compounds was not
evident in reconstituted PIF.
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Competitive challenge studies involving probiotics and foodborne pathogens,
done to inhibit and/or inactivate foodborne pathogens (especially C. sakazakii in PIF),
have never been done before. In fact, there is a gap in knowledge regarding the use of
antimicrobial compounds-producing bacterial endophytes to enhance the quality and
safety of PIF.

2.3 Bacterial endophytes
2.3.1 An overview of bacterial endophytes
Endophytic bacteria are bacteria that reside within or associate with plant cells
and cause them no harm (Nair & Padmavathy, 2014). These bacteria may have
a symbiotic interaction with plant cells. Bacterial endophytes can inhabit all parts of
a plant, such as the leaves, fruits and roots (Bodenhausen et al., 2013). Endophytes
play an important role right from the beginning of seed preservation until germination,
helping to ensure successful plant growth (Mitter et al., 2017). When the plant cells are
watered, the bacterial endophytes begin to colonize within plant cells and start providing
growth and nutrients directly and indirectly to the plant (Truyens et al., 2015). At the
beginning of seed germination, Gram-negative bacteria are influential and can be found
more often than Gram-positive bacteria, while the Gram-positive bacteria become
dominant during the seed maturing process (Mano et al., 2006). Figure 3 shows how
bacterial endophytes can enter into plant cells: i) the seed endophytes can mobilize
during seed germination and the seeds can also become colonized by microbes from
the soil (a and b); ii) the plants can also become colonized with endophytes during plant
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growth (c); iii) various endophytes live within plant host cells (d and e) and iv) the
endophytes can become vertically transferred into the seeds (f) (Kandel et al., 2017).
This figure helps us to understand the origin and life cycle of the bacterial endophytic
community.

Figure 3. Colonization of host cell by bacterial endophytes (Kandel et al., 2017).

2.3.2 Applications of bacterial endophytes
The general functions of endophytes have been explored for over a century. In
Figure 4, the small circle in the top-left corner shows the difference in plant growth
when inoculated endophytes are present or absent. Once bacterial endophytes get
inside the plant, they can produce plant hormones such as auxins (IAA), gibberellins
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(GA), cytokinin (CK), volatile organic compounds, as well as secondary metabolites
(SM), and these compounds are then sent into the host cells to increase plant growth.
Some bacterial endophytes are able to fix nitrogen (N2) from the atmosphere and
transport ammonium ions and nitrate to the host cells. Plant cells can release reactive
oxygen species (ROS) when they are stressed due to abiotic factors such as
temperature or light (Wang et al., 2016), or biotic factors such as plant pathogen
invasion. Bacterial endophytes can produce ROS detoxification factors to mitigate plant
stress. Moreover, bacterial endophytes can release signals or autoinducer molecules to
communicate between microorganisms. Finally, endophytes can produce antibiotic-like
compounds, e.g., munumbicin B, which may be used clinically to treat patients, as well
as antimicrobial compounds that can be lethal to a wide range of microorganisms
(Brader et al., 2014; Christina et al., 2013; Hardoim et al., 2015). For this latter reason,
bacterial endophytes can potentially be used as a natural source of antimicrobial
compounds in the food industry.

31

Figure 4. Application of bacterial endophytes in plant cells (Hardoim et al., 2015).
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2.3.3 Bacterial endophyte candidates
A wide diversity of bacterial endophytes has been recovered from plants and
identified by using 16S rRNA gene sequencing (Table 5). The most frequently isolated
phyla were the Proteobacteria, Actinobacteria, Firmicutes and Bacteroides, found in
54%, 20%, 16% and 6% of plants, respectively (Hardoim et al., 2015). The class
Actinobacteria consists of the genera Streptomyces, Microbacterium, Mycobacterium,
Arthrobacter and Curtobacterium. The genus Streptomyces is notable for producing
well-known antibiotic compounds such as streptomycin, which is effective against
pathogenic bacteria (Seipke et al., 2012). In addition, Bacillus and Paenibacillus in the
phylum Firmicutes exhibit antifungal activity against plant pathogens (Zhao et al., 2015).
Table 5. Summary of bacterial endophytes recovered from plants and identified using
16S rRNA gene sequencing (Hardoim et al., 2015)
Diversity of
bacterial endophytes
Acidobacteria
Actinobacteria
Armatimonadetes
Bacteroidetes
Chlamydiae
Chlorobi
Chloroflexi
Cyanobacteria
Deinococcus-Thermus
Elusimicrobia
Firmicutes
Bacilli
Clostridia
Fusobacteria
Nitrospirae

No. of sequence

% of sequence

53
1,461
6
462
8
5
3
102
7
1

0.72
19.88
0.08
6.29
0.11
0.07
0.04
1.39
0.1
0.01

1,132
68
3
3

15.41
0.93
0.04
0.04
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Planctomycetes
Proteobacteria
AlphaBetaDeltaEpsilonGammaSpirochaetae
Tenericutes
Verrucomicrobia

5

0.07

1,337
736
26
3
1,878
3
2
6

18.2
10.02
0.35
0.04
25.56
0.04
0.03
0.08

2.3.3.1 Pantoea spp.
The genus Pantoea was formerly classified in the genus Erwinia. Pantoea,
a Gram-negative bacterium, is part of the family Enterobacteriaceae. This species forms
convex, circular and yellow-pigmented colonies on BHI agar (Walterson & Stavrinides,
2015). Pantoea consists of 20 identified species that share the same phenotype
(Walterson & Stavrinides, 2015). However, only some Pantoea spp. are referenced in
this study. For example, Pantoea stewartii is found in maize and causes leaf blight
disease or Stewart’s wilt on maize. Usually, the corn flea beetle (Chaetocnema
pulicaria) transmits plant pathogens from an infected plant to a healthy plant through the
ingestion of the plant pathogens (Wensing et al., 2010). In addition, Pantoea anthophila
has only been isolated from plant sources (Walterson & Stavrinides, 2015). In 2014, the
first case of soft rot disease caused by P. anthophila in wampee (Clausena lansium)
was reported (Zhou et al., 2014). Pantoea agglomerans and Pantoea dispersa can be
found in natural environments such as soil, water and plants. P. agglomerans can
produce two antibiotics, namely, pantocin A and pantocin B (Wright et al., 2001). These
compounds are used to control fire blight caused by Erwinia amylovora in apples and
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pears (Stockwell et al., 2002). However, P. agglomerans has recently been found in
a hospital environment and patients, and can cause septic arthritis or synovitis through
infected wounds in immunocompromised patients (Dutkiewicz et al., 2016). Moreover,
there was an early report of P. agglomerans causing an abortion in horses (Gibson et
al., 1982). Thus, P. agglomerans would likely not be considered as a potential probiotic
for use in food products.
2.3.3.2 Enterobacter spp.
The genus Enterobacter contains several species, some of which can be
considered plant endophytes. However, some Enterobacter spp. can pose a serious
threat to humans. For example, E. cloacae is found in the human gut and can cause
nosocomial infections in immunocompromised patients. Furthermore, E. cloacae is
a plant pathogen that can cause internal decay in onions or yellowing disease in
papayas (García-gonzález et al., 2018). In contrast, Enterobacter tabaci was first
isolated from a healthy tobacco plant (Duan et al., 2015). Only some characteristics of
E. tabaci such as its metabolism and ability to support plant growth by producing
indoleacetic acid (IAA), were studied (Chi et al., 2018). However, its ability to produce
antimicrobial compounds active against bacteria has not been previously reported.
2.3.3.3 Other species of bacterial endophytes
There are many beneficial bacterial endophytes that can be found in various
fruits and seeds. Some of them are unique to specific plant sources and may play an
important role in supporting or protecting plant cells from plant pathogens (Table 6).
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Table 6. Phylum/genera/species of bacterial endophytes that can be found during
seed/fruit isolation
Bacterial endophyte

Source

species/phylum
Bacillus spp.

Papaya, grape

Reference
(Compant et al., 2011;
Krishnan et al., 2012)

Bacteroidetes

Grape

(Zarraonaindia et al., 2015)

Deinococcus–Thermus

Tomato

(Telias et al., 2011)

Firmicutes

Coffee seed, cucurbit plant, (Adam et al., 2018;
grape, melon seed,

Compant et al., 2011;

pumpkin, and watermelon

Glassner et al., 2015, 2018;
Saminathan et al., 2018;
Vaughan et al., 2015)

Kocuria spp.

Papaya

(Krishnan et al., 2012)

Lactococcus spp.

Coffee seed

(Vaughan et al., 2015)

Paenibacillus spp.

pumpkin

(Adam et al., 2018)

Paenibacillus polymyxa

Maize

(Shehata et al., 2017)

Proteobacteria

Cucurbit plant, melon seed, (Adam et al., 2018;
pumpkin, and watermelon

Glassner et al., 2015, 2018;
Saminathan et al., 2018)

Pseudomonas spp.

Grape

(Zarraonaindia et al., 2015)

Sphingomonas spp.

Grape

(Zarraonaindia et al., 2015)

Streptomyces

Wheat seed

(Coombs & Franco, 2003)

36

2.3.4 Antimicrobial compounds from bacterial endophytes that are active
against foodborne pathogens
Bacterial endophytes engage in antagonistic activity against pathogens,
especially plant pathogens. Golinska and colleagues (2015) found that Streptomyces
coelicolor can produce munumbicins, a group of broad-spectrum antibiotics, active
against Escherichia coli. Shehata et al. (2017) isolated a microbial community from the
various genotypes of maize seed and found that one of the microbial endophytes,
Paenibacillus polymyxa, produces polymyxin, which is active against E. coli O157:H7,
S. enterica Newport, Clostridium perfringens and L. monocytogenes. However, it should
be noted that only 0.001-1% of endophytes can be cultured, i.e., many bacterial
endophytes cannot be cultured under laboratory conditions due to some missing plant
nutrient sources (Eevers et al., 2015). These uncultivated endophytes might also be
able to produce potential antimicrobial compounds active against foodborne pathogens.
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2.3.5 Antibiotic resistance of bacterial endophytes used in this study
C. sakazakii, Pantoea spp. and Enterobacter spp. cannot be distinguished from
each other by using the commercial selective agar, R&F® Enterobacter sakazakii
(Cronobacter), as all of them are closely related phylogenetically, plus they also contain
some common antibiotic resistance genes.
The Enterobacteriaceae family belongs to the phylum Proteobacteria, class
Gammaproteobacteria and order Enterobacteriales. The Enterobacteriaceae family
contains several genera, including the genus Cronobacter, Enterobacter and Pantoea.
Members of the genus Enterobacter include Enterobacter cloacae and Enterobacter
aerogenes, which are responsible for Enterobacter infections in humans. These bacteria
generally arise from the endogenous intestinal flora of hospitalized patients, but they
can be a cause of common source outbreaks or be spread from patient-to-patient
(Donnenberg, 2015). E. cloacae has been globally reported as a multidrug-resistant
strain, and has been found to be resistant to penicillin, cephalosporins, aztreonam and
most -lactam antibiotics (Annavajhala et al., 2019).
Pantoea spp., especially P. agglomerans, are commonly found in nature, as well
as in the environment of hospitals (Mardaneh & Dallal, 2013). P. agglomerans is
associated with human infections, and some of the strains can become multidrugresistant. However, P. agglomerans appears to be susceptible to most antibiotics,
except for carbenicillin and cefotaxime (Table 4). Mardaneh and Dallal (2013) also
demonstrated that some strains of P. agglomerans were susceptible to cotrimoxazole,
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mezlocillin, moxifloxacin and ticarcillin, while others were resistant. In addition, a few
reports have shown that P. stewartii can be resistant to ampicillin, gentamicin,
kanamycin, nalidixic acid and rifampicin (Table 4).
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Chapter III
Material and methods
3.1 Bacterial Strains
Four strains of L. monocytogenes and 5 strains of C. sakazakii were used in this
study (Table 7). In addition, Enterobacter tabaci strain was used as a positive control in
the growth inhibition test (Table 7). All strains were grown at 37°C in Brain Heart
Infusion (BHI; Fisher Scientific, Mississauga, ON), Reasoner's 2A agar (R2A; Fisher
Scientific, Mississauga, ON) and blood agar (TSA with 5% Columbia sheep blood;
Oxoid, Nepean, ON), unless stated otherwise in a particular section. For
L. monocytogenes, they were grown at 37°C in Tryptic Soy Agar (BD Difco, Sparks,
MD) with 0.6% (w/v) yeast extract (Fisher Scientific, Mississauga, ON) (TSA-YE).
Bacterial stocks were prepared from the lawn of an isolated colony in freezing media
(12% w/v skim milk (Nestle Carnation Inc., Carnation, WA), 1% v/v glycerol (Fisher
BioReagents, Fair Lawn, NJ), 1% v/v DMSO (dimethyl sulfoxide; Corning Life Sciences,
Tewksbury, MA). All frozen stocks were kept at -80°C.
Table 7. Bacterial strains used in this study
Code
ILSI 4

Strain
L. monocytogenes 4b

Source

Reference

Food (Mexican

International Life

style cheese), LA

Sciences Institute

USA

(ILSI)

ILSI 18

L. monocytogenes 3a

Human

ILSI

ILSI 34

L. monocytogenes 1/2a

Human (hot dog),

ILSI

USA
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ILSI 39

L. monocytogenes 1/2b

Food (chocolate

ILSI

milk), Illinois, USA
C1212

C. sakazakii 2855

Clinical

Health Canada

C1214

C. sakazakii 2871

Food

Health Canada

C1215

C. sakazakii 2876

Food

Health Canada

C1216

C. sakazakii 3199

Environment

Health Canada

C1217

C. sakazakii 3253

Environment

Health Canada

3E7

Enterobacter tabaci

Wild maize

Dr. Manish Raizada
(Dept. Plant
Agriculture,
University of
Guelph)

3.2 Isolation of bacterial endophytes from different tropical fruits
Papayas (Carica papaya), dragon fruits (Hylocereus undatus) and sugar apples
(Annona squamosa) of various origins were obtained from different grocery stores in
Ontario, Canada (Table 8). The surfaces of the tropical fruits were cleaned with 70%
ethanol inside a biosafety cabinet. After drying for 10 min, the tropical fruits were cut
vertically (Figure 5). A total of 10 g of the seeds or fruits from the tropical fruits were
collected and put into plastic bags.
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Figure 5. Example of a vertical section from the papaya.

An equal amount (10 mL) of 0.1% peptone water (PW; Fisher BioReagents)
was added to the seeds or fruits, which were then massaged for 3 min. Supernatant
without seed particles was collected (referred to as a seed surface method), and then
differentially centrifugated at 2000 x g for 3 min. The supernatant was then transferred
to new microcentrifuge tubes and centrifuged at high speed (12,000 x g) for 10 min. The
supernatant was removed, and the bacterial pellet was resuspended in 400 µL of 0.1%
PW. Finally, 100 µL of the resuspended pellet was plated as an undiluted, and then
serial dilutions of the stock (10-1 and 10-2) were plated in duplicate onto R2A agar and
on blood agar plates. For the endophytes, all plates were incubated at 30°C for 48-72 h.
In parallel, seeds of papayas or sugar apples collected from the previous steps
were decontaminated to recover the microbial community from inside the seeds.
Papaya seeds are covered with mucilage that was removed before decontamination.
First, papaya seeds were added with an equal amount of sterile water (10 mL) to
a filtered Stomacher bag (Labplas Inc., Sainte-Julie, QC), then the mucilage of the
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papaya seeds was removed using the Stomacher at 300 rpm for 15 min. Seeds were
washed twice each with sterile water and then 70% ethanol twice. Subsequently, the
ethanol was removed, and the mucilage of each seed was removed using forceps. The
seeds were left until dry at 37°C for 30 min, and then transferred to a mortar with 10 mL
of 0.1% PW, where they were ground with a pestle. The entire mixture was transferred
to a new centrifuge tube for differential centrifugation as described above. In this step,
seed particles were avoided, and the supernatant was transferred to a microcentrifuge
tube and centrifuged at high speed (12,000 x g) for 10 min. The supernatant was
removed, and the bacterial pellet was resuspended with 400 µL of 0.1% PW. A total of
100 µL of the stock was plated undiluted, and then serial dilutions of the stock (only
10-1) in 0.1% PW were plated in duplicate onto R2A agar and blood agar plates. Plates
were incubated at 30°C for 48-72 h. Single colonies showing distinct phenotypes on
blood agar plates were re-streaked onto the same media in triplicate and incubated at
30°C for 24 h. Finally, all isolates were stored in freezing media at -80°C and identified
by 16S rRNA gene sequencing (described in section 3.4).
Table 8. Origin of tropical fruits obtained from various grocery stores in Ontario
Tropical Fruit

Origin

City

Collection time

Papaya01

Costa Rica

Guelph

February, 2018

Papaya02

Guatemala

Guelph

March, 2018

Papaya03

Guatemala

Guelph

March, 2018

Papaya04

Costa Rica

Guelph

March, 2018

Papaya05

Hawaii

Toronto

March, 2018

Papaya06

Ixtapa, Mexico

Toronto

March, 2018

Papaya07

Costa Rica

Guelph

April, 2018
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Papaya08

Mexico

Mississauga

April, 2018

Papaya09

Ixtapa, Mexico

Guelph

April, 2018

Papaya10

Guatemala

Guelph

May, 2018

Papaya11

n/a

Guelph

July, 2018

Papaya12

Guatemala

Guelph

July, 2018

Papaya13

Mexico

Guelph

July, 2018

Papaya14

Mexico

Guelph

August, 2018

Papaya15

Mexico

Guelph

August, 2018

Papaya16

Mexico

Guelph

August, 2018

Papaya17

Mexico

Guelph

August, 2018

Dragon fruit01

Vietnam

Guelph

August, 2018

Dragon fruit02

Vietnam

Guelph

September, 2018

Dragon fruit03

n/a

Guelph

September, 2018

Dragon fruit04

n/a

Mississauga

September, 2018

Dragon fruit05

Ecaudor

Mississauga

September, 2018

Sugar apple01

n/a

Mississauga

September, 2018

Sugar apple02

n/a

Mississauga

September, 2018

Sugar apple03

n/a

Toronto

November, 2018

Sugar apple04

n/a

Toronto

November, 2018

Sugar apple05

n/a

Toronto

November, 2018

Guava01

n/a

Mississauga

September, 2018

Guava02

n/a

Mississauga

September, 2018

Guava03

n/a

Mississauga

September, 2018

Guava04

n/a

Toronto

November, 2018

Guava05

n/a

Toronto

November, 2018
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3.3 Growth inhibition test
To screen for antimicrobial activity against L. monocytogenes or C. sakazakii
from each bacterial endophyte candidate, the growth inhibition test was performed
following Gelda et al. (2019). L. monocytogenes strain 4b or C. sakazakii strain 1214
was incubated at 37°C overnight in BHI broth. In parallel, bacterial endophytes were
cultured in BHI broth at 30°C overnight. A lawn of an overnight culture of each
foodborne pathogen was swabbed onto BHI agar by using a cotton swab (~100 μL),
and then allowed to dry for 5 min. Then, a 5-µL drop of an overnight culture was
dropped onto the top of the lawn of the foodborne pathogen, as shown in Figure 6, and
left to dry. Plates were incubated at 30°C overnight. The following day, the clear zone or
inhibition zone was measured in both quantitative and qualitative terms (reported in
mm). The bacterial endophytes that produced an inhibition zone were considered as
inhibitory strains. For each isolate, the assay was repeated in triplicate.
The positive control in this method was Enterobacter tabaci (strains 3E7 from Dr.
Raizada Lab), while 0.1% PW in BHI broth was used as a negative control.
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No growth

5-µl of overnight
culture
Negative control
Clear zone or
inhibition zone
Positive control

Figure 6. Model for growth inhibition test against foodborne pathogens using the dropplate technique.

3.4 Identification of inhibitory strains by 16S rRNA gene
sequencing
The bacterial endophytes that showed an inhibition zone (clear zone) against
either L. monocytogenes or C. sakazakii, were classified as inhibitory strains. Only
inhibitory strains were sent for 16S rRNA sequencing to identify the endophyte down to
the species or genus.
For total genomic DNA extraction, the isolates were resuspended in 400 µL of TE
buffer (1 M Tris (Fisher Scientific), 0.5 M ethylenediaminetetraacetic acid (EDTA, pH
8.0; Millipore Sigma, Oakville, ON) and then vortexed. The bacterial suspension was
boiled for 15 min and centrifuged at max speed (12000 x g) for 2 min. After
centrifugation, the supernatant was transferred to a new microcentrifuge tube and used
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as a DNA template for PCR assays. Alternatively, DNA was extracted by InstaGene TM
Matrix (BioRad, Hercules, CA) following the manufacturer’s recommendations.
The PCR products were amplified in 25-µL reactions. The PCR reactions were
performed as follows: 1X ThermoPol reaction buffer (NEB, Whitby, ON), 0.2 mM dNTPs
(Invitrogen, Nepean, ON), 0.8 µM of each primer V3kl (5’ATTAACCCTCACTAAAGTAC
GGRAGGCAGCAG-3’) and V6r (5’AATACGACTCACTATAGGGACRACACGAGCTGA
CGAC-3’) (Gloor et al., 2010), 2.5 U of Taq DNA polymerase (NEB) and 5 µL of DNA
template. The amplified PCR product is an 800-bp segment of the V3-V6 16S rRNA
gene. The following PCR conditions were used: initial denaturation at 94°C for 3 min,
followed by 35 cycles consisting of denaturation (94°C for 30 s), annealing (60°C for 30
s), and extension (72°C for 30 s), and a final extension step at 72°C for 5 min. The
amplified products were separated by 1% w/v agarose gel (Invitrogen, Carlsbad, CA),
electrophorized in a 1X Tris Acetate EDTA buffer (TAE; Fisher BioReagents) and
visualized using EZVision® DNA dye staining (VWR, Mississauga, ON) with ChemiDoc
(Bio-Rad, Hercules, CA).
The PCR amplified products were sent to the Advanced Analysis Centre
Genomics Facility, Science Complex, University of Guelph, for sequencing. The
retrieved sequences were aligned and trimmed by the CodonCode Aligner (CodonCode
Corporation, USA) and searched using the nucleotide Basic Local Alignment Search
Tool (BLASTn) in the GenBank database (NCBI). The resulting hits allowed for
approximate speciation (> 97% identity match) for the strains according to their closest
match in the database.
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3.5 Challenge studies to determine the ability of selected
endophytes to inhibit the growth of L. monocytogenes
3.5.1 The calibration curve of inhibitory strains and foodborne pathogens
A single colony of bacteria was inoculated into appropriate media (TSA-YE for
L. monocytogenes and BHI for C. sakazakii and selected inhibitory strains) and
incubated for 24 h using a shaking incubator (200 rpm, 37°C). Overnight cultures were
sub-cultured (1:100) into the appropriate media and incubated for 18 h with a shaking
incubator. A portion (100 µL) was spread-plated onto the appropriate agar and
incubated for 24 h. Bacterial lawns were resuspended in 6 mL of 0.1% (w/v) PW with
20% (v/v) glycerol (PW-gly) using cell spreaders (Fisher Scientific). This volume was
chosen to completely cover the surface of the agar plate without it flowing over the sides
of the dish during the resuspension process.
For each strain of bacteria, calibration curves were created (viable cell
concentration vs. OD600). Ten-fold serial dilutions of the resuspended bacterial lawn
were performed in sterile 0.1% PW and 100 µL was plated onto the appropriate agar in
triplicate. Plates were incubated for 24 h, and colonies within a countable range were
counted. Simultaneously, 2-fold serial dilutions of the resuspended bacterial lawn were
performed in 0.1% PW and conducted in 2 mL polystyrene cuvettes (Fisher Scientific),
and OD600 values were recorded using a Beckman DU 530 UV/Vis Spectrophotometer.
Readings were obtained from triplicate aliquots of the resuspended lawn for each
dilution.
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3.5.2 The cocktail preparation
Considering the calibration curve of each strain, the cocktail was prepared by
adjusting the volume with an equal concentration of each strain. Then, 1-mL of the
cocktail mixture of the four strains of L. monocytogenes or three strains of C. sakazakii,
or 5 inhibitory strains (07SSR2.1, 10SUP1.1, 01DFB10.1, 03SAB2.1 and 03SAR2.2)
that produced inhibition zone against L. monocytogenes, were aliquoted. Bacterial
cocktails resuspended in 0.1% PW with 20% glycerol were stored at -20°C.
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3.5.3 The competitive challenge study of L. monocytogenes and inhibitory
strains in cantaloupe flesh and skin
Cantaloupes (Cucumis melo) were obtained at different times from the Metro
Grocery Store (Guelph, ON) (Table 9). The cantaloupes were cleaned with 70% ethanol
and allowed to dry in a biosafety cabinet (BSC). The cantaloupe flesh or skin was cut
into pieces weighing 10 g each. In parallel, the cocktails of inhibitory strains and
L. monocytogenes were thawed at room temperature and centrifuged at 9000 x g for
8 min. Then the supernatant was discarded and resuspended with 1 mL of 0.1% PW.
This step was repeated twice to remove the glycerol. Finally, the bacterial pellets of the
cocktail were resuspended with 1 mL of 0.1% PW. The inoculum level was prepared
based on the enumeration of the frozen cocktail of inhibitory strains/L. monocytogenes.
The inoculum level of the L. monocytogenes cocktail was 102 CFU/g, while the inoculum
level of the inhibitory stains was 107 CFU/g.
The experiments were divided into four treatments (Figure 7): treatment (I)
involved inoculation with a cocktail of L. monocytogenes; treatment (II) involved
inoculation with a cocktail of L. monocytogenes and the inhibitory strains; treatment (III)
involved inoculation with a cocktail of inhibitory strains, and the last treatment (IV)
involved inoculation with 0.1% PW. A 1% v/w cocktail of L. monocytogenes was added
to treatments I and II and allowed to dry. A 1% v/w cocktail of the inhibitory strain was
used in treatments II and III and allowed to dry. All samples were packaged in plastic
bags. The packaged samples were stored for a day at room temperature. Samples were
collected at 0, 2, 4, 6 and 24 h for the flesh of the cantaloupe and at 0, 6 and 24 h for
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the skin of the cantaloupe. The total number of L. monocytogenes and inhibitory strains
was determined by spread plating onto BHI and Oxford agars (Oxoid, Canada). The pH
and water activity (aw) in each treatment were measured at each sampling time.
In addition, the background microflora of the flesh and skin of the cantaloupe was
recovered as described in section 3.2 and sent for identification. All experiments were
done in triplicate.
Table 9. Origin of cantaloupe obtained from Metro grocery stores for challenge study
with L. monocytogenes in cantaloupe flesh/skin
Challenge study on

Flesh cantaloupe

Skin cantaloupe

Cantaloupe no.

Origin

Collection time

1

USA

June, 2019

2

USA

June, 2019

3

USA

June, 2019

4

USA

October, 2019

5

USA

October, 2019

6

USA

October, 2019
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Figure 7. Flow chart showing cantaloupe flesh/skin inoculation with L. monocytogenes and inhibitory strains.
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3.6 Antimicrobial susceptibility test for C. sakazakii
According to the available literature on selective agar for C. sakazakii (R&F agar;
R&F products, IL, USA), the inhibitory strains (07SSR#2.1, 10SUP#1.1, 01DFB#10.1,
03SAB#2.1 and 03SAR#2.2) can grow on R&F agar. In fact, these inhibitory strains can
overgrow C. sakazakii and affect the enumeration of C. sakazakii. Therefore, an
antimicrobial susceptibility test was conducted to determine which antibiotics
C. sakazakii was resistant or sensitive to. This modified BHI agar with antibiotics helped
differentiate C. sakazakii from the inhibitory strains.
Each of the C. sakazakii and inhibitory strains was individually cultured in BHI
broth in a shaking incubator (200 rpm) at 37oC, overnight. The OD600 values of each
strain were measured using a Beckman DU 530 UV/Vis Spectrophotometer. Then, each
culture was adjusted to an OD600 of 0.25 or McFarland standard No. 1. This step was
done to standardize the number of bacteria in each culture. After that, each bacterium
was swabbed over the BHI agar plate and then the plates were left to dry for 5 min.
In parallel, the antibiotic discs were left at room temperature for 1 h. In this study, the
antibiotics used were ampicillin, cephalothin, ciprofloxacin, penicillin G, polymyxin B and
tetracycline (Oxoid, Nepean, ON). The antibiotic discs were placed onto BHI agar by
using sterile forceps to avoid contamination. Then, plates were incubated at 37oC for 24
h. The zone was measured in quantitative and qualitative terms. For quantitative
determination, the zone was classified as either sensitive (S), intermediate (I), or
resistant (R) based on the CLSI (US Food and Drug Administration; FDA).
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3.7 Competitive challenge studies of C. sakazakii and inhibitory
strains in liquid infant formula
The liquid infant formula (LIF; Similac Advance Step 1 Ready-To-Use Baby
Formula; Abbott, Canada) was aliquoted into four bottles. Pantoea stewartii
(01DFB10.1) was chosen as an inhibitory strain in this study because the other
inhibitory strains were able to grow on the Cronobacter selective media, so that one
could not distinguish C. sakazakii from the inhibitory strains. In fact, C. sakazakii can
only be differentiated from this particular strain of P. stewartii, by using BHI agar
modified by the addition of cephalothin.
Frozen cultures of P. stewartii or frozen cocktails of C. sakazakii were thawed at
room temperature, centrifuged at 9000 x g for 8 min, and then the supernatant was
discarded and resuspended with 0.1% PW. This step was repeated twice to remove the
glycerol. Finally, the bacterial pellets of the cocktail were resuspended with 1 mL of
0.1% PW. The inoculum level was prepared based on the enumeration of the frozen
cocktail of inhibitory strain/C. sakazakii. The inoculum level of the C. sakazakii cocktail
was 102 CFU/mL, while the inoculum level of the inhibitory stain was 107 CFU/mL.
The experiments were divided into four treatments (Figure 8): In treatment (I),
the LIF was inoculated with a cocktail of C. sakazakii, the LIF in treatment (II) was
inoculated with cocktail of C. sakazakii and the inhibitory strain, the LIF in treatment (III)
was inoculated with a frozen culture of the inhibitory strain and in the last treatment (IV),
LIF was inoculated with 0.1% PW. A 1% v/v cocktail of C. sakazakii was added to the
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LIF in treatments I and II. Furthermore, a 1% v/v of the inhibitory strain cocktail was
added to the LIF in treatments II and III. After the bacteria were spiked into the LIF, the
LIF was mixed by gentle shaking.
The LIF was stored at room temperature for a day. Samples were collected at 0,
6 and 24 h. The levels of both C. sakazakii and the inhibitory strain were determined by
spread plating onto BHI agar and BHI agar with 30 µg/µL cephalothin. Furthermore, at 0
h, 1-mL of the LIF was concentrated by centrifuging, then resuspended with a small
volume of 0.1% PW and plated onto blood agar to recover the background microbe of
the LIF. The pH of each treatment was measured at each sampling time.
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Figure 8. Flow chart showing the process of liquid infant formula inoculation with C. sakazakii and the inhibitory strain.
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3.8 Statistical analysis
The competitive challenge study experiments were repeated in triplicate (N=3).
At each sampling time, each treatment was sampled in duplicate and plated onto each
media in triplicate. All values from each sampling time were pooled together to quantify
the number of bacteria. However, if the number of bacteria was lower than the limit of
detection (less then 20 colonies), the plating volume was increased (200 µL instead of
100 µL) in order to reach the lower limit of detection.
All statistical tests were conducted using IBM SPSS Statistics Version 25, 64-bit
edition (SPSS Inc., Chicago, IL). For all parametric tests, Shapiro-Wilk tests of normality
and Levene’s tests were conducted to confirm that the data met the test assumptions.
To compare each treatment at the same time point, an ANOVA test was conducted
(Antônio et al., 2015).
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Chapter IV
Results
4.1 Isolation of bacterial endophytes from tropical fruits
To recover the endophytic bacterial community from tropical fruits or seeds, the
bacteria were washed with 0.1% PW and plated onto R2A agar and blood agar, and
then incubated at 30°C to reproduce the natural condition of plants. Bacterial colonies
were differentiated by morphology (color, size, margin and elevation) and 16S rRNA
sequencing.
A total of 196 isolates was recovered from tropical fruits or seeds. For each type
of tropical fruit, the difference in the number of bacterial phenotypes on blood agar and
R2A agar can be seen in Table 10. The total plate counts for the pulp or seed surface of
these fruits ranged from 102 to 104 CFU/g. A higher number of bacterial isolates was
recovered from the blood agar plates (108 isolates) than the R2A agar (88 isolates).
In contrast, bacteria were not recovered from inside the seeds of papaya or sugar apple
after crushing or breaking the seeds by the methods used in this study.

58

Table 10. Source of isolation of bacterial endophytes recovered from tropical fruits
Fruit

Dragon

Sugar

fruit

apple

17

5

5

5

8

5

2

4

47%

100%

40%

80%

31

51

13

13

24

36

16

12

Papaya

No. of samples
No. of samples in which bacterial
recovery was successful
Success rate
No. of bacterial phenotypes on blood
agar
No. of bacterial phenotypes on R2A agar

Guava

4.2 Growth inhibition assay against foodborne pathogens
All of the isolates referred to in Table 10 were tested for their potential inhibitory
activity against L. monocytogenes serotype 4b and C. sakazakii strain 1214. The total
number of candidate bacterial endophytes causing inhibition against L. monocytogenes
from papayas, dragon fruits and sugar apples was 17, 12 and 4, respectively.
Regarding papayas, dragon fruits and sugar apples, only 4, 3 and 6 isolates,
respectively, inhibited C. sakazakii on plates. In addition, 3 isolates for each tropical fruit
(papayas, dragon fruits and sugar apples) showed inhibitory activity against both
foodborne pathogens. The most promising inhibitory candidates that produced the
largest inhibition zone against L. monocytogenes from each tropical fruit were strains
07SSR#2.1 (papaya), 01DFB#10.1 (dragon fruit) and 03SAB#2.1 (sugar apple), while
the top candidate endophytes from each tropical fruits that showed the largest inhibition
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zone against C. sakazakii were 10SUP#1.1 (papaya), 01DFB#10.1 (dragon fruit) and
03SAB#2.1 (sugar apple). A summary of the inhibition zone sizes for each isolate
against L. monocytogenes and C. sakazakii can be seen in Figures 9 and 10,
respectively.
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Figure 9. Summary of the inhibition zone sizes produced by candidate bacterial endophytes from different tropical fruits
(orange: isolates from papayas; red: isolates from dragon fruits; yellow: isolates from sugar apples) against
L. monocytogenes serotype 4b. Positive control: E. tabaci 3E7.
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Figure 10. Summary of the inhibition zone sizes produced by candidate bacterial endophytes from different tropical fruits
(orange: isolates from papayas; red: isolates from dragon fruits; yellow: isolates from sugar apples) against C. sakazakii
strain 1214. Positive control: E. tabaci 3E7.
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4.3 Identification of inhibitory strains
The 16S rRNA gene is known as a housekeeping gene, which is universally
present in almost all bacteria (Janda & Abbott, 2007). In this study, primers targeting the
V3 to V6 variable region of the 16S rRNA gene were used to predict the taxonomy of
bacteria down to the genus level, and with lower confidence, to the species level.
An example of amplification of the16S rRNA gene is shown in Figure 11.
A total of 36 inhibitory isolates possessing inhibitory activity against
L. monocytogenes or C. sakazakii was sent for identification by 16S rRNA sequencing.
The papaya fruit isolates showed highest sequence matches to Microbacterium
arborescens, Pantoea dispersa, Enterobacter tabaci, Enterobacter xiangfangensis,
Staphylococcus xylosus and Bacillus spp. In addition, the dragon fruit isolates were
tentatively classified as Pseudomonas aeruginosa, Pantoea stewartii, M. arborescens
and Bacillus spp. Besides, Bacillus spp., Klebsiella grimontii and Pantoea anthophilla
were the candidate endophytes isolated from sugar apples that inhibited foodborne
pathogens. A summary of the inhibitory strains and their origin can be seen in Table 11.
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Figure 11. Example of PCR amplification of the 16S rRNA gene of the inhibitory strains
from dragon fruits and sugar apples. M: 100-bp marker; 1: 01DFB#2.1;
2: 01DFB#3.2; 3: 01DFB#9.1; 4: 01DFB#9.3; 5: 01DFB#10.1; 6: 01DFB#18.1;
7: 03SAB#1.1; 8: 03SAB#2.1; 9: 03SAR#1.1; 10: 03SAR#1.2; 11: 03SAR#2.1;
12: 03SAR#2.2; NTC: no template control.
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Table 11. Summary of the inhibitory strains collected from different tropical fruits

Fruit

Origin

No. of inhibitory
strains

Inhibitory activity against
L. monocytogenes (% identity)
M. arborescens (99%)

Costa Rica

5

E. tabaci (98%)
E. xiangfangensis (99%)

Papaya

Guatemala

1

Mexico

11

P. dispersa (99%)
S. xylosus (100%)
B. zhangzhouensis (100%)

C. sakazakii (% identity)
E. tabaci (98%)
E. xiangfangensis (99%)
-

P. aeruginosa (100%)
P. stewartii (99%)
Dragon fruit

Vietnam

12

M. arborescens (99%)
B. oshimensis (99%)

P. aeruginosa (100%)
P. stewartii (99%)

B. lehensis (99%)
Sugar apple

n/a

6

B. aerius (99%)

K. grimontii (99%)

P. anthophila (99%)

P. anthophilla (99%)
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4.4 Inhibition of L. monocytogenes in the flesh and skin of
cantaloupes by candidate bacterial endophytes
A cocktail of 5 candidate bacterial endophytic strains was used in the competitive
challenge study. A summary of the number of bacteria in different treatments is shown
in Table 12. The growth of L. monocytogenes at room temperature with and without the
inhibitory strains, slightly increased for 6 h after inoculation. In treatment I (only
L. monocytogenes), after storage for 24 h, there was a dramatic increase in the number
of L. monocytogenes of approximately 5 log10 CFU/g from the base inoculum level.
However, in trials containing both L. monocytogenes and the inhibitory strain cocktail,
a significant reduction in L. monocytogenes of approximately 2 log10 CFU/g was
observed (P < 0.05), as compared to the treatment without the inhibitory strains (Figure
12). During 6 h of storage at room temperature, the levels of the inhibitory strains in
treatments with and without L. monocytogenes slightly increased. After 24 h of storage,
the number of inhibitory strains in the treatment with and without L. monocytogenes
increased approximately 2.5 log10 CFU/g (Figure 13). At each sampling point, the water
activity (aw) was measured to ensure the cantaloupe support bacterial growth, and the
results showed no significant difference. The pH values decreased slightly in treatments
II and III with the bacterial endophytes, as compared to the control treatment IV.
For the experiment using the flesh of the cantaloupe, background microbiota
controls showed that the total plate count on BHI agar was less than 2 log 10 CFU/g
during 0, 2, 4 and 6 h of storage at room temperature. However, after 24 h, in treatment
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IV, there was an increase in the number of background bacteria of approximately 4 log10
CFU/g. In addition, the control treatment (treatment IV) was also plated onto Oxford
agar to enumerate L. monocytogenes, and the results showed no counts for
L. monocytogenes during storage for 24 h. To study the fruit microbiota, the supernatant
from the flesh of the cantaloupe was concentrated using centrifugation. Bacillus spp.,
Erwinia aphidicola, Curtobacterium oceanosedimentum and Microbacterium spp. were
isolated and tentatively identified by 16S rRNA sequencing.
Regarding the skin of the cantaloupe, the number of bacterial counts for the
different treatments during each storage time is shown in Table 13. In the beginning,
a cocktail of L. monocytogenes was inoculated onto the cantaloupe skin at a level of
2 log10 CFU/g. There was no growth of L. monocytogenes after the cantaloupe skin was
left out at room temperature for 6 h. In addition, there was no significant difference in
the levels of L. monocytogenes in the treatments with and without candidate bacterial
endophytes (Figure 14). The number of L. monocytogenes increased by approximately
1.5 log10 CFU/g after 24 h of storage at room temperature. Furthermore, the number of
inhibitory strains was not significantly different in the treatments with and without
pathogens (Figure 15). The candidate bacterial endophytes only grew by 1 log 10 CFU/g
after 24 h of storage on the skin of the cantaloupe at room temperature.
At 0 and 6 h, the total aerobic bacteria recovered from treatment IV with only PW
as a control, was lower than the limit of detection (less than 20 CFU), which shows that
the background microbiota should not influence the treatment. After 24 h at room
temperature, the total number of aerobic bacteria increased by approximately 4 log 10
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CFU/g. The background microbes, predicted to be Bacillus spp., Paenibacillus spp.,
Oceanobacillus picturae, Curtobacterium flacumfaciens and Erwinia aphidicola, were
recovered from the skin of the cantaloupe.
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Table 12. Numbers of L. monocytogenes and inhibitory strains on cantaloupe flesh using different treatments
Treatment I2

Treatment II2

Treatment III2

Treatment IV2

Hours of storage

No. of L.
monocytogenes
(log10 CFU/g)

No. of L.
monocytogenes
(log10 CFU/g)

No. of inhibitory
strains
(log10 CFU/g)

No. of inhibitory
strains
(log10 CFU/g)

Total aerobic
plate counts on
BHI agar
(log10 CFU/g)

0

2.43 ± 0.11

2.50 ± 0.08

5.90 ± 0.21

5.84 ± 0.17

<2

2

2.65 ± 0.01

2.60 ± 0.08

5.95 ± 0.20

5.88 ± 0.17

<2

4

3.04 ± 0.23

3.08 ± 0.17

6.23 ± 0.38

6.19 ± 0.43

<2

6

3.55 ± 0.27

3.57 ± 0.29

6.76 ± 0.63

6.47 ± 0.68

<2

24

7.46 ± 0.60*

5.47 ± 0.10*

9.16 ± 0.20

9.11 ± 0.20

4.43 ± 0.79

*There was a significant difference in the numbers of L. monocytogenes (P < 0.05).
1The cocktail

of inhibitory strains used in this study included two E. tabaci, one P. stewartii and two P. anthophila.

I – inoculated with only L. monocytogenes; Treatment II – co-inoculated with L. monocytogenes and inhibitory
strains; Treatment III – inoculated with inhibitory strains; Treatment IV – background control
2Treatment
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Figure 12. Survival of L. monocytogenes without inhibitory strains (yellow) and with
inhibitory strains (blue) inoculated onto cantaloupe flesh at room temperature and plated
onto Oxford agar (N=3).
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Figure 13. Survival of inhibitory strains with L. monocytogenes (purple) and without
L. monocytogenes (green) inoculated onto cantaloupe flesh at room temperature and
plated onto BHI agar (N=3).
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Table 13. Numbers of L. monocytogenes and inhibitory strains on the skin of the cantaloupe with different treatments
Treatment I2
Hours of
storage

Treatment II2

Treatment III2

Treatment IV2

No. of
L. monocytogenes
(log10 CFU/g)

No. of
L. monocytogenes
(log10 CFU/g)

No. of inhibitory
strains
(log10 CFU/g)

No. of inhibitory
strains
(log10 CFU/g)

Total aerobic
plate counts on
BHI agar
(log10 CFU/g)

0

2.07 ± 0.05

2.09 ± 0.02

6.73 ± 0.10

6.79 ± 0.02

<2

6

2.10 ± 0.04

2.01 ± 0.04

6.68 ± 0.12

6.68 ± 0.06

<2

24

3.38 ± 0.07

3.35 ± 0.20

7.59 ± 0.09

7.64 ± 0.20

3.96 ± 1.22

1The cocktail

of inhibitory strains used in this study included two E. tabaci, one P. stewartii and two P. anthophila.

I – inoculated with only L. monocytogenes; Treatment II – co-inoculated with L. monocytogenes and inhibitory
strains; Treatment III – inoculated with inhibitory strains; Treatment IV – background control.
2Treatment

71

4

log10 CFU/g

3
2

Lm

1

Lm with inhibitory
strains

0
0

4

8
12
16
Storage hours

20

24

Figure 14. Survival of L. monocytogenes without inhibitory strains (yellow) and with
inhibitory strains (blue) inoculated onto cantaloupe skin and plated onto Oxford agar
(N=3).
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Figure 15. Survival of inhibitory strains with L. monocytogenes (purple) and without
L. monocytogenes (green) inoculated on cantaloupe skin and plated onto BHI agar (N=3).
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4.5 Antibiotic resistance of C. sakazakii and the inhibitory strains
To modify the BHI agar in order to be able to differentiate between C. sakazakii
and the inhibitory strains, antibiotic susceptibility tests were performed. The results of
the antibiotic resistance of C. sakazakii and inhibitory strains are summarized in Table
14. All 5 strains of C. sakazakii tested were sensitive to ampicillin, penicillin, polymyxin
B, tetracycline and ciprofloxacin, and resistant to penicillin. However, only C. sakazakii
strains 1214, 1215 and 1217 were resistant to cephalothin. Regarding the inhibitory
candidate endophytic strains, 07SSB#2.1 (E. tabaci), 10SUP#1.1 (E. tabaci),
01DFB#10.1 (P. stewartii), 03SAB#2.1 (P. anthophila) and 03SAR#2.2 (P. anthophila)
were susceptible to polymyxin B, tetracycline and ciprofloxacin. In addition, isolates
01DFB#10.1 (P. stewartii), 03SAB#2.1 (P. anthophila) and 03SAR#2.2 (P. anthophila)
were susceptible to cephalothin and penicillin. In contrast, E. tabaci were resistant to
ampicillin, cephalothin and penicillin, while P. anthophila (03SAB#2.1) was resistant to
ampicillin only. Consequently, cephalothin was chosen because C. sakazakii strains
1214, 1215 and 1217 were resistant to cephalothin, while only P. stewartii was
susceptible to cephalothin. Therefore, cephalothin was used to modify the BHI agar in
order to distinguish C. sakazakii from the inhibitory strains.
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Table 14. Antibiotic susceptibility of different strains of C. sakazakii and inhibitory strains
C. sakazakii strain no.
Antibiotic/
strains

Inhibitory strains

1212

1214

1215

1216

1217

E. tabaci1

E. tabaci2

P.
stewartii3

P.
anthophila4

P.
anthophila5

Ampicillin
(10 ug)

S

I

S

S

S

R

R

S

R

S

Cephalothin
(30 ug)

S

R

R

I

R

R

R

S

S

I

Penicillin
(10 unit)

R

R

R

R

R

R

R

I

I

I

Polymyxin B
(300 unit)

S

S

S

S

S

S

S

S

S

S

Tetracycline
(30 ug)

S

S

S

S

S

S

S

S

S

S

Ciprofloxacin
(5 ug)

S

I

S

I

I

I

S

S

S

S

R: resistant; I: intermediate; S: susceptible.
1Isolate no. 07SSB#2.1
2Isolate no. 10SUP#1.1
3Isolate no. 01DFB#10.1
4Isolate no. 03SAB#2.1
5Isolate no. 03SAR#2.2
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4.6 Inhibition of C. sakazakii in liquid infant formula by a
candidate bacterial endophyte
Liquid infant formula (LIF) was inoculated with C. sakazakii (treatment I),
C. sakazakii and the inhibitory strain (01DFB10.1; P. stewartii) (treatment II), an
inhibitory strain only (treatment IV) and PW (treatment IV). The total bacterial counts for
the different treatments during sampling are shown in Table 15. When the LIF was
inoculated with 100 CFU/mL of C. sakazakii, the number of cells during the experiment
(treatment I) increased by almost 2.5 log10 CFU/mL after storage at room temperature
for 24 h. However, the levels of C. sakazakii in the treatment III with the inhibitory strain
(P. stewartii) showed a significant reduction (P < 0.05) of approximately 1 log10 CFU/mL
as compared to the treatment I (Figure 16). This demonstrated that P. stewartii showed
antimicrobial activity against C. sakazakii during the experiment. In addition, there was
no significant difference in the growth of the P. stewartii in the presence or absence of
C. sakazakii (Figure 17), i.e., it increased in number by around 1.5 log 10 CFU/mL after
storage at room temperature for 24 h. There was a slight change in pH during bacterial
growth.
The background controls showed no counts on either the BHI agar or BHI with 30
µg/mL cephalothin during 24 h at room temperature. In addition, no background
microbiota was observed after concentrating the liquid infant formula by centrifuging and
resuspending it in a small volume of PW by the methods tested in this study. The LIF
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was already processed to be sterile, and so the treatments were not affected by the
background microbiota.
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Table 15. Numbers of C. sakazakii and P. stewartii in liquid infant formula with different treatments
Treatment I1

Treatment II1

Treatment III1

Treatment IV1

Hours of storage

No. of
C. sakazakii
(log10 CFU/mL)

No. of
C. sakazakii
(log10 CFU/mL)

No. of
P. stewartii
(log10 CFU/mL)

No. of
P. stewartii
(log10 CFU/mL)

Total aerobic
plate counts on
BHI agar
(log10 CFU/mL)

0

2.08 ± 0.19

2.21 ± 0.08

6.33 ± 0.20

6.24 ± 0.20

0

6

2.38 ± 0.05

2.29 ± 0.05

6.49 ± 0.07

6.49 ± 0.09

0

24

4.81 ± 0.19*

3.91 ± 0.39*

8.19 ± 0.16

8.11 ± 0.13

0

*There was a significant difference in the numbers of C. sakazakii (P < 0.05).
I – inoculated with only C. sakazakii; Treatment II – co-inoculated with C. sakazakii and P. stewartii; Treatment
III – inoculated with P. stewartii; Treatment IV – background control.
1Treatment
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Figure 16. Survival of C. sakazakii without P. stewartii (yellow) and with P. stewartii
(blue) inoculated in liquid infant formula at room temperature and plated onto BHI agar
with 30 µg/mL of cephalothin (N=3).
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Figure 17. Survival of P. stewartii with C. sakazakii (purple) and without C. sakazakii
(green) inoculated in liquid infant formula at room temperature and plated onto BHI agar
(N=3).
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Chapter V
Discussion
Bacterial endophytes have been used since the 1970s in plant agriculture as biocontrol agents (Chen et al., 1995; Poon et al., 1977). Bacterial endophytes can produce
antimicrobial compounds or antibiotics and act as “plant vaccines” to eliminate plant
pathogens. These bacteria endophytes may also be able to produce antimicrobial
compounds that possess antimicrobial activity against foodborne pathogens. Shehata et
al. (2017) found that P. polymyxa isolated from maize could inhibit L. monocytogenes,
S. enterica, E. coli O157:H7 and C. perfringens in vitro. This showed that bacterial
endophytes from plants could potentially play an important biocontrol role in the food
industry. In 2011, an outbreak of L. monocytogenes due to the consumption of
contaminated cantaloupes caused 33 deaths (CDC, 2012). Bacterial endophytes from
tropical fruits may be able to be used as effective biocontrol agents for preventing future
fruit-related outbreaks. In addition, some of the food products, especially fresh fruits and
vegetables, cannot be treated with thermal processing such as irradiation or
pasteurization to kill pathogens (Mostafavi, 2012). Thus, using live bacterial endophytes
or antimicrobial compounds from them, which is relatively inexpensive and
straightforward compared to other approaches, may be an effective alternative way to
control foodborne pathogens in particular food products. Although bacterial endophytes
can inhibit foodborne pathogens, their relationship and host-association with humans
are currently unknown (Walterson & Stavrinides, 2015).
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To investigate the novelty of using bacterial endophytes as biocontrol agents, the
first tropical fruit chosen was papaya, because in some countries such as Brazil, people
consume dried papaya seeds for intestinal parasite cleansing (Okeniyi et al., 2007).
Furthermore, papaya seed extract contains several antimicrobial compounds that are
active against pathogens (Abdullah et al., 2017). There is little to no information on the
microbiota of papaya, especially the papaya seeds.
In this study, a method to recover bacterial endophytes from the surface and
inside of papaya seeds was developed. The candidate bacterial endophytes were
isolated using both blood agar and R2A agar plates because different bacterial
endophytes have different growth requirements. For example, R2A agar was selected to
suppress the fast-growing bacteria and permit the growth of the slow growers
(Reasoner & Geldreich, 1985), while blood agar is considered an enriched medium, i.e.,
it contains tryptic soy agar with 5% Columbia sheep blood, and it is known to be rich in
nutrients and growth factors to facilitate the growth of fastidious bacteria (Buxton, 2005).
We were not able to isolate bacterial endophytes from all of the tropical fruits
examined, i.e., papaya and sugar apple. Diskin et al. (2017) found that the microbiota
recovered from the stem ends of mango fruits changed depending on the storage and
ripening conditions. In addition, the ripening conditions can impact the physiology of the
fruits and lead to changes in the composition of the microbial community (Droby &
Wisniewski, 2018). However, we found no difference in the microbiota of the papayas
using pre-ripened and ripened tropical fruits.
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There were several uncertainties in this study, such as the origin of the imported
fruits, which remain unknown due to a lack of labels on the fruit products. Thus, it was
challenging to make any definitive conclusions regarding differences in the microbiota
recovered from the same fruit coming from different countries. Another uncertainty was
not knowing if some of the fruits that we examined had undergone irradiation before
being exported to Canada. This could have been an issue in our study, as bacterial
endophytes were not recovered in all instances from the tropical fruits. Regulations in
Canada from the Canadian Food Inspection Agency (CFIA) state that all irradiated
products need to be labelled. However, this may not be the case in the importing
country, and they may not be aware of the Canadian regulations, or they may ignore
them.
To expand the investigation of tropical fruits, dragon fruits, sugar apples and
guava were selected. Nurmahani et al. (2012) investigated the peels of the dragon fruit
for antimicrobial activity against foodborne pathogens, and found that the peels can
inhibit L. monocytogenes and S. aureus, but not Campylobacter jejuni and B. cereus.
Hoque and his team (2007) used an extract from guava leaves to inhibit
L. monocytogenes on an agar plate. In addition, Pseudomonas spp. and Escherichia
spp. were isolated from guava leaves, but the authors did not observe any antimicrobial
activity from these two bacteria against foodborne pathogens (Chikere & Azubuike,
2014). Furthermore, extracts from custard apple or sugar apple leaves have been
shown to have antimicrobial activity against E. coli (Lydia et al., 2017). However, the
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microbial communities of the above fruits and their relationship to foodborne pathogens
have never been determined.
Bacterial endophytes can be carried from parental plants to the seeds of maize
(Kandel et al., 2017). However, in our study, bacterial endophytes were not recovered
from the interior of the seeds of papayas or sugar apples. Other researchers have been
able to isolate endophytes from other fruits. For example, Glassner et al. (2018) found
that bacterial endophytes had colonized the seeds of melon (Cucumis melo L.), and
Bacillus spp. have been isolated from cucurbit seeds (Khalaf & Raizada, 2018). These
differences could be related to the fruits themselves or a lack of knowledge with regard
to the nutrients required to isolate bacterial endophytes from the interior of the fruit
seeds.
The growth inhibition assay developed by Gelda et al. (2019) was used in order
to maximize the number of candidate bacterial endophytes tested, i.e., it allowed for 9 to
16 strains to be screened at the same time. BHI agar was used instead of tryptic soy
agar and Luria-Bertani agar because it was able to support the growth of both
foodborne pathogens, as well as the candidate bacterial endophytes used in this study.
The positive control used in this study, Enterobacter tabaci (3E7), showed a large zone
of inhibition against both L. monocytogenes and C. sakazakii, and thus was used as a
standard to quantify the inhibitory activities between inhibitory strains of each tropical
fruit. Differences in the inhibition zone sizes were observed with the candidate bacterial
endophytes obtained from the different kinds of tropical fruits. For example, the
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candidate bacterial endophyte from dragon fruits, P. stewartii, exhibited the largest
inhibition zone against both L. monocytogenes and C. sakazakii.
In this study, only the strains showing inhibitory activity against either of the two
foodborne pathogens were sent for 16S rRNA sequencing. The sequencing results
revealed that 7 genera were found from three different tropical fruits; three were Grampositive (predicted to be Bacillus, Microbacterium and Staphylococcus) and four were
Gram-negative (Enterobacter, Klebsiella, Pantoea and Pseudomonas). Bacillus and
Staphylococcus belong to the phylum Firmicutes, and many bacteria in this phylum are
known to produce endospores (except for Staphylococcus spp.) and survive under
harsh conditions (Galperin, 2013). Some strains of Bacillus, e.g., the use of
B. coagulans in health supplements, are generally regarded as safe (GRAS) by the US
Federal Drug Administration (FDA) (Elshaghabee et al., 2017). Microbacterium spp.
belong to the phylum Actinobacteria and are known to promote plant growth (Khan et
al., 2015). Enterobacter, Klebsiella, Pantoea and Pseudomonas spp. are classified as
Proteobacteria and many of the species can cause human infections (Liu et al., 2018;
Pati et al., 2018). However, within a genus, not all species can cause human illness,
e.g., not all Enterobacter spp. can cause human infection. Furthermore, several
Pantoea species are only plant pathogens, but P. agglomerans can cause infection in
wounded patients (Dutkiewicz et al., 2016; Walterson & Stavrinides, 2015).
In this study, numerous inhibitory strains were recovered from tropical fruits. Five
strains of candidate bacterial endophytes (two E. tabaci from papaya, one P. stewartii
from dragon fruit and two P. anthophila from sugar apple) were recovered and showed
83

inhibition against L. monocytogenes. The rationale for choosing to do further work on
these strains was because Pantoea spp. and E. tabaci have not been reported to be
involved in human infection (Chi et al., 2018; Walterson & Stavrinides, 2015;
Yamanouchi et al., 2018). In addition, Yamanouchi et al. (2018) fed Pantoea spp.
isolated from buckwheat sprouts to obese mice and found that Pantoea spp. can reduce
weight gain and obesity. Pantoea spp. has demonstrated an ability to produce
antimicrobial compounds such as pantocins, herbicolins microcins and phenazines
(Walterson et al., 2014). This suggests that some strains belonging to the genus
Pantoea can be used as novel probiotics.
Regarding the choice of which strain to use in competitive challenge studies with
C. sakazakii in liquid infant formula, only P. stewartii was chosen because the modified
selective media allowed one to distinguish C. sakazakii from P. stewartii. It should be
noted that the commercial selective agar for C. sakazakii, R&F® Enterobacter sakazakii
(Cronobacter) Chromogenic Plating Medium was not able to distinguish between the
inhibitory strains and C. sakazakii. Antibiotic susceptibility tests were conducted based
on the antibiotic resistance of each genus (Table 4). Based on the literature review
conducted, 6 antibiotics were chosen to be tested against all strains of C. sakazakii, as
well as the inhibitory strains. The results showed that three strains of C. sakazakii
(C1214, 1215 and 1216) were resistant to cephalothin and penicillin G, while only
P. stewartii (01DFB#10.1) was susceptible to cephalothin. Consequently, cephalothin
(30 µg/mL) was added to the BHI agar and used for the enumeration of C. sakazakii.
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To our knowledge, competitive challenge studies using bacterial endophytes and
foodborne pathogens in food products have not been conducted, especially with
organisms such as Pantoea spp. or Enterobacter spp. Typically, competitive challenge
studies involve using lactic acid bacteria (LAB) isolated from food products such as
yogurt or deli meats (Ame & Brashears, 2002; Elli et al., 2006); strains which are widely
known and generally regarded as safe. Regarding the rationale for which model food to
use in challenge studies, cantaloupes have been involved in outbreaks caused by
L. monocytogenes strains 1/2a and 1/2b, making them an appropriate candidate.
Furthermore, cantaloupe is rich in nutrients, and thus bacterial endophytes should be
able to survive and/or multiply when present on the flesh and potentially the rind.
Four strains of L. monocytogenes (1/2a, 1/2b, 3a and 4b) were used in the
challenge studies in order to include a diversity of L. monocytogenes serotypes. Storing
at room temperature for 24 h was represented temperature abused by consumers. After
24 h, there were signs of spoilage on the cut cantaloupes (white matter/biofilm),
characterized by unpleasant smell and/or mushiness. For the Listeria control treatment,
the numbers of L. monocytogenes slightly increased on the flesh of the cantaloupe
during the first 6 h of storage, but after 24 h, the levels had increased to 7 log 10 CFU/g.
This is similar to the findings of Scolforo et al. (2017), who inoculated L. monocytogenes
at an initial level of 102 CFU/g on the flesh of the cantaloupe, and observed that the
numbers had increased up to 6 log10 CFU/g after 24 h of storage at 30°C. Penteado and
Leit (2004) reported that Salmonella enterica grew from 2 log10 CFU/g to 6 log10 CFU/g
on cantaloupe stored at 30°C for one day.
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Bacterial endophytes can survive and adapt themselves within plant host cells. In
our study, between 6 and 24 h, the inhibitory endophytic strains grew rapidly and
possibly produced antimicrobial compounds to inhibit L. monocytogenes during their
growth. In fact, the numbers of L. monocytogenes were reduced by approximately
2 log10 CFU/g in the presence of the candidate bacterial endophytes Pantoea and
Enterobacter spp., as compared to the Listeria only control treatment.
The competitive challenge studies with candidate bacterial endophytes on the
skin of cantaloupe were conducted to demonstrate whether the candidate bacterial
endophytes could prevent L. monocytogenes from surviving and/or growing on the rind
of the cantaloupe. However, L. monocytogenes only grew by 1 log10 CFU/g during
storage of the rind at room temperature for 24 h, and there was no difference in the
growth of L. monocytogenes in the treatment containing the candidate bacterial
endophytes. This contrasts with the study done by Scolforo et al. (2017), who inoculated
L. monocytogenes serotype 1/2b at a level of 2 log10 CFU/g onto the rind (skin) of the
melon [Cucumis melo L. (Indorus Group)], and found that the numbers of L.
monocytogenes had increased by 5 log10 CFU/g after 24 h of storage at 20°C. One of
the possible reasons why the growth of bacteria may be limited on the skin of
cantaloupe is that the skin has been found to contain antimicrobial compounds which
prevent bacteria from enviroment. For example, Chan et al. (2010) found that the skin of
the cantaloupe contains phenolic, flavonoid and hydroperoxide compounds, which are
known to possess antibacterial activity (Brudzynski, 2007; Panche et al., 2016). Thus,
these compounds may affect the growth of L. monocytogenes on the skin of cantaloupe.
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Bacillus spp., Erwinia aphidicola and Curtobacterium spp. were found to occur on
both the skin and the flesh of the cantaloupe. In contrast, Microbacterium spp. were only
found on the flesh of the cantaloupe, and Oceanobacillus picturae and Paenibacillus
spp. were only recovered from the cantaloupe skin, which shows that the microbiota of
the cantaloupe can differ depending on what part of the fruit one examines.
Furthermore, the background microbiota of each part of the fruit might play a different
role, e.g., the background microbiota of the skin of fruits may produce antimicrobial
compounds to protect the skin from plant pathogens. The background microbes can
also vary depending on the origin of fruits and/or cultivation area. This is similar to the
results of Khalaf and Raizada (2016), who found Bacillus spp., Paenibacillus spp.,
Lactococcus spp. and Pediococcus spp. on the surface of cantaloupe seeds from the
USA and Canada. In addition, several Bacillus spp., Paenibacillus spp., Pantoea spp.
and Micrococcus spp. were isolated from the flesh and placenta of cantaloupes
(Glassner et al., 2015), and Abdullahi et al. (2019) isolated four unique strains (two of
Exiguobacterium sp., Pseudomonas sp. and Microbacterium sp.) from the skin of
cantaloupes from Malaysia. However, under the conditions we used in our study, the
microbiota from the flesh or rind of the cantaloupe did not appear to greatly influence
the survival and/or growth of L. monocytogenes.
In our study, liquid infant formula was used as a model for the competitive
challenge studies which were done to look for inhibitory strains against C. sakazakii.
This ready-to-feed infant formula is commercially sterile and is generally used for highrisk newborns. This sterile formula was chosen to avoid the confounding factor of
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having the indigenous background microbiota competing with the candidate bacterial
endophytes or C. sakazakii. The U.S. CDC guidelines for handling prepared
reconstituted PIF state that one should not leave prepared infant formula longer than 2
h at room temperature or 24 h in the refrigerator (Silano et al., 2016). Even though the
ready-to-feed infant formula used in this study was already sterile, it could become
contaminated after being left out at room temperature. We found that after the
inoculation of C. sakazakii into the ready-to-feed infant formula together with P.
stewartii, C. sakazakii levels were reduced by at least 1 log after 24 h, while the growth
of P. stewartii was not affected by the presence of C. sakazakii. This demonstrated that
P. stewartii could survive and multiply in LIF. In addition, P. stewartii may secrete
antimicrobial compound(s). Kim et al., (2018) found that the supernatant of
Lactobacillus kefiri isolated from kefir can completely inhibit the growth of C. sakazakii in
nutrient broth. In addition, probiotics have been recently introduced to infant formula
products (President’s Choice®). Watkins et al., (2018) studied the survival of
Bifidobacterium bifidum and Lactobacillus acidophilus in commercial infant milk formula
and found that the levels of these probiotics remained stable at 4°C and 21°C for 6 h.
However, there have not been any reports of bacterial endophytes being used as a
potential inhibitory strain in liquid and PIF to control foodborne pathogens. In addition, it
should be noted that, especially with liquid infant formula, the process of manufacturing,
including heat, pasteurization or spray drying of the products, can inactivate or decrease
the level of probiotics or other beneficial bacteria. However, adding live bacteria
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(encapsulated or not) after the process could be a solution to protect the bacterial
endophytes from the manufacturing process.
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Chapter VI
Conclusion and future prospects
Conclusions
This study demonstrated that the bacterial endophytic community found within
tropical fruits could potentially be used as biocontrol agents to control foodborne
pathogens such as L. monocytogenes and C. sakazakii. Enterobacter spp., isolated
from papaya seeds, showed inhibition against both L. monocytogenes and C. sakazakii,
while P. stewartii, recovered from dragon fruits, showed the largest inhibition zone
against L. monocytogenes and C. sakazakii. In addition, P. anthophila, isolated from
sugar apples, inhibited L. monocytogenes and C. sakazakii. In fact, we showed that
these candidate endophytes could potentially be used to control L. monocytogenes on
the flesh of cantaloupe. Furthermore, the candidate bacterial endophyte, P. stewartii,
inhibited the growth of C. sakazakii in liquid infant formula and thus could also be
potentially used as a biocontrol agent by adding it to PIF or possibly breast milk. Thus,
this method of using candidate bacterial endophytes as biocontrol agents in food
products might be introduced to the food industry as an alternative method for
controlling foodborne pathogens.
Future directions
There are many different research avenues one could explore to increase the
impact of this study. For example, experiments could be undertaken to prove that
candidate bacterial endophytes from tropical fruits do not cause disease in humans.
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These experiments could be conducted both in vitro using cell lines such as the human
epithelial Caco-2 cell line to examine attachment, invasion and/or multiplication, as well
as in vivo experiments using an appropriate animal model. Additional experiments could
be done to examine concentrated active supernatants from the candidate bacterial
endophytes to look for enhanced antimicrobial activity against the foodborne pathogens.
Furthermore, trying to isolate and purify the active compounds responsible for the
antimicrobial activity could be beneficial. A mixture of supernatant and viable endophytic
cells could also be an additional strategy to enhance antimicrobial activity. In terms of
the active compound(s), the stability of the active compounds could be tested using a
low or high pH, a high concentration of salt, or even high temperatures (above 100°C).
Challenge studies done using different mixtures of endophytic strains and using a
wide variety of RTE foods that have been involved in foodborne listeriosis or
C. sakazakii outbreaks, could also be very beneficial. If the strains and/or compound(s)
are confirmed to be effective as biocontrol agents, and in vitro and in vivo experiments
show that these strains are likely not pathogenic, they could then be submitted to Health
Canada to provide an advisory opinion on their safety, and/or to determine if they
require a novel food approval.

91

REFERENCES

Abdullah Sani, M. S., Bakar, J., Abdul Rahman, R., & Abas, F. (2017). The antibacterial
activities and chemical composition of extracts from Carica papaya cv.
Sekaki/Hong Kong seed. International Food Research Journal, 24, 810–818.
Abdullahi, S. N., Polytechnic, K. S., & Reservoirs, W. (2019). Molecular characterization
of bacteria isolated from the skin of cantaloupe fruit using 16S ribosomal RNA gene
sequence analysis. Malaysian Journal of Microscopy, 14(1), 65–79.
Acker, J. van., Smet, F. de., Muyldermans, G., Bougatef, A., Naessens, A., & Lauwers,
S. (2001). Outbreak of necrotizing enterocolitis associated with Enterobacter
sakazakii in powdered milk formula. Journal of Clinical Microbiology, 39(1), 293–
297. https://doi.org/10.1128/JCM.39.1.293
Adam, E., Bernhart, M., Müller, H., Winkler, J., & Berg, G. (2018). The Cucurbita pepo
seed microbiome: Genotype-specific composition and implications for breeding.
Plant and Soil, 422(1–2), 35–49. https://doi.org/10.1007/s11104-016-3113-9
Ahmad, M., Majerczak, D. R., Pike, S., Hoyos, M. E., Novacky, A., & Coplin, D. L.
(2001). Biological activity of harpin produced by Pantoea stewartii subsp. stewartii.
Molecular Plant-Microbe Interaction, 14(10), 1223–1234.
Aksu, F., Altunatmaz, S. S., Issa, G., Togay, S. Ö., & Aksu, H. (2016). Prevalence and
identification by multiplex polymerase chain reaction patterns of Cronobacter spp.
isolated from plant-based foods, Food Science and Technology, 36(4), 730–736.
Al-nabulsi, A. A., Osaili, T. M., Al-holy, M. A., Shaker, R. R., Ayyash, M. M., Olaimat, A.
N., & Holley, R. A. (2009). Influence of desiccation on the sensitivity of Cronobacter
spp. to lactoferrin or nisin in broth and powdered infant formula. International
Journal of Food Microbiology, 136(2), 221–226.
https://doi.org/10.1016/j.ijfoodmicro.2009.08.008
Alsonosi, A., Hariri, S., Kajsík, M., Orie, M., Hanulík, V., & Röderová, M. (2015). The
speciation and genotyping of Cronobacter isolates from hospitalised patients.
European Journal of Clinical Microbiology Infection Disease, 34, 1979–1988.
https://doi.org/10.1007/s10096-015-2440-8
Ame, A., & Brashears, M. M. (2002). Competitive inhibition of Listeria monocytogenes in
ready-to-eat meat products by lactic acid bacteria, Journal of Food Protection,
65(2), 316–325.
Andrews, J. (2011). Cronobacter: FDA, CDC Find No Connection to Infant Formula.
Retrieved August 14, 2019, from
92

https://www.foodsafetynews.com/2011/12/cronobacter-fda-and-cdc-find-noconnection-to-formula/
Annavajhala, M. K., Gomez-Simmonds, A., & Uhlemann, A. (2019). Multidrug-resistant
Enterobacter cloacae complex emerging as a global, diversifying threat. Frontiers in
Microbiology, 10, 1–8. https://doi.org/10.3389/fmicb.2019.00044
Antônio, C., Ortiz, V., Souza, A. de., Ana, S., Sousa, J., & Granato, D. (2015). The use
of statistical software in food science and technology: Advantages, limitations and
misuses. Food Research International, 75, 270–280.
https://doi.org/10.1016/j.foodres.2015.06.011
Arqués, J. L., Rodríguez, E., Langa, S., Landete, J. M., & Medina, M. (2015).
Antimicrobial activity of lactic acid bacteria in dairy products and gut: Effect on
pathogens. BioMed Research International, 2015, 1-9.
https://doi.org/10.1155/2015/584183
Arseni, A. (1987). Outbreak of colonization of neonates Enterobacter sakazakii. Journal
of Hospital Infection, 9(2), 143–150.
Baka, M., Noriega, E., Mertens, L., Derlinden, E. van., & Impe, J. F. M. van. (2014).
Protective role of indigenous Leuconostoc carnosum against Listeria
monocytogenes on vacuum packed Frankfurter sausages at suboptimal
temperatures. Food Research International, 66, 197–206.
https://doi.org/10.1016/j.foodres.2014.08.011
Bar-Oz, B., Preminger, A., Peleg, O., Block, C., & Arad, I. (2001). Enterobacter
sakazakii infection in the newborn. Acta Paediatrica, 90(3), 356–358.
https://doi.org/10.1111/j.1651-2227.2001.tb00319.x
Basha, K. A., Kumar, N. R., Das, V., Reshmi, K., Rao, B. M., Lalitha, K. V., & Joseph, T.
C. (2019). Prevalence, molecular characterization, genetic heterogeneity and
antimicrobial resistance of Listeria monocytogenes associated with fish and fishery
environment in Kerala, India. Letters in Applied Microbiology, 69(4), 286–293.
https://doi.org/10.1111/lam.13205
Baylis, C., Uyttendaele, M., Joosten, H., & Davies, A. (2011). ILSI Europe Emerging
Microbiological Issues Task Force; The Enterobacteriaceae and their Significance
to the Food Industry. Retrieved from https://ilsi.eu/wpcontent/uploads/sites/3/2016/06/EP-Enterobacteriaceae.pdf
Biering, G., Karlsson, S., Clark, N. C., & Jônsdôttir, K. E. (1989). Three cases of
neonatal meningitis caused by Enterobacter sakazakii in powdered milk. Journal of
Clinical Microbiology, 27(9), 2054–2056.
Blažková, M., & Javu, B. (2015). Diversity of O antigens within the genus Cronobacter:
93

from disorder to order. Applied and Environmental Microbiology, 81(16), 55745582. https://doi.org/10.1128/AEM.00277-15
Block, C., Peleg, O., Minster, N., Bar-Oz, B., Simhon, A., Arad, I., & Shapiro, M. (2002).
Cluster of neonatal infections in Jerusalem due to unusual biochemical variant of
Enterobacter sakazakii. European Journal of Clinical Microbiology Infection
Disease, 21, 613–616. https://doi.org/10.1007/s10096-002-0774-5
Bodenhausen, N., Horton, M. W., & Bergelson, J. (2013). Bacterial communities
associated with the leaves and the roots of Arabidopsis thaliana. PLoS ONE, 8(2),
1-9. https://doi.org/10.1371/journal.pone.0056329
Bohaychuk, V. M., Gensler, G. E., King, R. K., Manninen, K. I., Sorensen, O., Wu, J. T.,
Stiles, M. E., & McMullen, L. M. (2006). Occurrence of pathogens in raw and readyto-eat meat and poultry products collected from the retail marketplace in Edmonton,
Alberta, Canada. Journal of Food Protection, 69(9), 2176–2182.
Bortolussi, R. (1999). Listeria monocytogenes infections in neonates. Seminars in
Pediatric Infectious Diseases, 10(2), 111–118. https://doi.org/10.1016/S10451870(99)80042-9
Bowen, A. B., & Braden, C. R. (2006). Invasive Enterobacter sakazakii disease in
infants. Emerging Infectious Diseases, 12(8), 1185–1189.
https://doi.org/10.3201/eid1208.051509
Bowen, A., Wiesenfeld, H. C., Kloesz, J. L., Pasculle, A. W., Nowalk, A. J., Brink, L.,
Elliot, E., Martin, H., & Tarr, C. L. (2017). Cronobacter sakazakii infection
associated with feeding extrinsically contaminated expressed human milk to a
premature infant-Pennsylvania, 2016. Morbidity and Mortality Weekly Report,
66(28), 761-762.
Brader, G., Compant, S., Mitter, B., Trognitz, F., & Sessitsch, A. (2014). Metabolic
potential of endophytic bacteria. Current Opinion in Biotechnology, 27, 30–37.
https://doi.org/10.1016/j.copbio.2013.09.012
Brudzynski, K. (2007). Effect of hydrogen peroxide on antibacterial activities of
Canadian honeys. Canadian Journal of Microbiology, 52(12), 1228–1237.
https://doi.org/10.1139/W06-086
Buxton R. (2005). Blood agar plates and hemolysis. Retrieved from
http://www.asmscience.org/content/education/protocol/protocol.2885
Centers for Disease Control and Prevention (CDC). (2002). Enterobacter sakazakii
infections associated with the use of powdered infant formula-Tennessee, 2001.
Retrieved August 14, 2019, from
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm5114a1.htm
94

Centers for Disease Control and Prevention (CDC). (2012). Multistate outbreak of
listeriosis linked to whole cantaloupes from Jensen Farms, Colorado (Final update).
Retrieved August 21, 2019, from
https://www.cdc.gov/listeria/outbreaks/cantaloupes-jensen-farms/index.html
Centers for Disease Control and Prevention (CDC). (2014a). Multistate outbreak of
listeriosis linked to roos foods dairy products (Final update). Retrieved August 21,
2019, from https://www.cdc.gov/listeria/outbreaks/cheese-02-14/index.html
Centers for Disease Control and Prevention (CDC). (2014b). Oasis Brands, Inc. cheese
recalls and investigation of human listeriosis cases (Final update). Retrieved
August 21, 2019, from https://www.cdc.gov/listeria/outbreaks/cheese-1014/index.html
Centers for Disease Control and Prevention (CDC). (2015a). Multistate outbreak of
listeriosis linked to Blue Bell Creameries products (Final update). Retrieved August
21, 2019, from https://www.cdc.gov/listeria/outbreaks/ice-cream-03-15/index.html
Centers for Disease Control and Prevention (CDC). (2015b). Multistate outbreak of
listeriosis linked to commercially produced, prepackaged caramel apples made
from Bidart Bros. apples (Final update). Retrieved August 21, 2019, from
https://www.cdc.gov/listeria/outbreaks/caramel-apples-12-14/index.html
Centers for Disease Control and Prevention (CDC). (2015c). Multistate outbreak of
listeriosis linked to soft cheeses distributed by Karoun Dairies, Inc. (Final update).
Retrieved August 21, 2019, from https://www.cdc.gov/listeria/outbreaks/softcheeses-09-15/index.html
Centers for Disease Control and Prevention (CDC). (2016a). Multistate outbreak of
listeriosis linked to frozen vegetables (Final update). Retrieved August 21, 2019,
from https://www.cdc.gov/listeria/outbreaks/frozen-vegetables-05-16/index.html
Centers for Disease Control and Prevention (CDC). (2016b). Multistate outbreak of
listeriosis linked to raw milk produced by Miller’s organic farm in Pennsylvania
(Final update). Retrieved August 21, 2019, from
https://www.cdc.gov/listeria/outbreaks/raw-milk-03-16/index.html
Centers for Disease Control and Prevention (CDC). (2017). Multistate outbreak of
listeriosis linked to soft raw milk cheese made by Vulto Creamery (Final update).
Retrieved August 21, 2019, from https://www.cdc.gov/listeria/outbreaks/softcheese-03-17/index.html
Centers for Disease Control and Prevention (CDC). (2018). Outbreak of Listeria
infections linked to deli ham (Final update). Retrieved August 21, 2019, from
https://www.cdc.gov/listeria/outbreaks/deliproducts-04-19/index.html
95

Centers for Disease Control and Prevention (CDC). (2019a). Outbreak of Listeria
infections linked to deli-sliced meats and cheeses. Retrieved August 21, 2019, from
https://www.cdc.gov/listeria/outbreaks/deliproducts-04-19/index.html
Centers for Disease Control and Prevention (CDC). (2019b). Outbreak of Listeria
infections linked to pork products. Retrieved August 21, 2019, from
https://www.cdc.gov/listeria/outbreaks/porkproducts-11-18/index.html
Chan, K. W., Iqbal, H., Wei, K., Adam, A., & Ismail, M. (2010). Phenolic content and
antioxidant activity of cantaloupe (Cucumis melo) methanolic extracts. Food
Chemistry, 119(2), 643–647. https://doi.org/10.1016/j.foodchem.2009.07.023
Chandan, R. C., & Kilara, A. (2011). Dairy Ingredients for Food Processing. Hoboken,
UNITED STATES: John Wiley & Sons, Incorporated.
Chase, H. R., Gopinath, G. R., Eshwar, A. K., Stoller, A., Fricker-feer, C., Gangiredla,
J., Patel I. R., Cinar H. N., Jeong H., Lee C., Negrete F., Finkelstein S., Stephan R.,
Tall B. D., & Lehner, A. (2017). Comparative genomic characterization of the highly
persistent and potentially virulent Cronobacter sakazakii strain H322 and other
ST83 strains. Frontiers in Microbiology, 8, 1–9.
https://doi.org/10.3389/fmicb.2017.01136
Chen, C., Bauske, E. M., Musson, G., Rodriguezkabana, R., & Kloepper, J. W. (1995).
Biological control of Fusarium wilt on cotton by use of endophytic bacteria.
Biological Control, 5(1), 83–91.
https://doi.org/https://doi.org/10.1006/bcon.1995.1009
Chen, Y., Ross, W. H., Scott, V. N., & Gombas, D. E. (2010). Listeria monocytogenes:
low levels equal low risk. Journal of Food Protection, 66(4), 570–577.
Chi, Q., Tang, W., Liu, L., Meng, J., Dong, X., Chen, W., & Li, X. (2018). Isolation and
properties of Enterobacter sp. LX3 capable of producing indoleacetic acid. Applied
Sciences, 8(11). 1-11. https://doi.org/10.3390/app8112108
Chikere, C., & Azubuike, C. C. (2014). Microbial composition of guava (Psidium
guajava), hibiscus (Hibiscus-rosa sinensis), mango (Mangifera indica) and pumpkin
(Telfairia occidentalis Hook) phyllosphere. African Journal of Biotechnology, 13(18),
1859–1866. https://doi.org/10.5897/AJB2014.13657
Choi, M. J., Jackson, K. A., Medus, C., Beal, J., Rigdon, C. E., Cloyd, T. C., Forstner M.
J., Ball J., Bosch S., Bottichio L., Cantu V., Melka D. C., Ishow W., Slette S., Irvin
K., Wise M., Tarr C., Mahon B., Smith K. E., & Silk B. J. (2014). Multistate outbreak
of listeriosis linked to soft-ripened cheese - United States, 2013. Morbidity and
Mortality Weekly Report Notes, 63(13), 294-295.
Christina, A., Christapher, V., & Bhore, S. J. (2013). Endophytic bacteria as a source of
96

novel antibiotics: An overview. Pharmacognosy Reviews, 7(13), 11–16.
https://doi.org/10.4103/0973-7847.112833
Coillie, E. van, Werbrouck, H., Heyndrickx, M., Herman, L., & Rijpens, N. (2004).
Prevalence and typing of Listeria monocytogenes in ready-to-eat food products on
the Belgian market. Journal of Food Protection, 67(11), 2480–2487.
Compant, S., Mitter, B., Colli-Mull, J. G., Gangl, H., & Sessitsch, A. (2011). Endophytes
of grapevine flowers, berries, and seeds: Identification of cultivable bacteria,
comparison with other plant parts, and visualization of niches of colonization.
Microbial Ecology, 62(1), 188–197. https://doi.org/10.1007/s00248-011-9883-y
Coombs, J. T., & Franco, C. M. M. (2003). Visualization of an endophytic Streptomyces
species in wheat seed. Applied and Environmental Microbiology, 69(7), 4260–4262.
https://doi.org/10.1128/AEM.69.7.4260
Coplin, D. L., Frederick, R. D., Majerczak, D. R., & Haas, E. S. (1986). Molecular
cloning of virulence genes from Erwinia stewartii. Journal of Bacteriology, 168(2),
619–623.
Cui, J., Du, X., Liu, H., Hu, G., Lv, G., Xu, B., Yang, X., Li, W., & Cui, Z. (2014). The
genotypic characterization of Cronobacter spp. isolated in China. PLoS ONE, 9(7),
1–7. https://doi.org/10.1371/journal.pone.0102179
Díaz, S., Grossi, C., Zawoznik, M., & Daniela, M. (2016). Wheat seeds harbour bacterial
endophytes with potential as plant growth promoters and biocontrol agents of
Fusarium graminearum. Microbiological Research, 186–187, 37–43.
https://doi.org/10.1016/j.micres.2016.03.002
Diskin, S., Feygenberg, O., Maurer, D., Droby, S., Prusky, D., & Alkan N. (2017).
Microbiome alterations are correlated with occurrence of postharvest stem-end rot
in mango fruit. Phytobiomes, 1(3), 117–127.
Doganay, M. (2003). Listeriosis: Clinical presentation. Pathogens and Disease, 35,
173–175. https://doi.org/10.1016/S0928-8244(02)00467-4
Donnenberg, M. S. (2015). Chapter 220 Enterobacteriaceae. In J. E. Bennett, R. Dolin,
& M. J. Blaser (Eds.), Principles and Practice of Infectious Diseases (8th Editio, pp.
2503–2517). https://doi.org/10.1016/B978-1-4557-4801-3.00220-4
Doumith, M., Buchrieser, C., Glaser, P., Jacquet, C., & Martin, P. (2004). Differentiation
of the major Listeria monocytogenes serovars by multiplex PCR. Journal of Clinical
Microbiology, 42(8), 3819–3822. https://doi.org/10.1128/JCM.42.8.3819
Droby, S., & Wisniewski, M. (2018). The fruit microbiome: A new frontier for postharvest
biocontrol and postharvest biology. Postharvest Biology and Technology, 140, 107–
97

112. https://doi.org/10.1016/j.postharvbio.2018.03.004
Drudy, D., Mullane, N. R., Quinn, T., Wall, P. G., & Fanning, S. (2006). Enterobacter
sakazakii: An emerging pathogen in powdered infant formula. Clinical Infectious
Diseases, 42(7), 996–1002. https://doi.org/10.1086/501019
Duan, Y., Zhou, X., Di-Yan, L., Li, Q., Dang, L., Zhang, Y., Qiu, L., Nimaichand, S., & Li,
W. (2015). Enterobacter tabaci sp. nov., a novel member of the genus Enterobacter
isolated from a tobacco stem. Antonie van Leeuwenhoek, 108(5), 1161–1169.
https://doi.org/10.1007/s10482-015-0569-1
Dutkiewicz, J., Mackiewicz, B., Lemieszek, M. K., & Golec, M. (2016). Pantoea
agglomerans: A mysterious bacterium of evil and good. part III. deleterious effects:
infections of humans, animals and plants. Annals of Agricultural and Environmental
Medicine, 23(2), 197–205. https://doi.org/10.5604/12321966.1203878
Eevers, N., Gielen, M., Sánchez-López, A., Jaspers, S., White, J. C., Vangronsveld, J.,
& Weyens, N. (2015). Optimization of isolation and cultivation of bacterial
endophytes through addition of plant extract to nutrient media. Microbial
Biotechnology, 8(4), 707–715. https://doi.org/10.1111/1751-7915.12291
Elli, M., Callegari, M. L., Ferrari, S., Bessi, E., Cattivelli, D., Soldi, S., Morelli L.,
Feuillerat N. G., & Antoine, J. (2006). Survival of yogurt bacteria in the human gut.
Applied and Environmental Microbiology, 72(7), 5113–5117.
https://doi.org/10.1128/AEM.02950-05
Elshaghabee, F. M. F., Rokana, N., Gulhane, R. D., & Sharma, C. (2017). Bacillus as
potential probiotics: Status, concerns, and future perspectives. Frontiers in
Microbiology, 8, 1–15. https://doi.org/10.3389/fmicb.2017.01490
Escolar, C., Gómez, D., del Carmen Rota García, M., Conchello, P., & Herrera, A.
(2017). Antimicrobial resistance profiles of Listeria monocytogenes and Listeria
innocua isolated from ready-to-eat products of animal origin in Spain. Foodborne
Pathogens and Disease, 14(6), 357–363. https://doi.org/10.1089/fpd.2016.2248
FAO/WHO. (2008). Enterobacter sakazakii (Cronobacter spp.) in powdered follow-up
formulae : Meeting report. Retrieved from
https://www.who.int/foodsafety/publications/micro/MRA_followup.pdf
Farber, J. M., & Peterkin, P. I. (1991). Listeria monocytogenes, a food-borne pathogen,
American Society for Microbiology, 55(3), 476–511.
Farber, J. M., Ross, W. H., & Harwig, J. (1996). Health risk assessment of Listeria
monocytogenes in Canada. International Journal of Food Microbiology, 30(1–2),
145–156. https://doi.org/10.1016/0168-1605(96)01107-5
98

Farmer, J. J. (2015). My 40-year history with Cronobacter/Enterobacter sakazakiilessons learned, myths debunked, and recommendations. Frontiers in Pediatrics, 3,
1–12. https://doi.org/10.3389/fped.2015.00084
FarmerIII, J. J., Asbury, M. A., Hickman, F. W., & Brenner, D. J. (1980). Enterobacter
sakazakii: A new species of “Enterobacteriaceae” isolated from clinical specimens.
International Journal of Systematic and Evolutionary Microbiology, 31(1), 109.
Fei, P., Jiang, Y., Feng, J., Forsythe, S. J., Li, R., Zhou, Y., & Man, C. (2017). Antibiotic
and desiccation resistance of Cronobacter sakazakii and C. malonaticus isolates
from powdered infant formula and processing environments. Frontiers in
Microbiology, 8, 1–8. https://doi.org/10.3389/fmicb.2017.00316
Fei, P., Jiang, Y., Jiang, Y., Yuan, X., Yang, T., Chen, J., Wang, Z., Kang, H., &
Forsythe, S. J. (2017). Prevalence, molecular characterization, and antibiotic
susceptibility of Cronobacter sakazakii isolates from powdered infant formula
collected from Chinese retail markets. Frontiers in Microbiology, 8, 1–9.
https://doi.org/10.3389/fmicb.2017.02026
Fei, P., Man, C., Lou, B., Forsythe, S. J., Chai, Y., Li, R., & Niu, J. (2015). Genotyping
and source tracking of Cronobacter sakazakii and C. malonaticus isolates from
powdered infant formula and an infant formula production factory in China. Applied
and Environmental Microbiology, 81(16), 5430–5439.
https://doi.org/10.1128/AEM.01390-15
Fiore, A., Casale, M., & Aureli, P. (2008). Enterobacter sakazakii: Epidemiology, clinical
presentation, prevention and control. Annali dell'Istituto Superiore di Sanità, 44(3),
275–280.
Forsythe, S. J., Dickins, B., & Jolley, K. A. (2014). Cronobacter, the emergent bacterial
pathogen Enterobacter sakazakii comes of age; MLST and whole genome
sequence analysis. BMC Genomics, 15, 1-14.
Friedemann, M. (2009). Epidemiology of invasive neonatal Cronobacter (Enterobacter
sakazakii) infections. European Journal of Clinical Microbiology Infection Disease,
28, 1297–1304. https://doi.org/10.1007/s10096-009-0779-4
Friedman, M., & Juneja, V. K. (2010). Review of antimicrobial and antioxidative activities
of chitosans in food. Journal of Food Protection, 73(9), 1737–1761.
https://doi.org/10.4315/0362-028X-73.9.1737
Galperin, M. Y. (2013). Genome diversity of spore-forming Firmicutes. Microbiology
Spectrum, 1(2), 1–15. https://doi.org/10.1128/microbiolspectrum.TBS-0015-2012
García-gonzález, T., Sáenz-hidalgo, H. K., Silva-rojas, H. V., Morales-nieto, C.,
Vancheva, T., Koebnik, R., & Ávila-quezada, G. D. (2018). Enterobacter cloacae,
99

an emerging plant-pathogenic bacterium affecting chili pepper seedlings. Plant
Pathology Journal, 34(1), 1–10.
Garner, D., & Kathariou, S. (2016). Fresh produce-associated listeriosis outbreaks,
sources of concern, teachable moments, and insights. Journal of Food Protection,
79(2), 337–344. https://doi.org/10.4315/0362-028X.JFP-15-387
Gelda, K., Parreira, V., LaPointe, G., & Farber, J. M. (2019). Examination of the
culturable microbiota from low-moisture foods imported into Canada for antibacterial activity against Listeria monocytogenes. Journal of Food Protection, 83(1),
https://doi.org/10.4315/JFP-19-489
Gibson, J. A., Eaves, L. E., & O’Sullivan, B. M. (1982). Equine abortion associated with
Enterobacter agglomerans. Equine Veterinary Journal, 14(2), 122–125.
https://doi.org/10.1111/j.2042-3306.1982.tb02363.x
Gilbreth, S. E., Call, J. E., Wallace, F. M., Scott, V. N., Chen, Y., & Luchansky, J. B.
(2005). Relatedness of Listeria monocytogenes isolates recovered from selected
ready-to-eat foods and listeriosis patients in the United States. Applied and
Environmental Microbiology, 71(12), 8115–8122.
https://doi.org/10.1128/AEM.71.12.8115
Girard, D., Leclercq, A., Laurent, E., Lecuit, M., Valk, H. de., & Goulet, V. (2014).
Pregnancy-related listeriosis in France, 1984 to 2011, with a focus on 606 cases
from 1999 to 2011. Eurosurveillance, 19(38), 1–8. https://doi.org/10.2807/15607917.ES2014.19.38.20909
Glassner, H., Zchori-Fein, E., Compant, S., Sessitsch, A., Katzir, N., Portnoy, V., &
Yaron, S. (2015). Characterization of endophytic bacteria from cucurbit fruits with
potential benefits to agriculture in melons (Cucumis melo L.). FEMS Microbiology
Ecology, 91(7), 1–13. https://doi.org/10.1093/femsec/fiv074
Glassner, H., Zchori-Fein, E., Yaron, S., Sessitsch, A., Sauer, U., & Compant, S.
(2018). Bacterial niches inside seeds of Cucumis melo L. Plant and Soil, 422(1–2),
101–113. https://doi.org/10.1007/s11104-017-3175-3
Gloor, G. B., Hummelen, R., Macklaim, J. M., Dickson, R. J., Fernandes A. D.,
Macphee, R., & Reid, G. (2010). Microbiome profiling by illumina sequencing of
combinatorial sequence-tagged PCR products, PLoS One, 5(10), 1-15.
https://doi.org/10.1371/journal.pone.0015406
Golinska, P., Wypij, M., Agarkar, G., Rathod, D., Dahm, H., & Rai, M. (2015).
Endophytic actinobacteria of medicinal plants: Diversity and bioactivity. Antonie van
Leeuwenhoek, International Journal of General and Molecular Microbiology, 108(2),
267–289. https://doi.org/10.1007/s10482-015-0502-7
100

Gopinath, G. R., Chase, H. R., Gangiredla, J., Eshwar, A., Jang, H., Patel, I., Negrete,
F., Finkelstein, S., Park, E., Chung, T., Yoo, Y., Woo, J., Lee, Y., Park J., Choi, H.,
Jeong, S., Jun, S., Kim, M., Lee, C., Jeong, H., Fanning, S., Stephan, R., Iversen,
C., Reich, F., Klein, G., Lehner, A., & Tall, B. D. (2018). Genomic characterization
of malonate positive Cronobacter sakazakii serotype O:2, sequence type 64
strains, isolated from clinical, food, and environment samples. Gut Pathogens,
10(11), 1–22. https://doi.org/10.1186/s13099-018-0238-9
Gurtler, J. B., & Beuchat, L. R. (2007). Survival of Enterobacter sakazakii in powdered
infant formula as affected by composition, water activity, and temperature. Journal
of Food Protection, 70(7), 1579–1586.
Handa, S., Kimura, B. O. N., Takahashi, H., Koda, T., & Hisa, K. (2005). Incidence of
Listeria monocytogenes in raw seafood products in Japanese retail stores. Journal
of Food Protection, 68(2), 411–415.
Hardoim, P. R., van Overbeek, L. S., Berg, G., Pirttilä, A. M., Compant, S., Campisano,
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APPENDICES
Appendix A – Growth inhibition test against L. monocytogenes and
identification of inhibitory strains (Dr. Raizada strains)
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Figure A. Summary of the inhibition zone sizes produced by bacterial endophytes
obtained from Dr. Raizada Lab against L. monocytogenes (N=3).
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Table A. Identification
L. monocytogenes
Fruit
Acorn
squash
Cucumber
Pumpkin1

Melon

Pumpkin2
Watermelon

Wild
cucumber
seed

Code ID.
G'5
H'5
C1
F1
D2
D3
G3
H3
A4
D5
F5
E11
E12
G12
PCA1
WCR21
GCA13
WCR31
PCA1
GCA13
WCG302

of

inhibitory

stains

from

Dr.

Raizada

Lab

Species
Lactococcus lactis subsp. cremoris
L. lactis subsp. cremoris
L. lactis subsp. cremoris
L. lactis subsp. cremoris
Paenibacillus peoriae
Paenibacillus polymyxa
P. polymyxa
P. polymyxa
P. polymyxa
L. lactis subsp. cremoris
L. lactis subsp. cremoris
Bacillus zhangzhouensis
Bacillus subtilis
Bacillus zhangzhouensis
Bacillus velezensis
B. velezensis
P. polymyxa
B. velezensis
B. velezensis
P. polymyxa
B. velezensis

115

against

Appendix B – Identification of inhibitory strains isolated from tropical fruits
Table B. Identification of inhibitory strains screened from various tropical fruits
Fruit

Code ID.
01SSB#2.2
01SSB#2.3
01SSB#6.1
03SSB#1.1
07SSR#2.1
10SUP#1.1
13SSB#1.2
13SSB#5.1
Papaya
13SSB#5.2
13SSB#5.3
13SSR#4.2
13SSR#5.1
13SSR#6.1
15SSR#1
15SSR#2
15SSR#3
15SSR#4
01DFB#2.1
01DFB#3.2
01DFB#9.1
01DFB#9.3
01DFB#10.1
01DFB#18
Dragon Fruit
04DFR#3.3
04DFR#9.2
04DFR#15.3
05DFB#4.3
05DFB#6.1
05DFB#6.2
02SASR#14.1
03SAB#1.1
03SAB#2.1
Sugar apple
03SAR#1.1
03SAR#1.2
03SAR#2.1
03SAR#2.2

Species
Microbacterium arborescens
M. arborescens
M. arborescens
Pantoea dispersa
Enterobacter tabaci
Enterobacter xiangfangensis
Staphylococcus xylosus
S. xylosus
S. xylosus
S. xylosus
S. xylosus
S. xylosus
S. xylosus
Bacillus zhangzhouensis
B. zhangzhouensis
B. zhangzhouensis
B. zhangzhouensis
Pseudomonas aeruginosa
Pantoea stewartii subsp. indologenes
P. aeruginosa
P. aeruginosa
P. stewartii subsp. indologenes
P. aeruginosa
M. arborescens
M. arborescens
M. arborescens
M. arborescens
Bacillus oshimensis
Bacillus lehensis
Bacillus aerius
Klebsiella grimontii
Pantoea anthophila
K. grimontii
K. grimontii
P. anthophila
P. anthophila
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Appendix C – pH and aw of flesh and skin cantaloupes in the competitive
challenge study with L. monocytogenes and inhibitory strains
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Figure C1. Changes in the pH of cantaloupe flesh inoculated with L. monocytogenes
(grey), with L. monocytogenes and inhibitory strains (orange), with only inhibitory strains
(blue) and with 0.1% PW (yellow) at different storage time (0,6 and 24 h) (N=3).
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Figure C2. The water activity (aw) of flesh cantaloupe at 0,6 and 24 h (N=3).
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Figure C3. Changes in the pH of cantaloupe skin inoculated with L. monocytogenes
(grey), with L. monocytogenes and inhibitory strains (orange), with only inhibitory strains
(blue) and with 0.1% PW (yellow) at different storage time (0,6 and 24 h) (N=3).
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Figure C4. The water activity (aw) of cantaloupe skin at 0,6 and 24 h (N=3).
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Appendix D – pH of LIF in the competitive challenge study with
C. sakazakii and P. stewartii
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Figure D: Changes in the pH values of liquid infant formula (LIF) inoculated with
C. sakazakii (grey), with C. sakazakii and P. stewartii (orange), with only P. stewartii
(blue) and with 0.1% PW (yellow) at different storage time (0,6 and 24 h) (N=3).
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