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Abstract

Vegetables are an important component of a balanced diet and dietary guidelines suggest the
increase consumption of vegetables as an important source of phytonutrients. However food poisoning
outbreaks have been linked with the consumption of these commaodities, since the risk of contamination
of fresh produce with foodborne pathogens throughout the food chain is high if sanitary and
precautionary measures are not taken. Moreover, there is a current trend towards the use of natural, eco-
friendly products for the preservation of fresh produce quality and safety, as alternatives to synthetic
compounds (i.e. chlorine) commonly used in the food industry. The purpose of this thesis was to
investigate i) the microbiological and physicochemical attributes of ready-to-eat salads as affected by
season, producer, type of salad and expiring date, ii) the effects of plant age, inoculum level and nutrient
solution pH of hydroponically grown lettuce inoculated with Salmonella Enteritidis and iii) the effects
of natural products on the quality and safety of ready-to-eat vegetables (minimally processed lettuce
and shredded carrot). Results indicate that season, type of vegetable and expiring date greatly affected
the microbial load and plant-tissue related parameters of ready-to-eat salads. More specific, higher
microbial load of samples was observed during spring. Interestingly Salmonella enterica was not found
in any of the tested samples, whilst 3.70% of samples were found to harbor Listeria monocytogenes. A
correlation of phenolics and antioxidants with the presence of Escherichia coli, Staphylococcus spp.,
Pseudomonas spp. and Bacillus cereus was reported. Furthermore, spoilage microorganisms (i.e.
Pseudomonas spp., yeasts and molds), CO- production and damage index were found in increased levels
at the end of products shelf-life (expiring date). Furthermore, during hydroponic cultivation of lettuce
(one of the main vegetables consumed and used for ready-to-eat salad preparations), plant age, greatly
affected the internalization of S. Enteritidis on plant tissues, whilst the presence of the bacterium
initiated plant defense mechanisms and damage index markers. Interestingly, the colonization and
internalization of S. Enteritidis in root was more frequent in younger plants compared to older plants at
higher pH values. It was evident that the presence of S. Enteritidis in nutrient solution, root rinse and
internally of roots increased plant defenses and damage index. Examining different natural products
(i.e. marjoram essential oil-EO and hydrosol, ascorbic acid-AA, and chitosan) but also their
combination in postharvest management, seem to be remarkable alternatives for the preservation of
minimally processed vegetables safety and quality. It is noteworthy, that the combination of marjoram
EO+AA application enhanced nutritional attributes (phenols, carotenoids) on both commodities
examined, while chitosan, EO, chitosan+EQO and chitosan+AA resulted to decreased Total viable count
(TVC) and yeast and molds counts on minimally processed lettuce. Further exploitation of different
products and optimized methods of application (i.e. EOs encapsulation) are important to be considered

for safer and more nutritive fresh products that will meet consumer’s demands and acceptability.
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Chapter 1. Literature review
1.1. Food safety and quality nowadays, challenges and needs for further research

The importance of a balanced diet for the promotion of human health has led to the establishment of
dietary guidelines (i.e. food wheel, MyPyramid, MyPlate) which aimed to present healthy eating habits
with increased serving sizes of fruits and vegetables (USDA, 2011; Cémert et al., 2020). National
organizations encourage people to increase their fruits and vegetables intake (EFSA, 2010; USDA,
2015). However, increased consumption of fresh produce has been linked with the increase of food
poisoning outbreaks (Balali et al., 2020; Carstens et al., 2019; Henriquez et al., 2020). Fruits and
vegetables have been implicated in various outbreaks regarding the consumption of contaminated fresh
produce especially leafy vegetables i.e. lettuce, spinach, cabbage and parsley (EFSA, 2013; Alegbeleye
et al., 2018; lwu and Okoh, 2019; Xylia et al., 2019a).

According to recent recommendations, the consumption of 400 g (or five portions) of fruits and
vegetables per day (minimum) is an essential component of a healthy diet (FAO, 2015; FAO/WHO,
2019). The results from the European Health Interview Survey (EHIS) (issued by Eurostat) reveal that
one in seven persons (> 15 years old) in the EU consumes daily at least five portions of fruits and
vegetables (Eurostat, 2016). In this essence, vegetables are consumed in various ways i.e. fresh, cooked,
minimally processed, frozen, canned and dried (Wells and Buzby, 2008; Lisiewska et al., 2009; Blistein
etal., 2012; Miller and Knudson, 2014). Indeed, a large part of vegetables are consumed raw or slightly
processed, and this increases the possibility of human contamination with spoilage and foodborne
pathogen microorganisms that will eventually result to food poisoning diseases (Balali et al., 2020;
Faour-Klingbeil et al., 2016a). The consumption of raw vegetables preserves the nutritional value of
these products and at the same time it lowers the losses of nutrients such as vitamins that might degrade
during processing (Balali et al., 2020; Carstens et al., 2019). From these findings, quality issues arise
regarding safety, nutritional value and shelf-life of fresh produce and minimally-processed vegetables.
It is essential for the food industry to ensure safe, highly nutritious products eliminating the risk of food

poisoning outbreaks.

1.2. Vegetables — leafy vegetables and health benefits

Vegetables as well as fruits are products with high nutritional value, as they are a rich source of
phytochemicals, micronutrients, minerals, vitamins (C, K, B complex), dietary fibers, antioxidants and
phenolic compounds (Al-Kharousi et al., 2016; Balali et al., 2020; Cémert et al., 2020). Many studies
have indicated the protective action of diets rich in antioxidants against reactive oxygen species
(oxidative stress) and its correlation with prevention of chronic diseases i.e. cancer, cardiovascular
diseases, diabetes, obesity, inflammation (Trichopoulou et al., 2003; Pereira et al., 2004; Alissa and
Ferns, 2017; Balali et al., 2020; Comert et al., 2020). Further studies have demonstrated that vitamins
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(vitamin C and B complex) as well as minerals (K, Ca, Mg and Zn) abundantly found in vegetables
play an important role in mental and emotional health (Huskisson et al., 2007; Kaplan et al., 2007;
Boehm et al., 2018; Brookie et al., 2018). The consumption of food rich in dietary fibers (i.e. vegetables)
seems to reduce the risk of cardiovascular disease, obesity and type Il diabetes (FAO, 2015).

1.3. Microorganisms and outbreaks linked with fresh produce and ready-to-eat vegetable salads

The main microflora of fruits and vegetables consists of spoilage bacteria, yeasts and molds
accompanied by human pathogenic bacteria due to possible contamination thought production (from
cultivation to consumption (Al-Kharousi et al., 2016). The main foodborne pathogens associated with
fresh produce include Escherichia coli, Salmonella spp., Listeria monocytogenes, Bacillus cereus,
Campylobacter spp., Yersinia enterocolitica, Staphylococcus aureus and Clostridium botulinum
(FAO/WHO, 2008; Al-Kharousi et al., 2016; Carstens et al., 2019; Dankwa et al., 2020). An infection
with these pathogens could result to mild clinical symptoms such as fever, headache, diarrhea, vomiting,
abdominal pain and muscle cramps. However, more complex diseases/syndromes might arise including
haemorrhagic colitis, haemolytic uremic syndrome, dysentery, septicaemia, meningitis and even
miscarriage (Yeni et al., 2016; Iwu and Okoh, 2019).

Non-typhoidal Salmonella and shiga-toxigenic E. coli were implicated in recent gastroenteritis
outbreaks regarding the consumption of vegetables, sprouts, fruits and nuts (Brandl et al., 2013;
Herndndez-Reyes and Schikora, 2013; Cox et al., 2018; CDC, 2020; Henriquez et al., 2020). This
evidence show that vegetables can act as vehicles of foodborne pathogens increasing the likelihood for
human health risks. In 2008 a multistate outbreak regarding the consumption of fresh produce
contaminated with S. Saintpaul was reported which lead to 1500 cases and 2 deaths (Barton Behravesh
et al., 2011). A listeriosis outbreak in the USA was reported during 2016 and has been linked with
packaged salads harboring L. monocytogenes (CDC, 2016). Two more multistate outbreaks were
announced during 2018 and 2020 at the USA concerning the consumption of E. coli O157:H7
contaminated romaine lettuce (FDA, 2018; 2020). Among food poisonings, Salmonella outbreaks might
be less severe than others, however numbers they seem to be increasing (Henrigquez et al., 2020). During
the last years increased prevalence of S. enterica on fresh produce has been observed and associated
with food poisoning outbreaks (Carstens et al., 2019; Gu et al., 2019). It has been mentioned that
incidences of S. enterica infection due to consumption of contaminated raw, fresh produce are the

second most common after norovirus (Bennett et al., 2018; Jacob and Melotto, 2020).

Previous studies have shown that foodborne pathogens differ in susceptibility against antimicrobial
agents currently used in the food industry (i.e. chlorine) or novel natural substances (i.e. essential oils
and their constitutes) (Parish et al., 2003; Niemira, 2007; Corcoran et al., 2014; Xylia et al., 2017). The

prevalence of human pathogens on fresh produce shows that they can survive on vegetables and the



processing environment. According to these findings Gram positive bacteria (i.e. L. monocytogenes, B.
cereus, S. aureus) were found to be more susceptible to antimicrobial agents applied during postharvest
processing compared to Gram negative bacteria (i.e. E. coli, Salmonella spp.). This may be attributed
to the structural differences on their cell wall, with Gram negative bacteria possessing an external
capsule that can prevent the penetration of the cell wall and membrane. Among foodborne pathogens
associated with fresh produce E. coli O157:H7, L. monocytogenes and Salmonella spp. have been linked
with the majority of food poisoning outbreaks during the last years (Cox et al., 2018; CDC, 2020).

Escherichia coli

E. coli is a Gram-negative, non-spore forming, rod shaped, facultative anaerobic, motile (some cells)
bacterium, member of the Enterobaceriaceae family, with optimal growth at 37 °C. Based on their
virulence factors and the diseases they cause pathogenic E. coli can be classified in six main groups:
enterohemorrhagic E. coli (EHEC) — which can cause hemorrhagic colitis and hemolytic-uremic
syndrome (HUS). Additional terms for these groups are Vero toxin-producing E. coli (VTEC) and Shiga
toxin-producing E. coli (STEC). Other groups of pathogenic E. coli include enterotoxogenic E. coli
(ETEC), which causes traveler's diarrhea, enteropathogenic E. coli (EPEC) which leads to childhood
diarrhea, enteroinvasive E. coli (EIEC) that can cause Shigella-like dysentery, enteroadherent E. coli
(EAEC), which has been associated with childhood diarrhea and enteroaggregative E. coli (EAgQEC)

which can cause diarrhea (Meng and Schroeder, 2007).

The enterotoxinogenic E. coli strains have the ability to secrete both heat sensitive and resistant
toxins in the small intestine. Heat resistant toxin cannot be inactivated by boiling at 1200°C for one hour.
Infection with enterotoxinogenic E. coli (including E. coli O157:H7) can cause watery diarrhea
accompanied with abdominal pain, nausea and vomiting. Bloody diarrhea might develop 24 — 48 h after
the watery diarrhea’s appearance and can stop within 5 to 7 days after. The infectious dose of this
pathogen is very low as it can be transmitted from human to human. Less than 1000 cells (maybe 10

cells) are able to cause disease (Meng and Schroeder, 2007).
Listeria monocytogenes

L. monocytogenes is one of the six species in the genus of Listeria, along with L. seeligeri, L.
ivanovii, L. innocua, L. welshimeri and L. grayi. It is a psychrotrophic, Gram-positive, non-spore
forming, aerobic or facultative anaerobic bacillus. This bacterium is able to grow and survive at
environmental conditions with 5-10% CO,, temperatures ranging from 0 up to 45 °C and pH value up
to 4.4 (Allerberger, 2007).

Infection with L. monocytogenes can cause listeriosis, a rare, sporadic, yet severe disease with quite
high mortality rate (20-30%). This disease mainly occurs among the pregnant, the elderly and the
immunocompromised. The main symptoms of listeriosis include meningitis (headache, drowsiness and

coma), perinatal infection, encephalitis, psychosis, infectious mononucleosis, septicemia and low-grade
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infection like flu (not severe) except in pregnant women where it can cause miscarriage. The infectious
dose is high up to 5 to 9 log cfu/mL of food and symptoms will occur 18 to 27 h after ingestion. It is
noteworthy that healthy individuals when infected might not show any symptoms but can eliminate
cells through their feces. Preventive vaccine does not exist (Allerberger, 2007).

Salmonella spp.

Salmonella is a Gram negative, rod-shaped, non-spore forming, facultative anaerobic, motile (most
strains) bacterium, member of the Enterobaceriaceae family, that can grow at temperatures ranging
from 8 up to 45 °C (optimum growth at 37 °C), pH values between 4.0 to 9.5 (optimum 6.5-7.5) and
water activity (aw) as low as 0.94 (optimum 0.995) (Cox and Pavic, 2014; Chlebicz and Slizewska,
2018; Carstens et al., 2019). The genus of Salmonella spp. is divided in two species: i) S. enterica and
ii) S. bongori. Moreover, S. enterica consists of six biochemically defined subspecies: S. enterica subsp.
enterica (1), S. enterica subsp. salamae (I), S. enterica subsp. arizonae (Ill1a), S. enterica subsp.
diarizonae (I11b), S. enterica subsp. houtenae (1V), and S. enterica subsp. indica (VI). Each species and
subspecies is further divided into serogroups and each serogroup is determined by a particular O antigen
(somatic antigen for serological purposes) (Wang and Hammack, 2014). It is worth mentioning that
most of the Salmonella incidences of human salmonellosis reported have been linked to S. enterica
subsp. enterica which includes more than 2600 serovars (i.e. S. Enteritidis, S. Typhimurium, S.
Montevideo) (Ricke and Cast, 2014).

Clinical symptoms of salmonellosis include gastroenteritis, abdominal pain, fever, nausea and fever.
Salmonellosis is considered a self-limiting disease (usually) which can last from 2 to 7 days, with 12-
72 h incubation period (Cox and Pavic, 2014). It is proposed that the infectious dose of Salmonella
ranges between 6 and 8 log cfu, however according to epidemiological data even a few cells are

sufficient to colonize the gastrointestinal track and cause food poisoning (Cox and Pavic, 2014).

1.4. Sources of contamination of fresh produce

Intensive cultivation of vegetables over the years for higher fresh produce yields has led to the
appearance of increased food poisoning outbreaks lined with fresh produce consumption (Alegbeleye
et al., 2018). The probability of fresh produce contamination with foodborne pathogens is present along
the food chain (from farm to consumer) and pre-harvest hazards play an important role in the prevalence
of foodborne pathogens on fresh produce. Numerous routes have been previously reported including
water (of many sources), use of manure (poorly treated or even raw), insects, livestock and/or wild
animals (Mei Soon et al., 2012; Uyttendaele et al., 2015; Alegbeleye et al., 2018). Concerns and

challenges regarding food safety arise once pathogens are established in the environment.



Irrigation water has been identified as one of the main routes of fresh produce contamination
(Uyttendaele et al., 2015; Faour-Klingbeil et al., 2016b). Water is mainly being used for irrigation and
preparation of nutrient solution (for hydroponic cultivation). The frequency of human pathogens
presence and contamination of fresh produce via water depends on the irrigation regime (time and
application method), irrigation water source, type of crop and land use practices, pathogen strain and
population, (Olaimat and Holley, 2012; Uyttendaele et al., 2015; Alegbeleye et al., 2018; Dankwa e al.,
2020). Previous studies have classified irrigation waters sources (from low to high contamination risk)
as follows: potable/rainwater, deep groundwater, shallow groundwater, wells, surface and
raw/inadequately treated wastewater (Pachepsky et al., 2011; Uyttendaele et al., 2015; Alegbeleye et
al., 2018). It is noteworthy that the reuse of untreated or partially untreated wastewater poses a risk of
health due to the potential presence of microbiological (i.e. foodborne pathogens) and chemical hazards
(pesticides, pharmaceutical compounds) (Marcussen et al., 2007; Christou et al., 2014; Adegoke et al.,
2017a,b; 2018, Dankwa e al., 2020).

The ability of human pathogens to colonize leafy vegetables has been linked to their ability to survive
outside animal hosts (Martinez-Vaz et al, 2014). Many studies have examined the survival and
proliferation of foodborne pathogens in soil and soil amended with contaminated compost. The use of
non-properly or un-amended manure as a fertilizer on has been proven to serve as a vehicle and increase
the possibility of microbial contamination of fresh produce (Martinez-Vaz et al, 2014). It has been
shown that S. Thompson, S. Typhimurium and E. coli O157:H7 can survive in soil amended with
contaminated compost for more than 200 days (Islam et al., 2004; Garcia et al., 2010; Brandl et al.,
2013). It is worth mentioning that the proliferation of human pathogens in compost and mixture of
manure and compost, is also affected by soil moisture, topography and proximity to water sources
(Martinez-Vaz et al, 2014). Moreover livestock, wild animals as well as insects (especially houseflies)
can be vectors of human pathogens and mediate to the transmission of these microorganisms in leafy

and other vegetables increasing the risk of food poisonings (Martinez-Vaz et al, 2014).

Postharvest practices also provide sources of human pathogens that can possibly contaminate fresh
produce, increasing the likelihood of food poisoning risks. During postharvest management, fresh
produce such as leafy vegetables undergo processes i.e. washing, shredding, chopping, slicing, peeling,
which aim to reduce the microbial load of minimally processed vegetables and prepare them as ready-
to-eat food (Gorny et al., 2006). However, along with mishandling and injured (surface damage), they
can serve as sources of fresh produce contamination with foodborne pathogens lurking in the processing

environment (Martinez-Vaz et al, 2014).



1.5. Internalization of foodborne pathogens in leafy vegetables

Internalization of foodborne pathogens in plants is influenced by the ability of the pathogen’s to
attach its self on a plant surface (i.e. rhizosphere, phyllosphere), survive, grow and proliferate on fresh
produce (Alegbeleye et al., 2018). It has been previously mentioned that the internalization of human
pathogens on plants occurs with the aid of stomata, lenticels, bruises and cracks of plant surfaces
(including broken trichomes) (Alegbeleye et al., 2018).

It is thought that internalization is a pathogen-plant interaction and its occurrence depends on the
pathogen (Alegbeleye et al., 2018). Moreover, a number of factors affecting foodborne pathogens
internalization and proliferation in leafy vegetables has been reported that include among others, the
route of contamination, plant type, age and morphology, type of cultivation system (open field,
greenhouse, soil, hydroponics), strain and serovar of the pathogen (Hirneisen et al., 2012; Brandl et al.,
2013; Lim et al., 2014; Alegbeleye et al., 2018). The internalization of human pathogen in plants could
be a passive or an active process (Sant’Ana et al., 2014). As it has been reported, passive internalization
takes places mainly through the roots and seeds, however the risk of contamination is considerably low
compared to leaf contamination (Alegbeleye et al., 2018). This might be attributed to the fact that
pathogens can be found in lower numbers in plant areas that are less prone to contamination, whereas
human pathogens are more able to colonize more susceptible/contaminated areas and transmit to edible
plant parts (Solomon et al., 2002; Cooley et al., 2007; Alegbeleye et al., 2018). Numerous studies have
investigated the parameters that affect the internalization of human pathogens in leafy vegetables grown

in soil (Table 1.1) and soilless culture-hydroponic system (Table 1.2).

Immersion of cilantro and lettuce leafy parts in solution containing S. Thompson, P. agglomerans,
P. chlororaphis, E. coli O157:H7 (at a level of 5 log cfu/g) resulted to bacterial internalization mainly
in the vein leaf area (Brandl and Mandrell, 2002; Brandl and Amundson, 2008). In another study, Alam
et al. (2014) reported internalization of E. coli 0157:H7 in spinach and rocket leaves when sprayed with
inoculation (5-7 log cfu/g) in plants grown in soil. When lettuce plants were inoculated via irrigation
with water contaminated with E. coli (7 log cfu/g) internalization of the bacterium was reported in the
leafy parts (Guprta et al., 2016). Interestingly, no internalization was observed when lettuce plants were
inoculated with a strain mixture of E. coli O157:H7 (4 and 6 log cfu/g) via root (soil inoculation) and
exposed at heat and drought stress (Zhang et al., 2009a). Moreover, Klerks et al. (2007a) supported that
different Salmonella serovars (S. Dublin, S. Typhimurium, S. Enteritidis, S. Newport, S. Montevideo)
might establish and internalize different in various lettuce plants when inoculated at a high level (7 log
cfu/g) in soil. At this study it was evident that among serovars S. Dublin was able to colonize lettuce
endophytically as well as epiphytically, while lettuce cultivars Cancan and Nelly were less susceptible
to bacterial contamination compared to cultivar Tamburo (Klerks et al., 2007a). These findings suggest
that human pathogen internalization is affected by bacterial strain and serovar, type of vegetable and

method of contamination.



Table 1.1. Internalization of foodborne pathogens in leafy vegetables grown in soil.

Plant Bacteria tested Plant part Inoculum Surface Internalizati Internalization Reference
inoculated (log cfu/g)  sanitation occurrence
Lettuce S. Newport root 6,8 - * plant tissue Bernstein et al., 2007
Cilantro S. Thompson, P. upper plant part 5 - + vein area Brandl and Mandrell,
agglomerans, P. (immersion) 2002
chlororaphis
Lettuce E. coli O157:H7, S. upper plant part 5 - + veins and in the Brandl and
Thompson (immersion) areas between the Amundson, 2008
veins
Spinach, green E. coli O157:H7 root 2,3,4,56 + + no internalization Erickson et al., 2010a
lettuce, parsley via roots
Spinach, lettuce E. coli O157:H7 upper plant part 2,4, 6,8 + + lettuce leaves Erickson et al., 2010b
(spray)
Spinach E. O157:H7 root (root 6 + + root (not in leaves)  Hora et al., 2005
disruption + 7d post inoculation
irrigation)
Spinach, rocket E. coli O157:H7 upper plant part  5-7 + + leaves Alam eta al., 2014
(spray)
Lettuce S. Dublin, S. root 7 + + leaves Klerks et al., 2007a
Typhimurium, S.
Enteritidis, S.
Newport, S.
Montevideo
Spinach E. coli O157:H7 leaves and roots 6 + + leaves Mitra et al., 2009
Lettuce E. coli O157:H7 root 1,234 + + leaves Mootian et al., 2009




Spinach E. coli O157:H7 root 3,7 leaves Pu et al., 2009
Lettuce E. coli O157:H7 root 4,6,8 in edible tissue Solomon et al., 2002
Lettuce Escherichia coli root (irrigation 8,9 in edible tissueand  Solomon and
0157:H7 water) root Matthews, 2005
Lettuce E. coli O157:H7 root 4,6 - Zhang et al., 2009a
Lettuce E. coli O157:H7 leaves and roots 3,4, 6 in inoculated leaves Zhang et al., 2009b
Lettuce E. coli O157:H7 roots, seeds 4 leaves and root Cooley et al., 2006
Lettuce E. coli root 7 leaves Guprta and
Madramootoo, 2016
Lettuce E. coli root 3-4 leaves Jensen et al., 2013
Crisphead lettuce  E. coli O157:H7 root 4 seedlings and Johannessen et al.,
leaves/root 2005
Lettuce E. coli O157:H7 leaves 57 leaves Moyne et al., 2011
Lettuce E. coli O157:H7, L. root 5 leaves and root Murphy et al., 2016
monocytogenes, S.
Senftenberd
Lettuce E. coli O157:H7, S. root 8 root and shoot Nicholson et al., 2015
Typhimurium
Lettuce L. innocua root 7 leaves and root Oliveira et al., 2011
Lettuce E. coli O157:H7 root 7 leaves and root Oliveira et al., 2012




Cabbage E. coli O157:H7, S. root 4,7 + leaves Ongeng, 2011a
Typhimurium

Cabbage E. coli O157:H7, S. root 4,7 + leaves Ongeng, 2011b
Typhimurium

Lettuce, cilantro S. Montevideo, leaves 8 not studied  not studied Poza-Carrion et al.,
S.Enteritidis 2013

Cress, oats E. coli O157:H7, S. root 10 + root and shoot Semenov et al., 2010
Typhimurium

Mizuna, tatsoi, generic E. coli , E. leaves (spray) 4 + leaves Tomas-Callejas et al.,

red chard coli O157:H7 2011

Spinach, lettuce E. coli O157:H7 root 7 + root and leaves Wright et al., 2013

Lettuce S. Enteritidis root 1,5,6,7,8 + whole plant and Honjoh et al., 2014

leaves

Rocket, basil L. monocytogenes root 9 - - Settanni et al., 2012

Cantaloupe, E. coli, S. root 56,7,8 + leaves Stine et al., 2005a

iceberg lettuce, Typhimurium

bell peppers

Lettuce E. coli O157:H7 leaves (spot 6,7,9 not studied  not studied Dinu and Bach, 2011

method)
Lettuce, spinach E. coli O157:H7 leaves (abaxial- 6,8 + leaves Erickson et al., 2010c

underside
surface)




Parsley S. Typhimurium root 7 + leaves Lapidot and Yaron,
2009
Lettuce E. coli O157:H7 root 7 + root and leaves Quilliam et al., 2012
Lettuce, cabbage  E. coli leaves and roots 4 not studied  not studied Seidu et al., 2013
Lettuce E. coli O157:H7 leaves (spray) 2,4 not studied  not studied Solomon et al., 2003
Lettuce (cultivars:  S. Enteritidis, E. coli  leaves (spray) 5 + leaves Erickson et al., 2019
‘Green Star’, 0157:H7
‘Muir’, ‘New Red
Fire’,
‘Starfighter’,
‘Tropicana’, and
‘Two Star’)
Spinach, lettuce E. coli O157:H7 roots (compost 2, 3,4,5,7 - - Erickson et al., 2014
and soil)
Spinach S. Typhimurium, E. leaves (spray) 5 + leaves Erickson et al., 2018
coli O157:H7
Spinach, lettuce, E. coli O157:H7 leaves and roots 2 + leaves Wright et al., 2017

tomato, Nicotiana
benthamiana

For surface sterilization column: +: performed, -: not performed. For internalization column: +: presence internally, -: no presence internally, +: both presence
and absence inside plant tissue.
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As the need for renewable energy sources increases, soil to be more contaminated and less fertile,
and intense weather phenomena are more evident, a turn towards hydroponic vegetable production was
made. Hydroponic cultivation of vegetables is considered to be a clean, safe and environmentally
friendly growing technique; however, incidence of microbial contamination might occur endangering
human health (Treftz and Omaye, 2016; Dankwa et al., 2020; Lenzi et al., 2021). Macarisin et al. (2014)
reported that E. coli O157:H7 (5, 6, 7 log cfu/mL) was isolated from hydroponically grown spinach
roots, stems and leaves (nutrient solution inoculation). In the same study it is suggested that high
inoculum levels resulted to increased internalization possibility (Macarisin et al., 2014). When cress,
radish, spinach, lettuce, mustard, carrots, and tomatoes seeds grown in solidified hydroponic nutrient
solution that subjected to inoculation with E. coli O157:H7, S. Typhimurium and L. monocytogenes (2
log cfu/mL), bacteria were isolated from leaf surfaces and at the same time E. coli colonization was
influences by plant type and plant age (Jablasone et al., 2005). Moreover, Koseki et al. (2011) reported
internalization of E. coli O157:H7, S. Enteritidis, S. Typhymurium and L. monocytogenes on

hydroponically grown lettuce at both inoculums’ levels investigated (3 and 6 log cfu/mL).
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Table 1.2. Internalization of foodborne pathogens in leafy vegetables hydroponically grown.

Plant Bacteria tested Growth Plant part Inoculum (log Surface Intern Internalization  Reference
conditions inoculated cfu/mL) sanitation  alizatio occurrence
n
Lettuce E. coli O157:H7,S. hydroponic and root 9 + + leaves and root Franz et
Typhimurium soil al., 2007
Spinach E. coli hydroponic and root 2,3 + + leaves Warriner et
soil al., 2003
Spinach E. coli O157:H7 hydroponic root 3,4,56,7,8 - + shoot and root Sharma et
medium and soil al., 2009
Spinach E. coli hydroponic and upper plant 2,3,4,5 - not not studied Gutierrez-
soil part (spraying) studied Rodriguez
etal., 2011
Spinach E. coli O157:H7 hydroponic and root 56,7 + + root, stem and Macarisin
soil leaves etal., 2014
Cress, radish, E. coli O157:H7,S.  solidified seeds 2 + + leaf surface Jablasone
spinach, lettuce, Typhimurium, L. hydroponic et al., 2005
mustard, carrots, monocytogenes nutrient solution
tomatoes
Lettuce S. Dublin soil and root 7 + + leaves Klerks et
Hoagland's agar al., 2007b
Cabbage E. coli hydroponic model  root 5 - not not studied Wachtel et
system studied al., 2009a
Lettuce E. coli O157:H7 soil and root 2,4,6,8 - not not studied Wachtel et
hydroponic model studied al., 2009b
system
Lettuce E. coli O157:H7 hydroponics root 7 + + root and leaves Hou et al.,
2013
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radish sprouts E. coli O157:H7 hydroponics root 3,4, 7 - + cotyledon and Hara-Kudo

hypocotyl et al., 1997
radish sprouts E. coli O157:H7 hydroponics root 3 + + hypocotyl Itoh et al.,
1998
Spinach E. coli O157:H7,S.  hydroponics root, leaves 3,6 - + root and leaves Koseki et
Enteritidis, S. and cut leaves al., 2011
Typhimurium, L.
monocytogenes
Basil S. Typhimurium, S.  hydroponics root and 8 - + shoot and leaves  Liand
Thompson, human leaves Uyttendaele,
NoV surrogates 2018
[murine norovirus 1
(MNV-1) and
Tulane virus (TV)]
Lettuce E. coli O157:H7 hydroponics root 7 + + root and leaves Moriarty et
al., 2019
Radish C. freundii, hydroponics root 6 + + hypocotyls Settanni et
Enterobacter spp., al., 2013
E. coli, K. oxytoca,
S. grimesii, P.
putida, S.
maltophilia

For surface sterilization column: +: performed, -: not performed. For internalization column: +: presence internally, -: no presence internally, +: both presence
and absence inside plant tissue.
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1.6. Pre- and post-harvest management and quality of fresh produce
1.6.1. Pre-harvest management

Throughout the production chain of fresh produce and minimally processed vegetables the risk for
microbial contamination is lurking. Once human pathogen establish in an environment including plant
tissue (biofilm formation and/or internalization) their elimination is challenging in the subsequent steps
of the food chain (processing, distribution and consumption). Thus, preventive measures should be

taken in order to minimize the probabilities of fresh produce contamination.

Use of clean and good source water is essential since water is one of the major factors that can lead
to fresh produce contamination with foodborne pathogens either at conventional or hydroponic
cultivation (Uyttendaele et al., 2015; Faour-Klingbeil et al., 2016b). According to Codex Alimentarus
(2003), the water used in close hydroponic systems (close loop systems) is recycled or changed
frequently since the composition of the recirculated nutrient solution is constantly changing due to the
absorption of nutrients and water from plants, and in most cases, the nutrient solution is decontaminated
against plant pathogens (Tzortzakis et al., 2020). Moreover, decontamination of seeds prior sowing has
been proven able to lower the risk of pathogen contamination and the microbial load of the seed’s
microflora which could possible mediate to the internalization of human pathogens at the early stages
of plant growth (Lenzi et al., 2021). Moreover, the use of protective nets against pest could be applied
in order to eliminate the access of invaders (i.e. insects, animals) to fresh produce. Interestingly it has
been suggested that the use of biodegradable nets with incorporated cinnamon essential oil, not only
inhibited the growth of Alternaria alternata but also increased antioxidant activity of tomato fruits
(Black-Solis et al., 2019).

1.6.2. Postharvest management

During processing of fresh produce, contamination might take place due to unsanitary or non-
properly sanitized surfaces (i.e. people, water, soil, dust) (EFSA, 2011). The main decontamination
during minimal processing of vegetables is washing and the use of sanitizing agents at this step has
been proven to essential for the preservation of low microbial load. Sanitizing processes can be
categorized as follows: i) chemical sanitizers (i.e. chlorine, chlorine dioxide, hydrogen peroxide,
ozone), ii) physical methods (i.e. modified atmosphere packaging, irradiation, ultraviolet treatment) and
ii) natural products (i.e. organic acids, essential oils and other plant extracts, edible films and coatings)
(Ramos et al., 2013; Xylia et al., 2017).
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1.6.2.1. Chemical means

The most common sanitizing agent used in the food industry is sodium hypochlorite (chlorine) and
the concentration and time of its application can vary from 50 to 200 mg/L and 1 to 10 minutes
depending on the product being processed. Many factors can influence its efficacy including the
application and washing time, the temperature and the pH of the solution and the amount of the organic
matter that is present (Francis et al. 1999). However, many studies have shown that the applied
concentration might not be able to eliminate microbial load of fresh produce (including foodborne
pathogens) and at the same time could result to the formation of trihalomethanes, carcinogenic
substances that can be absorbed by vegetables and potentially harm human health (Akbas and Olmez,
2007a; Coroneo et al., 2017). These findings have led the food industry to investigate the use of other

more eco-friendly sanitizing agents that could not risk human health.

Chlorine dioxide (CIO2) and hydrogen peroxide (H:0.) have been previously mentioned as
alternative, safe decontamination agents (use up to 3 and 80 ppm, respectively), since they cannot react
with organic matter despite their oxidizing nature (Joshi et al., 2013; Ramos et al., 2013) on the other
hand H,0, was found to cause severe browning to shredded lettuce (Parish et al., 2003). Ozone (Os)
has also been suggested and applied for the preservation of fresh produce (Ramos et al., 2013;
Tzortzakis and Chrysargyris, 2017). It is an agent that presents increased antimicrobial activity due to
its high reactivity and penetrability and these results are more evident at its gaseous compared to

aqueous solutions (Ramos et al., 2013).

1.6.2.2. Physical means

The reduction of fresh produce microbial load could also be achieved with the use of physical
methods such as the application of modified atmosphere packaging (MAP), irradiation and ultraviolet
treatment (UV-C) (Ramos et al., 2013). The modification of the packaging atmosphere (O, and CO;
levels) has been proposed as one method for preserve minimally processed vegetables due to its ability
to inhibit the growth of aerobic spoilage microorganisms as well as foodborne pathogens (Rodriguez-
Aguilera and Oliveira, 2009). In addition, irradiation of fresh produce has been approved by the FDA
with maximum application level of 1 kGy, whilst UV-C has also been proposed for application to fruits
and vegetables due to its direct and indirect antimicrobial activity (Parish et al., 2003; Ramos et al.,
2013).

1.6.2.3. Natural products

Nowadays, a turn towards the use of less chemical and more natural products for the preservation of

fruits and vegetables has been observed by the food industry as increasing consumer. This has resulted
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to the investigation of natural products with numerous properties such as antioxidant, antimicrobial,
antifungal, anti-browning and more properties (Altunkaya and Gokmen, 2009; Chrysargyris et al.,
2016a,b; Yuan et al., 2016). These natural products include: organic acids (ascorbic, lactic, acetic,
tartaric and oxalic acid), essential oils from aromatic plants and other plant extracts, their combinations
and incorporation to edible films and coatings (Martin-Diana et al., 2006; Akbas and Olmez, 2007a,b;
Chrysargyris et al., 2016b; Yuan et al., 2016; Viacava et al., 2018; Tzortzakis et al., 2019; Xylia et al.,
2019b; Nair et al., 2020).

Organic acids have been used by the food industry due to their ability to inhibit microbial load by
decreasing the environmental and/or intracellular pH (Parish et al., 2003; Ramos et al., 2013). Moreover
studies have also proven than organic acids such as ascorbic acid could prevent or minimize browning
evidence when applied to cut surfaces (Akbas and Olmez, 2007a,b; Altunkaya and Gokmen, 2009; Park
etal., 2011; Xylia et al., 2019b).

Essential oils from aromatic plants and other plant extracts have also been considered as alternative
fresh produce and minimally processed vegetables. Many studies have reported the benefits essential
oils and plant extracts use in minimally processed food as well as fresh produce (Tzortzakis, 2009; Chen
et al., 2017; Chrysargyris et al., 2017; Xylia et al., 2017; Xylia et al., 2018; Tzortzakis et al., 2019;
Viacava et al., 2018; Xylia et al., 2019b). These effects are attributed to the numerous properties of the
essential oils and their aromatic origin and include: antimicrobial, antifungal, antioxidant, antiparasitic,
insecticide and many more (Burt, 2004). During the last years the incorporation of essential oils in
edible films and coatings (i.e. chitosan) has gained great interest as is seems that these formulations can
enhance the properties of the natural compounds and in some cases act synergistically prolonging the
shelf-life of fresh produce and minimally processed vegetables (Yuan et al., 2016; Romanazzi et al.,
2018; Nair et al., 2020).

It is worth mentioning that the nutritional value of minimally processed vegetables during processing
might be adversely affected. For instance, oxidation of phenolic content, degradation of vitamin C
(ascorbic acid) loss of dietary fibers might take place due to preparing practices (i.e. cutting, shredding,
washing) (Favell et al., 1998; Vallejo et al., 2003; McDowell et al., 2007). Thus, it is essential for the
food industry to investigate the use of compounds and processes that not only ensure the microbial
quality of fresh produce and minimally processed vegetables but also preserve and/or enhance the

nutritional of these products.

1.7. Objectives of the present studies

The present thesis aims to assess i) the microbiological and physicochemical attributes of ready-to-
eat salads as affected by season, producer, type of salad in the whole districts of Cyprus, ii) the

microbiological and physicochemical attributes of ready-to-eat salads on their expiring date comparing
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with the date of purchase and how the season, the producer, and the type of salad could have a role on
that, iii) the effects of pH of the nutrient solution, the plant age (small, medium and old plants) and
inoculum levels (low and high levels) of S. Enteritidis on hydroponically grown lettuce and iv) the
efficacy of natural products (essential oil, hydrosol, ascorbic acid and chitosan) and their combinations
on the quality and safety of ready-to-eat vegetables (minimally processed lettuce and shredded carrot).
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Chapter 2. Methodology and protocols
2.1. Media

Solutions and media used, were prepared with deionized water, reverse osmosis and
sterilized by autoclaving (SANYO, MLS-3781L) at 121°C for 15 minutes (or as otherwise
indicated by the manufacturer.

2.1.1. BAIRD-PARKER Agar

The BAIRD-PARKER agar (BPA (Merck, Darmstadt, Germany) was prepared according
to the manufacturer’s instructions (Merck-105406) and then an aliquot of Egg yolk tellurite
emulsion (Merck-103785) was added. The medium consists of peptone from casein (10.0
g/L), meat extract (5.0 g/L), yeast extract (1.0 g/L), sodium pyruvate (10.0 g/L), glycine (12.0
g/L), lithium chlorite (5.0 g/L) and agar (15.0 g/L). The Egg yolk tellurite emulsion consists
of sterile egg-yolk (200 mL/L), sodium chloride (4.25 g/L), potassium tellurite (2.1 g/L) and

distilled water (to give a final volume of 1000 mL).

2.1.2. Brain Heart Infusion Agar

The Brain Heart Infusion broth (BHI Broth) (Biolab, Hungary) was prepared according to
the manufacturer’s instructions (Biolab-BHI 291113044). The broth consists of nutrient
substrate (brain and heart infusion, peptones) (27.5 g/L), glucose (2.0 g/L), sodium chlorite
(5.0 g/L) and buffers (2.5 g/L). The BHI agar was prepared as the BHI broth with the addition
of 1.5% agar (Sigma-BCBLO0578V).

2.1.3. Cereus selective agar acc. to MOSSEL

The Cereus selective agar base acc. to MOSSEL (MYP agar)(Merck, Darmstadt,
Germany) was prepared according to the manufacturer’s instructions (MERCK-105267) and
then an aliquot of Egg yolk emulsion (Merck-103784) and the content of one vial Bacillus
cereus Selective Supplement (Merck-109875) were added. The medium consists of peptone
from casein (10.0 g/L), meat extract (1.0 g/L), D-(-)-mannitol (10.0 g/L), sodium chloride
(10.0 g/L), phenol red (0.025 ¢g/L) and agar-agar (12.0 g/L). The Egg yolk emulsion consists
of sterile egg yolk (500 mL/L), sodium chloride (4.25 g/L) and distilled water (to dive a final
volume of 1000 mL). The selective supplement consists of polymyxin B (50000 1U/vial).
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2.1.4. Chromocult Listeria Selective Agar

The Chromocult® Listeria Selective Agar Base acc. OTTAVIANI and AGOSTI (ISO
11290) (Merck, Darmstadt, Germany) was prepared according to the manufacturer’s
instructions (Merck-100427) and then an aliquot (according to the manufacturer’s
instructions) of Chromocult Listeria Agar Selective —Supplement (Merck-100432) and one
bottle of ChromoCult Listeria Agar Enrichment Supplement (Merck-100439) were added.
The base consists of peptone from meat (18.0 g/L), peptone from casein (6.0 g/L), yeast
extract (10.0 g¢/L), sodium pyruvate (2.0 ¢/L), glucose (2.0 g¢/L), magnesium
glycerophosphate (1.0 g/L), magnesium sulphate (0.5 g/L), sodium chlorite (5.0 g/L), lithium
chlorite (10.0 g/L), disodium hydrogen phosphate (2.5 g/L), 5-bromo-4-chloro-3-indolyl-p-D-
glycopyranoside (0.05 g/L) and agar (13.0 g/L). The selective supplement consists of
amphotericin B (0.005 g/vial), ceftazidime (0.010 g/vial), nalidixic acid sodium salt (0.010
g/vial) and polymyxin B sulfate (38350 IU/vial). The enrichment supplement consists of L-a-

phosphatidylinositol (raw extract from soy lecithin) (1g/vial).

2.1.5. CN agar for Pseudomonas

The CN agar for Pseudomonas base (Biokar diagnostics, France) was prepared according
to the manufacturer’s instructions (Biokar diagnostics-BK165HA). The medium consists of
pancreatic digest of gelatin (16.0 g/L), acid hydrolysate of casein (10 g/L), potassium sulfate
(10.0 g/L), magnesium chloride (1.4 g/L), cetrimide (0.2 g/L), nalidixic acid (0.015 g/L),
bacteriological agar (11.0 g/L).

2.1.6. Coliform agar

The ChromoBio COLIFORM agar (Biolab, Hungary) was prepared according to the
manufacturer’s instructions (Biolab-COF20500). The medium consists of peptones (3.5 g/L),
sorbitol 1 g/L), sodium chloride (5 g¢/L), sodium pyruvate (1 g/L), tryptophane (1 g/L),
Tergitol 7 (0.15 g/L), chromogenic substrate (0.4 g/L), buffers (4.9 g/L) and agar (13 g/L).

2.1.7. ESBL agar

The Chromatic ESBL agar base (Liofilchem s.r.l, Italy) was prepared according to the
manufacturer’s instructions (Liofilchem s.r.1-610629) and then two vials of Chromatic ESBL

Supplement (Liofilchem s.r.1-81089) or Chromatic ESBL + Amp Supplement (Liofilchem
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s.r.1-81090) were added. The medium consists of peptone mix (43.2 g/L), chromogenic mix
(1.0 g/L) and agar (15.0 g/L). The supplement consists of Selective Mix (0.5 g/vial).

2.1.8. FRASER Listeria Selective Enrichment Broth

The FRASER Listeria Selective Enrichment Broth base acc. 1SO 11290 (Merck,
Darmstadt, Germany) was prepared according to the manufacturer’s instructions (Merck-
110398). Half FRASER broth was prepared with the addition of one vial of ammonium iron
(11) supplement (Merck-100092) and one selective supplement (Merck-100093). Full
FRASER broth was prepared with the addition of another bottle of selective supplement (cat.
No. 100093) to the half-concentrated FRASER broth. The base consists of proteosepeptone
(5.0 g/L), peptone from casein (5.0 g/L), yeast extract (5.0 g/L), meat extract (5.0 g/L),
sodium chloride (20.0 g/L), di-sodium hydrogen phosphate (9.6 g/L), potassium dihydrogen
phosphate (1.35 g/L), esculin (1.0 g/L) and lithium chloride (3.0 g/L). The ammonium iron
(1) supplement consists of ammonium iron (Il1) citrate (0.250g/vial). The selective

supplement consists of acriflavine (0.00625 g/vial) and nalidixic acid (0.005 g/vial).

2.1.9. Maximum Recovery Diluent

The Maximum Recovery Diluent (MRD) (Merck, Darmstadt, Germany) solution was
prepared according to the manufacturer’s instructions (Merck-112535). The solution consists
of peptone (1.0 g/L) and sodium chlorite (8.5 g/L).

2.1.10. MRS agar

The MRS broth ISO 15214 (Liofilchem s.r.l, Italy) was prepared according to the
manufacturer’s instructions (Liofilchem s.r.1-610025). The broth consists of peptospecial
(10.0 g/L), beef extract (10.0 g/L), yeast extract (5.0 g/L), glucose (20.0 g/L), triammonium
citrate (2.0 g/L), sodium acetate (5.0 g/L), magnesium sulphate (0.2 g/L), manganese sulphate
(0.05 g¢/L) and di-potassium phosphate (2.0 g/L). The MRS agar was prepared as the MRS
broth with the addition of 1.5% agar (Sigma BCBLO0578V).

2.1.11. Plate Count Agar

The GranuCult Plate Count Agar acc. to ISO 4833, ISO 17410 and FDA-BAM (PCA agar)

(Merck, Darmstadt, Germany) was prepared according to the manufacturer’s instructions
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(MERCK-1105463). The medium consists of enzymatic digest of casein (5.0 g/L), yeast
extract (2.5 g/L), D-(+)-glucose (1.0 g/L) and agar-agar (14.0 g/L).

2.1.12. Peptone Water (buffered)

The Peptone Water (buffered) (BPW) acc. to 1SO 6579(Merck, Darmstadt, Germany) was
prepared according to the manufacturer’s instructions (Merck-107228). The solution consists
of peptone from casein (10 g/L), sodium chloride (5 g/L), potassium dihydrogen phosphate
(1.5 g/L) and di-sodium hydrogen phosphate dodecahydrate (9.0 g/L).

2.1.13. Rose Bengal CAF agar

The Rose Bengal CAF agar (Liofilchem vs.r.l, Italy) was prepared according to the
manufacturer’s instructions (Liofilchems.r.1-610090). The medium consists of enzymatic
digest of soybean meal (5.0 g/L), glucose (10.0 g/L), monopotassium phosphate (1.0 g/L),
magnesium sulfate (0.5 g/L), Rose Bengal (0.05 g¢/L), chloramphenicol (0.1 g/L) and agar
(15.0 g/L).

2.1.14. Salmonella enrichment broth acc. to RAPPAPORT and VASSILIADIS

The Salmonella enrichment broth acc. to RAPPAPORT and VASSILIADIS (RVS broth)
(Merck, Darmstadt, Germany) was prepared according to the manufacturer’s instructions
(Merck-107700). The broth consists of peptone from soymeal (4.5 g/L), magnesium chloride-
hexahydrate (28.6 g/L), sodium chloride (7.2 g/L), di-potassium hydrogen phosphate (0.18
g/L), potassium dihydrogen phosphate (1.26 g/L) and malachite green oxalate (0.036 g/L).

2.1.15. Tryptone Bile Glucuronic Agar

The TBX agar (Himedia, India) was prepared according to the manufacturer’s instructions
(Himedia-M1591). The medium consists of enzymatic digest of casein (20.0 g/L), bile salts
mixture (1.5 g/L), X-B-D-glucuronic acid (0.075 g/L), dimethyl sulfoxide (3.0 g/L) and agar
(15.0 g/L).
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2.1.16. Violet Red Bile Dextrose Agar

The Violet Red Bile Dextrose (VRBD) agar acc. EP, USP, JP and ISO 21528 (Merck,
Darmstadt, Germany) was prepared according to the manufacturer’s instructions (Merck-
110275).The medium consists of pancreatic digest of gelatin (enzymatic digest of animal
tissue) (7.0 g/L), yeast extract (3.0 g/L), sodium chloride (5.0 g/L), D-(+)-glucose (10.0 g/L),
Bile salts (1.5 g/L), neutral red (0.03 g/L), crystal violet (0.002 g/L), agar-agar (13.0 g/L).

2.1.17. Xylose-Lysine Deoxycholate Agar

The Xylose-Lysine Deoxycholate Modified Agar (XLD Agar) (Sharlau, Spain) was
prepared according to the manufacturer’s instructions (Sharlau-01552).The medium consists
of xylose (3.75 g/L), L-lysine (5.0 g/L), lactose (7.5 g/L), sucrose (7.5 g/L), sodium chloride
(5.0 g/L), yeast extract (3.0 g/L), phenol red (0.08 g/L), sodium deoxycholate (1.0 g/L),
sodium thiosulphate (6.8 g/L), ammonium ferric citrate (0.8 g/L) and agar (15.0 g/L).

2.2. Protocols
2.2.1. Microbiological analyses

Plant tissue was homogenized with MRD (or BPW) in a 1:10 ration (w/v) (dilution 107).
Serial decimal dilutions were carried out (from 107 to 107). 100 pL were taken from each bag
and transferred into 900 uL of MRD (dilution 10%). The same procedure was repeated until
the dilution 107. 100 pL from each dilution were dispersed into a Petri dish with the
appropriate medium for each microorganism tested and incubated at the appropriate

conditions (temperature and time).

r\r\r\r\,

q — \f £
900 L 900 [IL ‘ ‘ 900 uL W 900 pL
\ / MRD MRD MRD
) 100 pL 100 pL 100 pL 100 uL
100 ||L

101 102 103 104 10$

Figure 2.1. Serial decimal dilution procedure.
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2.2.1.1. Total Viable Count (TVC)

For the determination of TVC 100 puL from each dilution (10°-10°) were dispersed on
PCA medium and plates were incubated at 30°C for 48 h and results were expressed as log

cfu/g of sample.

Figure 2.2. Total viable count on PCA.

2.2.1.2. Enterobateriaceae family

For the determination of Enterobacteriaceae family counts 100 pL from each dilution (10°
2.10™) were dispersed on VRBDA medium (with a covering layer of the same medium) and
plates were incubated at 37°C for 24 h. Characteristic pink to red or purple colonies with or

without precipitation halo were counted and results were expressed as log cfu/g of sample.

Figure 2.3. Members of Enterobacteriaceae family on VRBDA.

2.2.1.3. Coliforms, E. coli and antibiotic resistant E. coli isolates

For the determination of coliforms and E. coli counts were determined by dispersing 100
uL from each dilution (10*-10"%) on COLIFORMS agar and plates were incubated at 37°C for
24 h. Characteristic pink (coliforms) and blue (E. coli) colonies were counted and results were
expressed as log cfu/g of salad. One typical blue colony isolated from COLIFORMS agar was
streaked on TBX agar and plates incubated at 37°C for 24 h. After incubation typical blue-
green colonies were further tested for antibiotic resistance (extended spectrum p-lactamaces-
ESBL). The presence of antibiotic resistant E. coli isolates was tested by streaking one typical
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blue-green colony from TBX on ESBL agar. Plates were incubated at 37°C for 24 h and then
examined for typical pink-reddish-mauve colonies.

Figure 2.4. Coliforms and E. coli on COLIFORMS agar (A). E. coli isolates on TBX agar (B). E. coli
isolates exhibiting antibiotic resistance on ESBL agar (C).

2.2.1.4. Staphylococcus spp.

For the determination of Staphylococcus spp. 100 uL from each dilution (10*-102) were
dispersed on BPA medium and plates were incubated at 37°C for 24 h. Typical black or grey
colonies with and/or without a clear halo were counted and results were expressed as log
cfu/g of sample.

Figure 2.5. Staphylococcus spp. on BPA.

2.2.1.5. B. cereus

B. cereus counts were determined by dispersing 100 uL from each dilution (10*-10"%) on
MYP medium and plates were incubated at 30°C for 24 h. Typical pink colonies with
precipitation halo were counted and results were expressed as log cfu/g of sample.
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Figure 2.6. B. cereus on MYP agar.

2.2.1.6. Lactic acid bacteria (LAB)

For the determination of lactic acid bacteria population 100 uL from each dilution (107-
10%) were dispersed on MRS medium and plates were incubated at 30°C for 48 h and results

were expressed as log cfu/g of sample.

Figure 2.7. Lactic acid bacteria on MRS agar.

2.2.1.7. Pseudomonas spp.

Pseudomonas spp. population was determined by dispersing 100 puL from each dilution
(10-10% on Pseudomonas agar and plates were incubated at 37°C for 24-48 h. Colonies
producing a blue-green (pyocyanin) pigmentation (or presenting a fluorescence under UV

light at 365 nm) were counted and results were expressed as log cfu/g of sample.
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Figure 2.8. Pseudomonas spp. on Pseudomonas agar, under UV light.

2.2.1.8. Yeasts and molds

For the determination of yeasts and molds counts 100 pL from each dilution (10-107?)
were dispersed on Rose Bengal CAF medium and plates were incubated at 25°C for 5-7 days

and results were expressed as log cfu/g of sample.

Figure 2.9. Yeasts and molds on Rose Bengal CAF agar.

2.2.1.9. Detection and isolation of Listeria spp.

For the detection and isolation of Listeria spp. the ISO 11290 (ISO 11290-1, 2004) method
was used with modifications. The method consists of three steps: i) pre-enrichment: Five
grams of plant tissue were homogenized with 45 mL of Half FRASER broth and samples
were incubated at 30°C for 24 h, ii) enrichment: 100 uL from Half FRASER broth were
transferred in 10 mL of Full FRASER broth and incubated at 37°C for 48 h and iii) isolation:
A loopful from Full FRASER broth was streaked on ALOA medium and plates were
incubated at 37°C. After 48 h plates were examined for the presence of typical blue-green
colonies with opaque halo (typical Listeria-like colonies). Typical Listeria-like colonies were
isolated, subcultured on BHI agar and incubated at 37 °C for 24 h.
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Figure 2.10. Listeria spp. on ALOA.

2.2.1.10. Detection and isolation of Salmonella spp.

For the detection and isolation of Salmonella spp. the ISO 6579 (ISO 6579, 2002) method
was used with modifications. The method consists of three steps: i) pre-enrichment: Five
grams of plant tissue were homogenized with 45 mL of BPW and samples were incubated at
37°C for 24 h., ii) enrichment: 100 puL from BPW were transferred in 10 mL of RVS broth
and incubated at 37°C for 24 h and iii) isolation: A loopful from RVS broth was streaked on
XLD medium and plates were incubated at 37°C. After 48 h plates were examined for the
presence of typical red colonies with black center. Typical colonies were isolated, subcultured
on BHI agar and incubated at 37 °C for 24 h.

Figure 2.11. Salmonella spp. on XLD agar.
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2.2.1.11. Molecular confirmation of Listeria monocytogenes and Salmonella enterica

DNA was extracted with heat lysis. For cell lysis and DNA extraction, colonies grown on
BHI agar were selected and transferred in 200 pL of sterile dH,O and heated at 100°C for 20
min. After that samples were centrifuged at 1500 x g for 5 min and supernatant was stored at -
20°C until molecular analysis.

Salmonella spp. isolates were identified with real-time polymerase chain reaction (real-
time PCR) using iCycler (Bio-Rad, USA) and a set of forward primer inv139 (5-
GTGAAATTATCGCCACGTTCGGGCAA-3Y and  reverse  primer invi4l (5~
TCATCGCACCGTCAAAGGAACC-3) for the amplification of a 284 bp fragment of the
invA gene (Malorny et al., 2003). The incubation conditions were 95 °C for 1 min, followed
by 35 cycles of 95 °C for 15 s, 64 °C for 30 s and 72 °C for 30 s (Malorny et al., 2003). A final
extension of 72 °C for 4 min and a melting curve at 55 °C were also employed. Listeria spp.
isolates were identified using real-time PCR for the amplification of a 274 bp fragment of the
prfA gene with forward primer prfA LIP1 (5 GATACAGAAACATCGGTTGGC-3) and
reverse primer prfA LIP2 (5- GTGTAATCTTGATGCCATCAGG-3) (Rossmanith et al.,
2006). The incubation conditions were 94 °C for 2 min, followed by 45 cycles of 94 °C for 15

s and 64 °C for 1 min (Rossmanith et al., 2006). A melting curve at 55 °C was also employed.

In both protocols, the template for real-time PCR assays (for 1 reaction-20 pL final
volume) was genomic DNA from heat lysed cells (2 puL) mixed with forward and reverse
primers (1 uL each), sterile distilled water (6 uL) and KAPA CYBR FAST gPCR Master mix
(KAPA Biosystems, USA) (10 ulL).

2.2.2. Weight loss and color

Weight loss was monitored throughout storage and results were presented as percentage of
total weight loss. Color was evaluated with a colorimeter (Chroma meter CR400Konica
Minolta, Japan) where the L* (lightness), a* (redness), and b*(yellowness) value were
recorded. Chroma value (C), hue (h) and whiteness index (WI) were calculated by the
following equations C = (a** +b*?)¥2, h = tan™(b*/a*) and WI=100 — [(100 — L*)? + a* +
b*?¥4(Bolin and Huxsoll, 1991; McGuire, 1992). Color index (CI) was calculated with the
following equation: Cl = (a* x 1000)/(L* x b*) (Goyeneche et al., 2014). Browning index
(BI) was calculated with the following equation: Bl = 100 x (X — 0.31)/0.17, where X = (a* +
1.75 x L*)/(5.645 x L* + a* - 3.012 x b*) (Palou et al., 1999).
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2.2.3. Respiration rate and ethylene emission

For the determination of sample’s respiration rate, the atmosphere of each package was
withdrawing by a dual gas analyser (International Control Analyser Ltd, UK) as previously
reported (Chrysargyris et al., 2016b; Xylia et al., 2019b). Briefly, enclosed samples
container’s air was withdrawing for appropriate time through a hole on the lid whilst
recording the %CO,. Ethylene flow rate was estimated by measuring the ethylene
concentration of the packages as in the determination of respiration rate, using an ethylene
analyser (ICA 56 Analyser, International Control Analyser Ltd, UK) as described previously
by Chrysargyris et al. (2016b). Briefly, samples container’s air was withdrawing for
appropriate time through a hole on the lid recording the ppm of ethylene produced.

2.2.4. pH, total soluble solids, total acidity, sweetness

Plant tissue was grinded/pressed in order to extract juice. The pH of the plant juice was
measured with a pH-meter (HANNA HI2211, Cluj-Napoca, Romania). Total soluble solids
(TSS) content was determined using a digital portable refractometer (Atago, Tokyo, Japan)
and results were expressed in °Brix. Titratable acidity (TA) was determined by titration with
0.1 N NaOH as previously reported (Rocha et al., 2007; Scuderi et al., 2011) and results were
expressed as percentage of acid grams per 100 g of fresh weight (% TA). Sweetness was
evaluated by the ratio of TSS/TA (Picouet et al., 2015).

2.2.5. Ascorbic acid (Vitamin C)

The presence of ascorbic acid (reducing properties) during titration of a sample, results in
the reduction of the redox dark blue dye 2,6-dichlorophenol-indophenol (DCPIP) used to a
colorless compound and its subsequent oxidation to dehydroascorbic acid. The end-point of
this reaction is indicated with the development of a pink color of sample’s solution due to
addition of excess unreduced dye (presents pink color in acid solution) (Shivembe and
Ojinnaka, 2017).
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Figure 2.12. Reaction of ascorbic acid with DCPIP.

Ascorbic acid content was quantified by titration with 2,6-dichlorophenol-indophenol
(DCPIP) (AOAC International, 2007) until the development of pink colored sample’s solution
and results were expressed as g of ascorbic acid per 100 g of fresh weight (g AA/ 100 g Fw).

2.2.6. Total carotenoids

Total carotenoid content was determined as described by Rocha et al. (2007) using 80%
acetone (v/v); absorbance was measured at 480 nm and results were expressed as g of

carotenoids per 100 g of fresh weight (g carotenoids/ 100 g Fw).

2.2.7. Leaf chlorophyll and carotenoid content

For leaf pigment extraction, plant tissue (three biological replicates/treatment/day; 0.1 g)
was incubated with 10 mL dimethyl sulfoxide (DMSO) at 65 °C for 30 min and absorbance
was measured at 480, 649 and 665 nm. Photosynthetic pigments (chlorophyll a, chlorophyll b
and total chlorophyll) and total carotenoids content were calculated using the equations as

previously reported by Wellburn (1994):
Chlorophyll a (Ch| a) =12.19 X Agss — 3.45 X Asag
Chlorophyll b (Ch| b) =21.99 X Ass9 — 5.32 X Aess

Total chlorophyll (Tot Chl) = Chla + Chl b
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Total carotenoids (Tot Carot) = (1000 X Asgo — 2.14 x Chl a — 70.16 x Chl b)/220

Results were expressed as mg chlorophyll (or carotenoids) per g of fresh weight (mg
chlorophyll/g Fw).

2.2.8. Determination of total phenolic content and antioxidant activity
2.2.8.1. Polyphenol extraction and analyses

Plant tissue was homogenized with methanol (50% v/v) for 60 seconds. Extraction was
further assisted with a sonication bath and by centrifuging the samples for 15 minutes at 4000
X g at 4°C. The supernatant was transferred in a 15 mL falcon tube and stored at -20 °C until

analysis.

2.2.8.2. Determination of total phenols using the Folin-Ciocalteu method

This method is based on the chemical reduction of the Folin-Ciocalteu reagent (a mixture
of tungsten and molybdenum oxides). The products of this reduction are blue colored
compounds that can absorb at 755 nm. The intensity of the absorption is proportional to the

concentration of the phenolic compounds of the sample tested (Singleton and Rossi, 1965).

Polyphenol + HP,W,.Mo,0,,.10H,0 and H,P,W, ,Mo,0,, .10H.0

pH 10
Oxydo-reduction

Oxidized polyphenol + Blue tungstene and molybdene oxides

(Amax = 725-760 nm)

Figure 2.13. Reaction of polyphenols with Folin-Ciocalteu reagent (Callemien, D. and Collin, 2009).

The procedure was carried out as previously described by Tzortzakis et al. (2007). Briefly,

a volume of sample (methanolic extract) were mixed with 125 pL of Folin-Ciocalteu reagent
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(Merck, Darmstadt, Germany) and 1.25 mL of 7% (w/v) sodium carbonate (Sigma-Aldrich,
Germany) (final volume 3 mL). After 1 h and 30 min incubation in the dark (room
temperature), the absorbance was measured at 755 nm against a blank sample. For the
quantification of total phenolic compounds, a standard curve was prepared from gallic acid
stock solution (1 mmol/L) (Scharlau, Spain). The results were expressed as equivalents of
gallic acid per g of fresh weight (mg of GAE/g Fw).

2.2.8.3. Determination of the antioxidant activity using the 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) method

This assay is based on the capacity of antioxidants to reduce the DPPH" radical (violet
color), leading to the formation of hydrazine. At 515-528 nm, the reduction of the red color is
proportional to the concentration of the antioxidants in a DPPH" methanolic/ethanolic solution
(Boligon et al., 2014).

NO, NO,
/H
03N N + R-OH —— O,N N T R-O
N —Ph \N—Ph Stable phenoxy
NO | O | radical
2 Ph 2 By
Purple DPPH

(2,2 diphenyl-1-picryl hydrazyl) Yellow

Figure 2.14. Reaction of DPPH radical with antioxidants (adapted from Sekar et al., 2016).

The antioxidant capacity using the DPPH method was determined as previously described
by Wojdylo et al. (2007) with slight modifications. Briefly, 1 mL of 0.3 mM DPPH 0.3 mM
(Sigma-Aldrich, Germany) and a volume of methanolic extract were mixed (final volume 3
mL), the mixture was incubated for 30 minutes in the dark (room temperature) and the

absorbance was measured at 517 nm. In order to calculate the amount of antioxidants in the
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samples, a standard curve was prepared with trolox ((z)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid) (Sigma-Aldrich, Germany) and results were
expressed as mg of trolox per g of fresh weight (mg of trolox/g Fw).

2.2.8.4. Determination of the Ferric Reducing Antioxidant Power (FRAP)

The FRAP method is based on the reduction of Fe** to Fe** in the presence of antioxidants
and the subsequent formation of [Fe(TPTZ).]** complex. This blue colored complex can
absorb at 593 nm and the intensity of the absorption is proportional to the concentration of
antioxidants of the tested sample (Bezi¢ and Strain, 1996).

% N\ + %,
Fva3+ ( 5
| v d ’L[J
"‘- Antioxidant
Ferric tripyridyltriazing e} Fenous tripyridytiriazine
{Fe™-TPTZ) complex {(Fe**-TPTZ} complax

Intange blua color

Figure 2.15. Reduction of Fe3* to Fe?* and formation of [Fe(TPTZ),]?* complex (adapted from Moon
and Shibamoto, 2009).

The procedure was carried out as previously described by Chrysargyris et al. (2016a).
Briefly, 2.5 mL of 0.3 M sodium acetate (Sigma-Aldrich, Germany) (pH=3.6), 0.25 mL of 10
mM TPTZ (Sigma-Aldrich, Germany), 0.25 mL of 20 mM FeCl; (Scharlab, Spain) and a
volume of methanolic extract were mixed, incubated at 37°C for 4 minutes and the

absorbance was measured at 593 nm against a blank sample. For the quantification of
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antioxidants in samples, a standard curve was prepared with trolox and results were expressed

as mg of trolox per g of fresh weight (mg of TROLOX/g Fw).

2.2.85. Determination of the antioxidant activity wusing the 2,2’-azinobis-
(ethylbenzothiazoline-6-sulfonic acid) (ABTS) method

The assay is based on the oxidation of the ABTS reagent with ammonium persulfate to
form ABTS™. ABTS™" is a blue-green radical with high absorbance at 734 nm. In the presence
of antioxidants the radical is reduced (loss of blue-green color) and this
reduction/discoloration is proportional to the concentration of the antioxidants in the sample
tested (Villaio et al., 2004).

5 soy | * antioxydant

Figure 2.16. Reaction of ABTS™* radical with antioxidants (adapted from El Rayess et al., 2014).

The procedure was carried out as previously described by Wojdylo et al. (2007). Briefly, 3
mL of ABTS solution (Sigma-Aldrich, Germany) and a volume of sample were mixed and
after incubation for 6 minutes (room temperature) the absorbance was measured at 734 nm
against a blank sample. In order to calculate the amount of antioxidants in the samples, a
standard curve was prepared with trolox and results were expressed as mg of trolox per g of

fresh weight (mg of trolox/g Fw).

2.2.9. Damage index: Determination of hydrogen peroxide and lipid peroxidation

2.2.9.1. Determination of hydrogen peroxide
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Hydrogen peroxide (H.0.) is a compound that is produced in plants during normal
physiological processes as well as in response to biotic and abiotic stress. The quantification
of H,0; is based on the oxidation of potassium iodide (KI) by the presence of H.O- in an
acidic solution. This reaction leads to the formation of iodine which can be further oxidized
with iodide ions (I") present in the solution resulting to the production of triiodide (Is*), a
compound with yellow color that can absorb at 390 nm. The intensity of the absorption is
proportional to the concentration of H2O> of the sample tested (Junglee et al., 2014).

i) 21" + 2H" + H,0; — I + 2H,0
i) L+ > Is"

The H,0; concentration was determined according to the method described previously by
Loreto and Velikova (2001). Plant tissue (frozen grinded powder) was homogenized with 3
mL of 0.1% (w/v) trichloroacetic acid (TCA) (Scharlau, Spain) and centrifuged at 15000 x g
at 4 °C for 15 min. An aliquot of the supernatant (0.5 mL) was mixed with 0.5 mL of 10 mM
potassium phosphate buffer (pH=7.0) and 1 mL of 1 M potassium iodide (Merck, Darmstadt,

Germany) and after 1 min the absorbance was measured at 390 nm. For the quantification of

H»O, content in samples, a standard curve was prepared with H20».

2.2.9.2. Determination of lipid peroxidation using the 2-thiobarbituric acid reactive
substances (TBARS)

Lipid peroxidation is a universal indicator used for the assessment of plant membranes
stress. The basic protocol for the determination of lipid peroxidation has been suggested by
Heath and Packer (1968) and the method is based on the reaction of malondialdehyde (MDA)
(one of the main oxidation product of polyunsaturated fatty acids) with 2-thiobarbituric acid
(TBA) and the production of a red colored compound that can absorb at 532 nm. However,
with this method other compounds such as anthocyanins and carbohydrates can interfere with
the absorbance at this wavelength and thus their non-specific absorbance at 600 nm should be
discarded (Taulavuori et al., 2001).

0
Il 0
™ \H 8 My OH HO.__N._SH
et L— 10 Y
CH 0 H s Nz, CH—CH=CH—x, N
Il

OH
0 OH
MDA TBA MDA-TBA,

Figure 2.17. Formation of MDA-TBA; pigment (adapted from Ligor et al., 2012).
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Lipid peroxidation was estimated according to the 2-thiobarbituric acid reactive substances
(TBARS) method as previously described by de Azevedo Neto et al. (2006). The extraction
procedure was carried out as mentioned above (Section 2.2.8.6.1). An aliquot of the
supernatant (0.5 mL) was mixed with 1.5 mL of 0.5% (w/v) 2-thiobarbituric acid (TBA)
(Sigma-Aldrich, Germany) in 20% (w/v) TCA, the reaction was incubated at 95 °C for 25 min
and then quickly cooled. The absorbance was measured at 532 and corrected by discarding
the non-specific absorbance at 600 nm. In order to calculate the concentration of MDA the
extinction coefficient of MDA was used ((€) = 155 mM/cm).

36



Chapter 3. Investigation of safety and quality of ready-to-eat salads. A survey
3.1. Introduction

Dietary guidelines suggest the daily consumption of vegetables as an important source of vitamins,
mineral, dietary fiber and phytonutrients. There is a general consensus that a diet rich in vegetables may
reduce the risk of heart disease and protect against certain types of cancer (FAO, 2015). More and more
people are changing their eating habits, increasing their daily intake of vegetables. Ready-to-eat salads

are a healthy, low calorie and convenient option for a contemporary and busy lifestyle.

Ready-to-eat salads are characterized minimally processed foods as their processing includes
washing, peeling, cutting, drying, and packaging and not any heat treatment (de Oliveira et al., 2011).
Minimally processed fruits and vegetables are more susceptible to microbial contamination and
proliferation, due to procedures such as cutting and peeling that can damage their outer natural
protection, release plant juices favoring microbial growth (Abadias et al., 2008). Additionally spoilage
bacteria, including several species of Pseudomonas and mesophilic organisms (e.g., lactic acid bacteria
and Enterobacteriaceae) may be present in fresh produce and their activity (i.e., production of enzymes
with lytic activity) may lead to great losses of quality, due to texture break down, or release of off-odors
(Remenant et al., 2015). Vegetables have also been considered as vehicles of foodborne pathogen
including enterohaemorrhagic strains of Escherichia coli, Listeria monocytogenes, Salmonella spp. and
Campylobacter spp. (Park et al., 2012). These pathogens may contaminate vegetables throughout the
food chain either pre- (water, soil, manure, insects, handling) and/or post-harvest (water, peeling,
cutting, packaging, handling) (EFSA, 2011).

Consumption of fresh produce and minimally processed fruits and vegetables has been linked to an
increasing number of outbreaks of foodborne illnesses (Jeddi et al., 2014). It is noteworthy that the
presence of extended spectrum B-lactamase (ESBL) - producing bacteria, especially from
Enterobacteriaceae family (E. coli and Klebsiella pneumoniae) have been reported in leafy vegetables
(Blaak et al., 2014; Kim et al., 2015). It is thus important to monitor the microbiological quality of

fresh-cut packaged salads.

Health Protection Agency (HPA; United Kingdom) has given some guidelines regarding the
assessment of the microbiological safety of ready-to-eat foods. According to these guidelines total
aerobic counts of ready-to-eat salads usually range between 6 and 8 log cfu/g; Enterobacteriaceae
counts are separated in three categories (> 4 log cfu/ g: unsatisfactory, 2—4 log cfu/g: borderline and<2
log cfu/g: satisfactory) and similarly E. coli presence is categorized (> 2 log cfu/g: unsatisfactory, 1.3—
2 log cfu/g: borderline and<1.3 log cfu/g: satisfactory) (HPA, 2009).

Previous microbiological surveys of ready-to eat salads have investigated the presence of total
aerobic counts, coliforms, E. coli, Salmonella spp., Listeria spp., yeasts and molds (Tournas, 2005;
Caponigro et al., 2010; Santos et al., 2012; Gurler et al., 2015; Losio et al., 2015). The occurrence of
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main foodborne pathogens such as E. coli O157:H7, Listeria spp. and Salmonella spp. has only been
occasionally reported (Jeddi et al., 2014). Despite the extensive focus on hygiene and safety of fresh
cut salads, to our knowledge, there are a few studies that have related the variability in the microbial
load of ready-to- eat salads with their visual quality and % CO; production, which directly affect the
acceptability of the products by the consumers (Caponigro et al., 2010; Santos et al., 2012; Nousiainen
et al., 2016). For instance, Caponigro et al. (2010) studied the microbial populations and visual quality
of ready-to-eat salads in Italy. Another study conducted in Portugal by Santos et al. (2012) assessed the
microbial quality and sensory attributes (differences in taste) of ready-to-eat salads; while Nousiainen
et al. (2016) studied the bacterial quality and safety as well as the O2/CO, composition of ready-to-eat
salads in Finland. Moreover, none of them have studied the possible correlations between the microbial
load, quality attributes and plant tissue response to stress (both biotic and abiotic), including the non-

proper handling and aversive storage conditions of ready-to-eat salads.

The aims of this study were: (i) to assess the variability in the microbiological quality of ready-to-
eat salads in Cyprus, capturing the combined effect of collecting season, salad producer and type of
salad and (ii) to assess the correlation between microbial load, antioxidant activity and respiration (in
terms of % CO; production) of the samples tested. Furthermore, the possible relation between the
antioxidant activity of salads and their microbial load will be investigated. The second part of this
chapter aims to evaluate the effects of expiring date (OR “estimated expiring day’’) on microbial load
and plant associated parameters (phenolic content, antioxidants, CO2 production, damage indexes) of

samples collected during two seasons.

3.2. Experiment 1. Variation of microbial load, visual quality and antioxidative capacity of ready-

to-eat salads by vegetable type, season, and producer
3.2.1. Materials and methods
3.2.1.1. Sampling

In this study, a total of 216 samples (ready-to-eat salads) were randomly collected from different
supermarkets in four cities of Cyprus (Larnaca, Limassol, Nicosia, Paphos) during one year period, in
four sampling periods, namely autumn (October—November 2016), winter (January-February 2017),
spring (April-May 2017) and summer (July- August 2017). For each period, samples were collected
once a week, transported to the laboratory within 2 h, in a cool box, and stored at 7 °C for further
analysis. Samples were examined for their production of CO, due to the respiration process, total
phenolic content and antioxidant activity as well as for the presence of Listeria spp. and Salmonella
spp. and the levels of the following microbial groups: total viable (aerobic) count (TVC),
Enterobacteriaceae, coliforms, E. coli, Staphylococcus spp., B. cereus, lactic acid bacteria,

Pseudomonas spp., yeasts and molds.
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In each sample, appropriate amount of fresh tissue for microbiological analysis (Salmonella spp.,
Listeria spp. and others) and extraction of polyphenols and antioxidants was collected and stored at —20
°C (Figure 3.S1). The majority of salad producers used modified atmosphere packaging (MAP) with
single-layer orientated polypropylene (OPP) or double-layer polyethelene (PE) material. Fresh produce
sanitation was taken place during the washing steps with chlorine-based products (~2-3 ppm of free

chlorine on the washing water), while treatment with sanitation prior to processing was not a common

application.
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(only for Winter and Summer)
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Microbiological
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2.Lettuce~Cabbage

3 Lettuce~Endive/radicchio
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6.Rocket

7.0ther

Salad producers

Figure 3.1. Experimental layout.

3.2.1.2. Microbiological analyses

Microbiological assessment of each sample was performed as previously described in section 2.2.1.
Briefly, 1 g of salad (the sampling weight was based on preliminary tests and previous reports of Xylia
et al., 2017) was homogenized in stomacher for 1 min with 9 mL of MRD and after serial decimal
dilutions were plated on each respective medium (sections 2.2.1.1-2.2.1.8). ESBL producing E. coli

isolates were identified as mentioned at section 2.2.1.3.

Assessment of the microbiological safety of ready-to-eat salads were made according to HPA

guidelines (HPA, 2009) while total aerobic counts were further categorized in three levels as i)
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satisfactory (< 6 log cfu/g), ii) borderline (6-8 log cfu/g; based on HPA 2009) and iii) unsatisfactory (>
8 log cfu/qg).

3.2.1.2.1. Isolation and identification of Salmonella spp. and Listeria spp.

For the isolation of Salmonella spp. and Listeria spp., 5 g of each sample were analyzed as described
at sections 2.2.1.9 and 2.2.1.10.

3.2.1.2.2. Molecular confirmation of Salmonella enterica and Listeria monocytogenes

DNA extraction and molecular confirmation of S. entrerica and L. monocytogenes from Salmonella

spp. and Listeria spp. isolates were performed as mentioned at section 2.2.1.11 (Figure 3.52-3S3).

3.2.1.3. Respiration production

The procedure for the determination of the metabolic respiration process of salads was performed as
previously mentioned at section 2.2.3, for 60 s. Results were expressed as percentage of CO- production

(% COy) (the outcome of the initially flushed CO; and that produced by respiration) Figure 3.S1.

3.2.1.4. Polyphenol content and antioxidant activity of ready-to-eat salads

Pooled plant tissue (1 g) from each sample was homogenized with 10 mL 50% (v/v) methanol and
extraction procedure was carried out as described at section 2.2.8.1. Total phenols were determined
with the Folin-Ciocalteu method (section 2.2.8.2) and results were expressed as equivalents of gallic
acid (Scharlau, Spain) per g of fresh weight (mg of GAE/g Fw). The antioxidant activity of each sample
was evaluated with three different methods as 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay, ferric
reducing antioxidant power (FRAP) assay and 2.2'-azinobis- (ethylbenzothiazoline-6-sulfonic acid)
radical cation discoloration (ABTS) assay. The ability of the samples to scavenge the DPPH (Sigma-
Aldrich, Germany) radical was evaluated as previously described at section 2.2.8.3 and results were
expressed as mg of trolox per g of fresh weight (mg of trolox/g Fw).The capacity of the extracts to
reduce Fe>* was evaluated by measuring the absorbance of the [Fe (TPTZ)?]** complex at 593 nm, as
previously described at section 2.2.8.4 and results were expressed as mg of trolox per g of fresh weight
(mg of trolox/g Fw). The capacity of the extracts to scavenge the ABTS radical was determined
according to procedure presented in section 2.2.8.5 and results were expressed as mg of trolox per g of

fresh tissue (mg of trolox/g Fw).
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3.2.1.5. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version 25 where the effect of season,
salad producer and type of salad as well as their interactions on the phenolic content, antioxidant activity
and % CO, production of samples was assessed with three-way ANOVA. Data means were also
compared with one-way analysis of variance (ANOVA) and Tukey's multiple range tests were
calculated for the significant data P < 0.05. All measurements were done in duplicates. The confidence
intervals (CI) for the proportions were also calculated using the adjusted Wald confidence interval
(Agresti and Coull, 1998). The association between total viable counts and the presence of other
microorganisms tested was assessed by Pearson's correlation coefficient (Cohen, 1988). Differences
between positive and negative samples were analyzed by the independent-samples t-test and the

magnitude of size effect was evaluated based on Eta squared (n?) (Cohen, 1988).

3.2.2. Results
3.2.2.1. Microbiological analysis
3.2.2.1.1. Variability in microbial load associated with sampling period

Samples collected during spring were found to have higher microbial load, in most of the
microorganisms, tested compared to samples from other seasons. Total viable counts ranged between
5.12 and 9.75 log cfu/g with an average of 7.73 log cfu/g (Figure 3.2). The majority of the samples 113
out of 216 (52.31%) had a viable count between 6 and 8 log cfu/g, which categorizes them as borderline,
according to HPA guidelines (see Figure 3.2). Spring showed the highest value (8.18 log cfu/ g). During
autumn, 7 out of 72 samples (9.72%) were characterized as satisfactory (< 6 log cfu/g), whereas in
summer 53 out of 72 samples (73.61%) were characterized as unsatisfactory (> 8 log cfu/g). Spring also
showed the highest value for Enterobacteriaceae (7.05 log cfu/g). Only a small fraction of the samples
falls into the satisfactory category (< 2 log cfu/g) and these were observed only during autumn and

winter (1.38 and 2.77%, respectively).
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Figure 3.2. Microbiological quality of ready to eat salads collected during one year period from supermarkets in
Cyprus as affected by season. Results include only positive samples for each microorganism tested and are the
mean value + standard deviation. Each box contains 50 per cent of cases and whiskers represent the rest. The line
across the inside of the box represents the median value.

The majority of samples, 191 out of 216 (88.43%) were negative for E. coli, whereas counts for
positive samples (11.57%; 95% CI: 7.91-16.6%) ranged between 1.48 and 4.88 log cfu/g. A total of 15

samples (6.94%), were characterized as borderline (cfu/g range: 1.3-2 log), whereas 10 (4.63%) were
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unsatisfactory, with cfu/g numbers exceeding 2 log. When comparing seasons, the highest average value
(3.17 log cfu/g) was recorded during autumn. All positive E coli samples were tested for antibiotic
resistance. ESBL testing on the positive E. coli isolates revealed that five samples (2.62%) were positive

with three of them were isolated during summer and two over spring.

The lowest value for Staphylococcus spp. was recorded in autumn (3.01 log cfu/g) and the highest
in spring and summer (4.21 and 4.02 log cfu/g, respectively). Twenty samples (9.26%) were found
positive for B. cereus and with values ranging from 1.48 to 4.28 log cfu/g. Positive samples were found
in all seasons [9 (12.5%), 1 (2.78%), 6 (8.33%) and 4 (11.11%) in autumn, winter, spring and summer,
respectively]. Additionally, lactic acid bacteria were present in 198 samples (91.67%) and values ranged
between 1.48 and 7.39 log cfu/g. The lowest average value was observed during summer (4.52 log cfu/
g), whereas the highest values during winter and spring (5.61 and 5.66 log cfu/g, respectively). The
presence of Pseudomonas spp. was observed in 165 samples (76.39%) and values ranged between 1.48
and 9.04, log cfu/g. The lowest values were observed during autumn and summer (5.15 and 5.76 log
cfu/g, respectively), whereas the highest values during the winter and spring (6.85and 7.34 log cfu/g).
Yeasts and molds were present in 197 samples (91.20%) and values ranged between 1.63 and 6.68 log
cfu/g. The lowest values were observed during summer and spring (4.66 and 4.87 log cfu/g,

respectively), whereas the highest value during winter (5.30 log cfu/g).

The majority of samples, 212 out of 216 (98.15%) were found negative for Salmonella spp. via the
enrichment and culture-based steps of the detection, whereas four samples (collected during autumn)
which were showed presumptive positive colonies after enrichment were negative for S. enterica,
according to the PCR-tested samples for the presence of invA gene. The presence of L. monocytogenes

was detected in eight samples (3.70%; 95% CI: 1.8-7.3%) that were collected during spring.

3.2.2.1.2. Variability in microbial load associated with salad producer

The highest average value for total viable count was observed in samples from producer B (8.32 log
cfu/g), whereas samples from producer E showed the lowest TVC levels (7.10 log cfu/g).
Enterobacteriaceae family counts ranged between 1.48 and 8.82 log cfu/ g, whereas only one sample
(combination of lettuce with two or more ingredients) was found negative and came from salad producer
A on the second sampling period. Totally 208 out of 216 (96.30%) samples were characterized as
unsatisfactory (> 4 log cfu/g), according to HPA guidelines (HPA, 2009). The lowest average value
was observed by salad producer E (5.46 log cfu/g), whereas salad producer B showed the highest (7.27
log cfu/g) levels in their samples (Figure 3.3). The majority of samples tested (207 out of 216) (95.8%)
were also positive for coliforms. During spring, the lowest value for coliforms was observed in samples
by salad producer E (4.63 log cfu/g), whereas samples of salad producer B showed the highest (6.47

log cfu/g) value. Five out of the nine negative samples (55.56%) that did not harbor coliforms came
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from salad producer A, whereas the rest came from producer D (4 samples). Additionally, the nine

negative samples were found in autumn (7 samples) and in winter (2 samples) sampling period.
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Salad producer E was the only one with negative for E. coli samples throughout the four sampling
periods. Staphylococcus spp. was present in almost half of the samples (105 out of 216) (48.11%; 95%
Cl: 42.03-55.24%) and S. aureus was isolated from only two samples (0.93%; 95% CI: 0.04-3.53%)
(1.48 log cfu/g each) that came from salad producer A (plain rocket) and C (combination of lettuce and
chives). Only salad producer E did not had any positive samples for B. cereus, whereas samples from
salad producer A, B, C, D were found positive [7 (7.61%), 1 (4.17%), 10 (17.86%) and 2 (7.69%),
respectively]. Furthermore, among salad producers, producer E had the lowest average value for lactic
acid bacteria counts and producer B the highest (4.67 and 5.63 log cfu/g, respectively). Similarly, salad
producer E and D had the lowest values for Pseudomonas spp. (5.63 and 6.09 log cfu/g, respectively),
whereas producer B the highest (7.36 log cfu/g). No significant difference was observed among yeasts
and molds counts of the tested samples from the five salad producers (P=0.831). Samples found positive
for L. monocytogenes derived from salad producer C (2.78%), A and D (0.46% and 0.46%,

respectively).

3.2.2.1.3. Variability in microbial load associated with the type of salad

Salads with combination of lettuce+two or more ingredients were found to have the highest average
counts of E. coli (3.37 log cfu/g) (Figure 3.4). Additionally, lettuce+cabbage had the highest value for
Staphylococcus spp. (5.22 log cfu/g) among the different types of salad. The combination of
lettuce+rocket had the lowest average value for Pseudomonas spp. (5.35 log cfu/g), contrary to
lettuce+cabbage or lettuce+endive/radicchio which showed the highest levels (i.e., 6.70 and 6.71 log
cfu/g, respectively). No significant differences between types of salads was observed for total viable
counts (P=0.277), Enterobacteriaceae (P=0.235), coliforms (P=0.189), lactic acid bacteria (P=0.405)
and yeasts and molds counts (P=0.218). The majority of samples positive for L. monocytogenes came

from salads containing plain lettuce and lettuce+cabbage (1.38% and 0.92%, respectively).
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3.2.2.2. Total phenolic content, antioxidants, and CO; production
3.2.2.2.1. Sampling period

Total phenolic content ranged between 0.73 and 1.40 mg GAE/g Fw (Table 3.1). Among sampling
periods, the highest value was observed during autumn (1.40 mg GAE/g Fw), whereas spring and
summer showed the lowest values (1.04 and 1.05 mg GAE/g Fw, respectively). The antioxidant levels
of the samples were tested with three different assays (DPPH, FRAP and ABTS). All three assays
showed that the lowest value was observed during summer (P < 0.05). The production of CO, ranged
between 0.25 and 20.49%. Fresh cut salad respiration was increased (8.22% CO-) during spring whereas
autumn and winter showed the lowest values (4.79 and 5.10% of COg, respectively).

3.2.2.2.2. Salad producer

The content of phenolics was varied among producers as the highest values were observed by salad
producer E and A (1.33 and 1.34 mg GAE/g Fw, respectively) and the lowest by salad producer C (0.85
mg GAE/g Fw) (Table 3.1). All three antioxidant assays showed that the lowest antioxidant levels were
observed by salad producer C (P < 0.05). Among salad producers, producer E had the lowest % CO;
value (3.46%) and producer B the highest (9.83%). No differences were found on CO; production

among producers A, E, and D.

3.2.2.2.3. Type of salad

Salads with rocket, lettuce and lettuce+two or more ingredients were found to have the highest
phenolic content (1.40 and 1.37 mg GAE/g Fw, respectively), whereas lettuce+cabbage revealed the
lowest (0.73 mg GAE/g Fw) (Table 3.1). Low antioxidant capacity was found (by FRAP and ABTS
assays) in salads with lettuce+cabbage combination, whereas lettuce+two or more ingredients had the
highest (P < 0.05) antioxidants. Salads with only rocket or lettuce showed the lowest % CO, values
(4.10 and 4.73%, respectively), whereas lettuce+cabbage had the highest value (13.73%).

Three way ANOVA analysis shown in Table 3.1 revealed that sampling period affected the
antioxidant activity (DPPH and ABTS) of salads (P < 0.001) and FRAP (P < 0.01), whereas phenols
and % CO; production were not significantly affected (P > 0.05). Salad producer significantly affected
FRAP, ABTS (P < 0.001), DPPH and phenols (P < 0.01); however, % CO, was not significantly
affected (P > 0.05). The % CO; production was significantly (P < 0.001) affected by the type of salad.
Phenols, DPPH (P < 0.01), FRAP and ABTS (P < 0.05) were also affected. Total phenolic content and
antioxidant activity (DPPH, FRAP and ABTS) were significantly (P < 0.001) impacted by the
interaction of producer*salad. The interactions of period*producer and period*salad did not
significantly (P > 0.05) affect total phenols, antioxidant activity (DPPH, FRAP and ABTS) or % CO-
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production of salads. Finally, the interaction of period*producer*salad only influenced ABTS (P <

0.05).

Table 3.1. Effect of sampling period, salad producer and type on total phenolic content (mg GAE/g Fw),
antioxidants (mg trolox/g Fw) and %CO, of ready to eat salads collected during one year period from supermarkets

in Cyprus.
Phenols DPPH FRAP ABTS % CO,

Sampling period
Autumn 1.40+0.74a 156+092a 0.97+0.74a 1.31+053a 4.79+1.98b
Winter 1.14+059ab 156+044a 0.72+059ab 058+0.22b 5.10+3.85hb
Spring 1.04+052b 1.45+069a 046+0.37bc 1.39+0.38a 8.22+4.19a
Summer 1.05+0.65b 0.42+0.37b 0.33+0.39¢ 054+0.26b 6.40+4.39ab
Salad producer
A 1.34+0.75a 155+0.83a 0.80+0.75a 1.18 +0.56 ab 5.91 +3.91 bc
B 1.26 £+054ab 158+097a 0.74+048ab 141+0.60a 9.83+6.34a
C 0.85+0.27b 0.88+0.27b 0.36+0.27b 0.84+0.41b 8.19+4.33ab
D 1.12+0.64ab 1.33+0.74al 0.64+053ab 1.03+£050b 4.91+1.78hc
E 1.33+0.74a 1.35%+0.86al 0.70+057ab 1.03+053b 3.46+192¢c
Type of salad
Lettuce 140+£063a 183+0.75a 0.80x0.54a 1.16 £0.60ab 4.73+3.21c
Lettuce+Cabbage 0.73+0.28b 1.11+0.35a 0.28+0.17b 0.76 £0.43b 13.73+3.66a
Lettuce+Endive/radicchio 0.89+0.42ab 1.22+0.45a 0.41+0.38ab 094+0.44ab 7.94+£3.62b
Lettuce+Rocket 126+114ab 190%+163a 0.83+1.32a 0.94+0.59ab 5.68+2.73 bc
Lettuce+Chives 0.86 +0.25ab 1.12+0.25a 0.41+0.32ab 0.99+0.45ab 7.06 £1.85hc
Rocket 1.35+0.39a 1.16+0.24a 050+0.25ab 1.16+0.42ab 4.10+3.78¢
Other 1.37+0.74a 1.73x0.79a 0.92+0.65a 1.29+059a 5.77+3.35bc
Three-way Anova Phenols DPPH FRAP ABTS % CO,
Period ns falaled ** FxK ns
Producer ** ** **%x **x nS
Salad ** ** * * **x
Period*Producer ns ns ns ns ns
Period*Salad ns ns ns ns ns
Producer*Salad faleka faleka falaled falaied ns
Period*Producer*Salad ns ns ns * ns

Results shown are the mean value + standard deviation and values followed by the same letter in each column are
not significantly different (P > 0.05). .ns, *, **, and *** indicate non-significant or significant differences at P <
5%, 1% and 0.1%, respectively, following two-way ANOVA. Other= Lettuce +2 or more ingredients.

3.2.3. Discussion

Safety and quality of fresh produce are of great concern as both are demanded by the food industry

and the consumers. To our knowledge there is limited information regarding the microbiological safety

of ready-to-eat salads with leafy vegetables in Cyprus. In a previous study by Eleftheriadou et al. (2002)
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it was observed that 1.70% and 27.21% of mixed salads and vegetables in Cyprus were found positive
for the presence of B. cereus (> 4 log cfu/g), E. coli (> 2 log cfu/g) and L. monocytogenes. The survival
of L. monocytogenes and Salmonella enterica in fresh-cut salads even in low numbers has been

previously mentioned by Manios et al. (2013).

Our findings regarding TVC are in accordance with several studies that have investigated the aerobic
microbial counts of leafy vegetables, which ranged between 3 and 8 log cfu/g (Ailes et al., 2008; Korir
et al., 2016; Nousiainen et al., 2016). However, high TVC counts (> 6 log cfu/g) do not necessarily
indicate low microbiological safety of food, as it may be due to harmless (e.g., spoilage) epiphytic
(predominant) microorganisms (Faour-Klingbeil et al., 2016a). Furthermore, high Enterobacteriaceae
and coliforms levels in ready-to-eat salads have been linked with the preharvest application of untreated
manure and immoderate postharvest handling (Faour-Klingbeil et al., 2016b). For instance, Jeddi et al.
(2014) have mentioned coliforms levels ranging between 1.9 and 6.0 log cfu/g with the majority of
fresh-cut vegetables having > 5 log cfu/g. It is worth mentioning that increased numbers of coliforms
and E. coli in leafy vegetables from field to the marked has been observed in another study by Faour-
Klingbeil et al. (2016Db). It has been previously mentioned the environmental contamination with the
use of untreated manure, contaminated water or soil during preharvest, as well as the excessive handling
during postharvest might result to high loads of coliforms in ready-to-eat vegetables (Aycicek et al.,
2006). Therefore, this confirms the possibility of contamination with faecal matter throughout the food
supply or microbial proliferation due to improper chilling or inappropriate packaging conditions (e.g.,
failure in flushing or maintenance of a modified atmosphere in the package). Nousiainen et al. (2016)
reported a positive correlation (Pearson correlation; r=0.661, P < 0.001) between TVC and coliforms
counts and this is also evidence in our results with r=0.583 and P < 0.001. Coliforms have been used as
sanitary indicators in foods for their presence in high numbers (higher than most foodborne pathogens)
and their relatively quick and easy identification (HPA, 2009). However, coliforms presence in ready-
to-eat salads may vary along the different processing steps and the end product (Faour-Klingbeil et al.,
2016a). This complicates the efforts for obtaining useful information about the contamination

occurrence and the adequacy of processing fresh produce for ready-to-eat salads production.

It has been mentioned in previous studies that the prevalence of E. coli on leafy green vegetables
can be below 5% (Sagoo et al., 2003; Ailes et al., 2008; Santos et al., 2012; Cardamone et al., 2015),
whereas some others reported levels around 15% and higher (de Oliveira et al., 2011; Campos et al.,
2013; Nousiainen et al., 2016). According to our findings E. coli was found in 11.57% of samples and
these are in accordance with a study by Abadias et al. (2008) that mentioned the presence of E. coli on
11.4% of fresh-cut vegetables including rocket, carrot, corn salad, endive, lettuce, spinach and mixed
salads. The highest E. coli levels in our study were observed during autumn similarly to the results of
another study in Italy where E. coli was detected in 27% of ready-to-eat salads and high levels were

reported in autumn for both lettuce and arugula (Caponigro et al., 2010). In that study, Caponigro et al.
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(2010) reported the short periods of concentrated rain often happen in autumn in Italy. This phenomenon
is also observed in Cyprus as in other Mediterranean countries resulting to high moisture levels in field.
Additionally, relatively high temperatures for the season are also common in Cyprus and thus the
presence of E. coli on fresh produce might be favored.

The assessment of E. coli isolates in our study showed that 2.62% of samples harbored ESBL
resistant genes and this has also been reported by Chau et al. (2017) in a microbiological survey of
ready-to-eat salads in Singapore, where the corresponding values were of 2.3%. Additionally, Campos
et al. (2013) have isolated S-lactamase producing bacteria (other than E. coli) from ready-to-eat salads
in Portugal including Rahnella aquatilis, Citrobacter freundii, Raoultella terrigena, Hafnia alvei,
Enterobacter cloacae, Enterobacter aerogenes and Cronobacter sakazakii. It is worth mentioning that
in a study in Switzerland, 5% of ready-to-eat salads were found to harbor g-lactamase producing
Enterobacteriaceae and environmental bacteria (minor ESBLS) and this suggests the possible presence
of these bacteria throughout the food supply chain (Nuesch-Inderbinen et al., 2015). These findings
suggest that food safety in Cyprus is within ranges found in developed countries as Portugal and

Switzerland.

Survival and growth of L. monocytogenes and Salmonella spp. in RTE salads is influenced by
storage and packaging conditions and one of the most important factors is storage temperature
(Nousiainen et al., 2016). It has been shown that L. monocytogenes can survive and multiply at 7 and
15 °C on leafy vegetables (Sant’Ana et al., 2012a). Storage of fresh produce at abusive conditions i.e.
temperatures above 4 °C have shown increased microbial growth and metabolic activities of plant tissue
leading to pathogen growth and food spoilage (Caleb et al., 2013). Furthermore Poimenidou et al. (2016)
found that antimicrobial treatments might not be effective against L. monocytogenes cells once fresh
produce (i.e. cherry tomatoes and lettuce leaves) has been contaminated with cells incubated at low
temperatures (5 °C) as the bacterium cells might be able to resist and survive the treatments applied
after fresh produce contamination. In our study, 3.7% of samples stored at 7 °C were found to harbor
L. monocytogenes and these results resemble those of other studies conducted in the UK and Brazil with
prevalence of L. monocytogenes of 4.8% and 3.1%, respectively (Little et al., 2007; Sant’Ana et al.,
2012b). On the other hand, other studies have reported lower (0.66%) or higher (6%) prevalence of L.
monocytogenes in ready-to- eat salads (Santos et al., 2012; Ssemanda et al., 2017). However, it should
be noted that as it has been mentioned by Angelidis et al. (2015) not all Listeria spp. isolates might

actually be Listeria spp. and thus further molecular identification is essential.

Caponigro et al. (2010) reported the presence of Salmonella spp. in postharvest washing areas (6.7%)
suggesting possible contamination of fresh produce during processing, whereas similar (5%) and lower
(0.3%) prevalence has also been mentioned by others (Jeddi et al., 2014; Losio et al., 2015). Our results
showed the absence of S. enterica which is in accordance with HPA guidelines for ready-to-eat food

(HPA, 2009). These findings imply that improved preventive measures have been taken by the food
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industry in Cyprus regarding this pathogen. This is further supported by a previous study of
Eleftheriadou et al. (2002) who reported 0.68% prevalence of Salmonella spp. in mixed salads and
vegetables. L. monocytogenes was found on some vegetable samples due to possible mishandling or
contamination pre (irrigation water, soil, handling) and/or postharvest (handling, cutting, prior washing)
and since it is able to survive at low temperatures (4 °C) during cold storage. As it has been previously
mentioned, the disinfectants used in the food industry (mainly sodium hypochloride) are not able, in the
currently used concentrations, to completely remove all pathogen and spoilage microorganisms from
fresh produce (Losio et al., 2015). It is of great significance that the vegetable industry implement and
control Listeria inside processing plants as RTE salads are widely consumed and vulnerable groups
(children, pregnant women and elderly) might be exposed to great risk as mortality rate for these groups
is quite high and ranges from 20 to 30% (Farber and Peterkin, 1991).

The correlation of microbial load of vegetables and the antioxidant activity of plant tissue is not
commonly studied. However, it should be considered and investigated further as it will possibly give
insights on how the plant tissue reacts to the presence of foodborne pathogens as well as spoilage
microorganisms and prevents or enhances bacterial growth. The correlation matrix of microbial and
physiological responses is presented in Figure 3.5. Phenols and DPPH are positive correlated with
Staphylococcus spp., Pseudomonas spp., E. coli, and B. cereus. This may suggest that excessive
handling increases microbial load as well as plant stress. However, the above microbes are negatively
correlated to the ABTS antioxidant activity. It should be mentioned that several Pseudomonas have
been associated with spoilage. For example, the presence of P. chlororaphis on lettuce, onions, potatoes,
and carrots may lead to plant cell wall degradation and inevitably in spoilage of fresh produce (Lee et
al., 2013). This might explain the higher antioxidant levels and phenolic content as a part of plant
defense mechanisms against biotic stress. Furthermore, it can be assumed that the presence of B. cereus
and Pseudomonas spp. (at high levels) may have contributed to the low prevalence of L. monocytogenes
and S. enterica in our study as it has been previously reported by Santos et al. (2012) that those bacteria

antagonize each other.
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Figure 3.5. Heat-map matrices of the correlation between microbial and physiological responses in fresh cut
salads. Each square indicates r (Pearson’s correlation coefficient of a pair of responses).

The relative expression in microbial and physiological responses in fresh cut salads was examined
in relation to the season, the salad producer (supplier) and type of salads, as presented by heat map in
Figure 3.6. In spring, Staphylococcus spp., Pseudomonas spp., LAB, Enterobactereaceae, and TVC
but also CO, and ABTS activity were relatively increased (Figure 3.6A). In summer, E. coli and
coliforms were relatively increased, while LAB, yeasts and molds as well as antioxidants (DPPH,
FRAP, ABTS) were decreased. Our findings are in accordance with Caponigro et al. (2010), who also
reported LAB in ready-to-eat salads in Italy during spring and summer. Yeasts and molds were
relatively increased during winter, whereas antioxidants and phenols were increased in autumn. A
decrease of coliforms and Pseudomonas spp. and CO- was also observed during autumn. Our results
are partly confirmed by the observations of Caponigro et al. (2010) where they reported higher average

visual quality and lower microbial load in winter and spring compared to summer and autumn.
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Figure 3.6. Microbial and physiological changes in fresh cut salads. Heat map representing relative expression of
responses in (A) season (B) producer/supplier and (C) salad type.

Differences among salad producers might be due to different processing procedures and possible
excessive handling (Sant’Ana et al., 2012a). Salad producing factories in Cyprus consist of small and
big companies (exports to more than 25 countries) and the current packaging practices include the use
of modified packaging atmosphere (some of them), different packaging materials (single-layer OPP and
double-layer PE), as well as the use of chlorine-based disinfectants. Samples from producer A were
found to have increased antioxidant levels and phenolic content, while samples from producer B had
relatively increased CO; and microbial load (Enterobacteriaceae, coliforms, Staphylococcus spp. and
yeasts and molds) (Figure 3.6B). Producer C samples had relatively increased microbial load (B.

cereus, Pseudomonas spp. and TVC) and low antioxidant levels. E. coli was increased in producer's D
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samples, whereas samples from producer E had relatively low microbial load, meaning safer produce,
and CO; production.

The combination of lettuce+rocket had increased microbial load, while yeasts and molds were
decreased in plain rocket salads. Low TVC and yeasts and molds counts in rocket salads have also been
reported by Spadafora et al. (2016). E. coli and antioxidants (DPPH, FRAP) were increased in
lettuce+two or more ingredients, whereas TVC, Enterobacteriaceae and coliforms were low (Figure
3.6C). Samples with plain lettuce had decreased microbial numbers (LAB, TVC, Enterobacteriaceae,
coliforms, Pseudomonas spp. and Staphylococcus spp.). Increased microbial load was observed by
lettuce+chives (LAB, TVC, Pseudomonas spp., coliforms, Enterobacteriaceae and yeasts and molds)
and lettuce+endive/radicchio (Enterobacteriaceae, coliforms, Staphylococcus spp. and Pseudomonas
spp.). The combination of lettuce+cabbage had increased microbial load (TVC, Enterobacteriaceae,
coliforms, Staphylococcus spp.) and CO.. Nousiainen et al. (2016) reported CO, production ranging
between 0.10 and 22.20% and these findings are similar to our results (0.20-20.49%) suggesting that

microbial load and the type of vegetable affect respiration of salads and may contribute to spoilage.

The study of TVC and Enterobacteriaceae as part of the normal microflora of vegetables and their
correlation with the presence of pathogens may contribute to the establishment of preventive
microbiological criteria and less time consuming analysis of ready-to-eat salads (i.e. 24 h instead of 3—
4 days). Furthermore, the combination of these analyses with physicochemical attributes of RTE leafy
vegetables might provide useful insights for assessing and preventing microbiological contamination of

these products, as well as for preserving their nutritional value.

Microbiological quality and safety and physicochemical attributes of fresh produce are of great
importance. The microbiological quality of ready-to-eat salads has been previously studied in many
countries e.g. Brazil (de Oliveira et al., 2011), Italy (Cardamone et al., 2015), Portugal (Campos et al.,
2013), and United States of America (Korir et al., 2016); whilst a number of them further assessed
organoleptic attributes (Caponigro et al., 2010; Santos et al., 2012) or physiological parameters such as
0,/CO; packaging atmosphere composition (Nousiainen et al., 2016) of these products. The presence
of foodborne pathogens in RTE salads arises consumer safety concerns and the ongoing need for
understanding the prevalence and persistence of pathogens in fresh produce, towards better
management practices and safety policies development. Future studies are required to fully understand
the factors affecting the entrance, presence and survival of foodborne spoilage and pathogenic
organisms in ready-to-eat salads, as well as the physiological attributes of vegetables in order to identify

the gaps of the food supply chain that allow their establishment in the food industry.
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3.3. Experiment 2. Effects of ready-to-eat salads expiring date (OR “estimated expiring day”) on
their microbial load and biochemical attributes

3.3.1 Materials and methods
3.3.1.1. Sampling

A total of 144 ready-to eat salads (samples) were randomly obtained from retail markets in four
cities of Cyprus (Larnaca, Limassol, Nicosia, Paphos) in two sampling periods during any year period:
winter (January-February 2017) and summer (July-August 2017). For each period, sampling was
performed once a week and the collected samples were transferred in cool boxes to the laboratory within
2 hand immediately stored at a laboratory refrigerator (7 °C) for further analysis. In order to study the
fresh produce susceptibility during storage in both food borne pathogens and preservation/nutritive
value, double samples were collected in each season and half of them were directly analyzed as
mentioned below, while the other half were stored at 7 °C until expiration date (as indicated on each

package).

Analyses were performed as described above in section 2.2.1 with further determination of plant

oxidation indexes (hydrogen peroxide production and lipid peroxidation).

3.3.1.2. Damage index (hydrogen peroxide production, lipid peroxidation)

The estimation of hydrogen peroxide (H2O2) production was carried out as described at section

2.2.9.1 and results were expressed as umol of H2O: per g of fresh weight (umol H2O2/g Fw).

The 2-thiobarbituric acid reactive substances (TBARS) method was performed at 532 and 600 hm
for the determination of samples lipid peroxidation (section 2.2.9.2) and results were expressed as nmol
of malondialdeyde (MDA) per g of fresh weight (nmol MDA/g Fw).

3.3.1.3. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version 25 where the effect of season,
salad producer and type of salad on the phenolic content, antioxidant activity, %CQO; production and
damage index of samples was assessed. Data means were compared with one way analysis of variance
(ANOVA) and Tukey’s multiple range tests were calculated for the significant data P < 0.05. All
measurements were done in duplicates. Differences between seasons were analyzed by the independent-
samples t-test, while paired-samples t-test was performed for the determination of differences among

purchase and expiring day.
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3.3.2. Results

3.3.2.1. Effects of season

3.3.2.1.1. Microbiological analysis
Salad producer

Significant differences of E. coli were reported from salad producers A and C (P = 0.022 and P =
0.001, respectively), where both producers showed higher values during summer (0.32 and 0.68 log
cfu/g, respectively) compared to winter (0.00 log cfu/g, both) (Figure 3.7D and Table 3.2). Higher B.
cereus values were observed during summer compared to winter for salad producer C (0.39 and 0.00
log cfu/g, respectively) (P =0.047) (Figure 3.7F), whilst salad producer B showed higher Pseudomonas
spp. counts (P = 0.002) during winter compared to summer (8.00 and 5.47 log cfu/g, respectively)
(Figure 3.7H). Salad producers A, C and E presented significantly lower LAB values (P = 0.000, P =
0.000 and P = 0.010, respectively) during summer (4.13, 4.84 and 2.67 log cfu/g, respectively)
compared to winter (5.66, 6.27 and 5.20 log cfu/g, respectively) (Figure 3.7G). Yeasts and molds were
found to be significantly higher (P = 0.002) during winter for salad producer A compared to summer
(5.47 and 4.73 log cfu/g) (Figure 3.71). Similarly, producer B showed higher yeasts and molds counts
during winter (P = 0.033) (5.99 and 4.20 log cfu/g). No significant differences (P > 0.05) for TVC,
Enterobacteriaceae, coliforms and Staphylococcus spp. were observed among samples collected during
winter and summer for all salad producers (Figure 3.7A, 3.7B, 3.7C, 3.7E and Table 3.2).
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Table 3.2. Effect of sampling period (winter-summer) on microbiological load (log cfu/g), total phenolic content
(mg GAE/g Fw), antioxidants (mg trolox/g Fw), %CO, and stress markers- H,O» (umol/g Fw) and MDA (nmol/g
Fw) of ready to eat salads according to producer.

Producer

A B C D E
TVC 0.081 0.322 0.470 0.662 0.080
Enterobacteriaceae 0.750 0.706 0.858 0.492 0.608
Coliforms 0.105 0.280 0.080 0.527 0.829
E. coli 0.022 ni 0.001 0.485 ni
Staphylococcus spp.  0.399 0.937 0.114 0.285 ni
B. cereus 0.717 ni 0.047 ni ni

Lactic acid bacteria  0.000 0.079 0.000 0.225 0.010
Pseudomonas spp. 0.100 0.002 0.568 0.107 0.817
Yeasts and molds 0.002 0.033 0.171 0.147 0.236

Phenols 0786 0327 0.040 0853 0479
DPPH 0000 0001 0000 0017  0.000
FRAP 0010 0277 0093 0324 0015
ABTS 0662 0734 0020 0880  0.837
CO, 0365 0837 0690 0992  0.605
H,0; 0708  0.877 0297 0838  0.284
MDA 0001 0871 0436 0139  0.930

Results shown are the p values following independent samples t-test and bold values suggest significant
differences (P < 5%). Other= Lettuce +2 or more ingredients. ni = the correlation and t-test could not be computed
because the standard error of the difference was 0.
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Type of salad

As shown in Figure 3.8D and Table 3.3, E. coli counts were reported significantly (P = 0.044)
higher during summer for salads containing plain lettuce (0.00 and 0.67 log cfu/g). The combinations
of lettuce with other types of leafy vegetables (lettucet+endive/radicchio, lettucetrocket and
lettuce+chives) showed significantly higher Staphylococcus spp. counts (P = 0.016, P =0.012 and P =
0.028, respectively) during summer (2.10, 2.55 and 2.67 log cfu/g, respectively) compared to winter
(0.32, 0.00 and 0.00 log cfu/g, respectively), while rocket presented higher values (P = 0.032) during
winter compared to summer (3.69 and 1.44 log cfu/g) (Figure 3.8E). LAB on all types of salads were
found in decreased numbers during summer (ranging from 3.98 to 5.02 log cfu/g) compared to winter
(ranging from 5.21 to 6.63 log cfu/g) (Figure 3.8G). Samples of lettuce+cabbage collected during
summer showed significantly higher Pseudomonas spp. values (P = 0.035) compared to those collected
during winter (5.61 and 2.00 log cfu/g, respectively), while the opposite was evidenced for the
lettuce+rocket samples that showed higher values (P = 0.003) on winter compared to summer (7.47 and
5.78 log cfu/g) (Figure 3.8H). Moreover, yeasts and molds were found in significantly decreased
numbers in samples of lettuce+endive/radicchio, lettuce+rocket and other (lettuce+two or more
ingredients) (P = 0.000, P =0.000 and P = 0.046, respectively), collected in winter (4.74, 4.91 and 4.39
log cfu/g, respectively) compared to the ones collected in summer (5.84, 6.16 and 5.58 log cfu/g,
respectively) (Figure 3.81). TVC, Enterobacteriaceae, coliforms and B. cereus counts were not
significantly different (P > 0.05) among samples collected during winter and summer for all types of
salad as shown in Figure 3.8A, 3.8B, 3.8C, 3.8F and Table 3.3.
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Table 3.3. Effect of sampling period (winter-summer) on microbiological load (log cfu/g), total phenolic content (mg GAE/g Fw), antioxidants (mg trolox/g Fw), %CO; and
stress markers- H,O, (umol/g Fw) and MDA (nmol/g Fw) of ready to eat salads according to type of salad.

Type of salad

Lettuce  Lettuce+Cabbage Lettuce+Endive/radicchio Lettuce+tRocket  Lettuce+Chives Rocket  Other
TVC 0.131 0.244 0.373 0.949 0.827 0.343 0.511
Enterobacteriaceae 0.605 0.941 0.599 0.221 0.391 0.692 0.480
Coliforms 0.705 0.681 0.430 0.480 0.210 0.344 0.147
E. coli 0.044 0.168 0.336 0.408 0.178 0.082 0.432
Staphylococcus spp. 0.465 0.483 0.016 0.012 0.028 0.032 0.589
B. cereus ni ni ni 0.645 ni 0.081 0.530
Lactic acid bacteria  0.029 0.001 0.000 0.004 0.011 0.037 0.001
Pseudomonas spp. 0.291 0.035 0.656 0.003 0.793 0.201 0.078
Yeasts and molds 0.254 0.092 0.000 0.000 0.887 0.089 0.046
Phenols 0.279 0.026 0.662 0.760 0.005 0.389 0.376
DPPH 0.000 0.000 0.000 0.000 0.000 0.000 0.001
FRAP 0.002 0.510 0.085 0.060 0.777 0.004 0.396
ABTS 0.230 0.177 0.353 0.589 0.021 0.184 0.320
CO, 0.771 0.989 0.464 0.745 0.179 0.955 0.897
H.0; 0.531 0.470 0.228 0.933 0.939 0.171 0.647
MDA 0.002 0.531 0.315 0.948 0.155 0.607 0.003

Results shown are the p values following independent samples t-test and bold values suggest significant differences (P < 5%). Other= Lettuce +2 or more ingredients. ni = the
correlation and t-test could not be computed because the standard error of the difference was 0.
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3.3.2.1.2. Total phenols content, antioxidants, CO», H.O- and lipid peroxidation
Salad producer

Total phenols content was found higher for producer C during summer compared to winter (0.86
and 0.69 mg GAE/g Fw) (Figure 3.9A and Table 3.2). Samples from all salad producers collected in
winter showed significantly higher DPPH antioxidant values (P < 0.01) (DPPH: ranging from 1.22, to
1.60 mg trolox/g Fw, respectively) compared to the ones collected in summer (DPPH: ranging from
0.23 to 0.51 mg trolox/g Fw, respectively) (Figure 3.9B and Table 3.2). Producer E samples showed
significantly lower FRAP activity (P = 0.015) during summer compared to winter (0.24 and 0.61 mg
trolox/g Fw, respectively) (Figure 3.9C). Similarly, samples from producer A presented lower FRAP
activity (P = 0.010) during summer compared to the ones collected in winter (FRAP: 0.40 and 0.80 mg
trolox/g Fw). Samples from producer C presented higher ABTS activity (P = 0.020) in summer
compared to winter (ABTS: 0.49 and 0.41 mg trolox/g Fw, respectively) (Figure 3.9D). Higher lipid
peroxidation (P = 0.000) was observed during winter for producer A samples compared to summer
(10.56 and 6.21 nmol MDA/g Fw, respectively) (Figure 3.9G). The H,O; production and % CO, did

not differ among the examined producers for both seasons (Figure 3.9E, 3.9F and Table 3.2).
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Type of salad

Salad types of lettuce+cabbage and lettuce+chives revealed higher phenolic content (P = 0.032 and
P =0.005, respectively) during summer (0.85 and 0.84 mg GAE/g Fw, respectively) compared to winter
(0.62 and 0.49 mg GAE/g Fw, respectively) (Figure 3.10A, Table 3.3). The DPPH assay revealed that
antioxidant content of all types of salad significantly differed between the two seasons with summer
(ranging from 0.27 to 0.89 mg trolox/g Fw, respectively) showing lower values than winter (ranging
from 1.17 to 1.77 mg trolox/g Fw, respectively) (Figure 3.10B, Table 3.3). Plain lettuce and plain
rocket presented higher antioxidant activity (P = 0.002 and P = 0.004, respectively) during winter
(FRAP: 0.64 and 0.88 mg trolox/g Fw, respectively) compared to summer (FRAP: 0.25 and 0.33 mg
trolox/g Fw, respectively) (Figure 3.10C). On the other hand, lettuce+chives significantly decreased
the ABTS antioxidant activity (P = 0.021) in winter compared to summer (ABTS: 0.34 and 0.51 mg
trolox/g Fw, respectively) (Figure 3.10D). Lipid peroxidation was found to be significantly higher
during winter for plain lettuce (P = 0.002) and lettuce+two or more ingredients (other) (P = 0.003) (7.49
and 13.50 nmol MDA/g Fw, respectively) compared to summer (5.01 and 5.85 nmol MDA/g Fw,
respectively) (Figure 3.10G). No significant differences (P > 0.05) were reported for % CO; and H.0>
production among samples collected during winter and summer for all types of salad, as illustrated in
Figure 3.10E, 3.10F and Table 3.3.
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3.3.2.2. Effects of shelf life

3.3.2.2.1 Microbiological analysis

Salad producer

Purchase (actual) vs Expiring day during winter and summer

The effect of storage period of purchase and expiring day on microbial load on different salad
producers is presented in Figures 3.11-3.19 and Table 3.4. Salads from producer A exhibited higher
(P=0.003 for winter and P=0.036 for summer) TVVC numbers at the end of their shelf life during winter
(8.15 log cfu/g) than the expiring day during summer (7.93 log cfu/g) (Figure 3.11A). During summer,
the polynomial curve with concave upward was described by y=0.0556x2-0.2409x+7.3881; R?*=0.92,
while the relevant curve during winter was y=0.0065x>+0.077x+7.5665; R?>=0.49. Moreover, during
winter, salads from producer A on their expiring day exhibited higher Enterobacteriaceae (P=0.025;
6.90 log cfu/g) with polynomial curve (concave downward) described by y=-0.1334x%*+1.1601x+4.78;
R?=0.92 (Figure 3.12A), and increased LAB (P=0.007; 6.04 log cfu/g) counts with polynomial curve
and concave downward described by y=-0.0995x*+0.8922x+4.387; R*=0.80 (Figure 3.17A). Summer
was the season in which increased Staphylococcus spp. (P=0.014; 2.00 log cfu/g) with polynomial curve
(concave upward) described by y=0.092x2-0.3665x+0.7854; R?=0.48 for salads from producer A on the
expiring day (Figure 3.15A). Additionally, during summer period, salads from producer B on the
expiring day revealed decreased yeasts and molds numbers (P=0.045; 4.01 log cfu/g) with polynomial
curve and concave downward being described by y=-0.3454x%+2.8219x-0.4864; R*=1.00 (Figure
3.19B). Samples from all salad producers collected throughout shelf life did not present significant
differences (P > 0.05) among seasons for coliforms, E. coli, B. cereus, and Pseudomonas spp. (Figure
3.13, 3.14, 3.16 and 3.18, respectively). For both S. enterica and L. monocytogenes all samples were

negative tested.
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Figure 3.18. Effects of shelf life (days) on Pseudomonas spp. per salad producer during winter and summer. A:
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Figure 3.19. Effects of shelf life (days) on yeasts and molds per salad producer during winter and summer. A:
producer A, B: producer B, C: producer C, D: producer D, E: producer E.
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Type of salad
Purchase (actual) vs Expiring day during winter and summer

The effect of storage period of purchase and expiring day on microbial load on different types of
salads is presented in Figures 3.20-3.28 and Table 3.5. Expiring day TVC numbers were found higher
during both seasons (P = 0.029 and P = 0.027 for winter and summer, respectively) for
lettuce+endive/radicchio (8.13 and 8.01 log cfu/g for winter and summer, respectively) compared to
purchase day (7.61 and 7.27 log cfu/g for winter and summer, respectively) (Table 3.5). During winter,
lettuce+endive/radicchio the polynomial curve with concave upward is described by y=0.0694x*
0.4229x+8.156; R?=0.68, whilst the relevant curve (concave downward) during summer is described
by y=-0.0287x%+0.5487x+5.8757; R*=0.86 (Figure 3.20C). During summer increased TVC numbers
were observed for lettuce+rocket on products expiring day (P = 0.012; 8.45 log cfu/g), whereas rocket
and lettuce+two or more ingredients (other) presented higher expiring TVC counts (P =0.036 and P =
0.019, respectively) during winter (7.87 and 8.22 log cfu/g, respectively) (Table 3.5). The polynomial
curve with concave upward for lettuce+rocket is described by y=0.1238x+7.5249; R?=1.00, while the
relevant curves for rocket and other are described by y=0.0384x-0.1831x+7.5846; R?*=1.00 and
y=0.0091x°+0.1099x+7.2934; R?=0.85, respectively (Figure 3.20D, 3.20F, 3.20G). Expiring
Enterobacteriaceae numbers were found increased on lettuce+endive/radicchio on both seasons (7.26
and 7.09 log cfu/g for winter and summer, respectively) compared to purchase day (6.51 and 6.39 log
cfu/g for winter and summer, respectively) and the polynomial curve with concave upward for winter
is described by y=0.032x-0.0589x+6.4607; R*>=0.99, while the relevant curve (concave downward) for
summer is described by y=-0.1721x?+1.7325x+2.9305; R?>=0.95 (Figure 3.21C). Winter was the season
in which plain lettuce and lettuce+endive/radicchio exhibited higher coliform counts (P = 0.039 and P
=0.001, respectively) on expiring day (5.82 and 6.07 log cfu/g, respectively) compared to purchase day
(4.95 and 5.54 log cfu/g, respectively) (Table 3.5). The polynomial curve with concave downward for
lettuce is described by y=-0.0488x%+0.5507x+4.3534; R?=0.35, while the respective curve for
lettuce+endive/radicchio is described by y=-0.033x?+0.4141x+4.746; R?=0.65 (Figure 3.22A, 3.22C).
Pseudomonas spp. and yeasts and molds counts were found to be significantly higher on the expiring
day for lettuce+rocket during summer (P = 0.040 and 0.001, respectively) (5.85 and 5.24 log cfu/qg,
respectively) compared to purchase day (5.71 and 5.24 log cfu/g, respectively), whilst on the same
season increased LAB numbers (P = 0.025) were observed for lettuce+rocket on purchase day compared
to expiring day (4.90 and 4.68 log cfu/g, respectively) (Figure 3.26D, 3.27D, 3.28D, Table 3.5). During
summer for lettuce+rocket, the polynomial curves for Pseudomonas spp. and yeasts and molds with
concave upward are described by y=0.0403x%+5.6089x; R?=1.00 (Figure 3.27D) and y=0.1393x?-
0.9671x+6.028; R*=1.00 (Figure 3.28D), respectively, whilst the relevant curve for LAB is described
by y=0.1141x2-1.0079x+6.6222; R?>=1.00 (Figure 3.26D). No significant differences (P > 0.05) were

observed between the day of purchase and the expiring day of salads among seasons for E. coli,
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Staphylococcus spp. and B. cereus (Figure 3.23, 3.24 and 3.25, respectively). For both S. enterica and
L. monocytogenes all samples were negative tested.
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Figure 3.20. Effect of shelf life (days) on TVC per type of salad during winter and summer. A: lettuce, B: lettuce
+ cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket, G: lettuce + two/more
ingredients (other).
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Figure 3.23. Effect of shelf life (days) on E. coli per type of salad during winter and summer. A: lettuce, B: lettuce
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Figure 3.24. Effect of shelf life (days) on Staphylococcus spp. per type of salad during winter and summer. A:
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Figure 3.25. Effect of shelf life (days) on B. cereus per type of salad during winter and summer. A: lettuce, B:
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Figure 3.26. Effect of shelf life (days) on lactic acid bacteria per type of salad during winter and summer. A:
lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket, G:
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Figure 3.27. Effect of shelf life (days) on Pseudomonas spp. per type of salad during winter and summer. A:
lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket, G:

lettuce + two/more ingredients (other).
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Figure 3.28. Effects of shelf life (days) on yeasts and molds per type of salad during winter and summer. A:
lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket, G:
lettuce + two/more ingredients (other).
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Table 3.4. Effect of shelf-life, salad producer and type on microbiological load (log cfu/g), total phenolic content (mg GAE/g Fw), antioxidants (mg trolox/g Fw) and %CO-
and stress markers- H,O, (umol/g Fw) and MDA (nmol/g Fw) of ready to eat salads according to salad producer during winter and summer.

Producer
A B C D E
Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer

TVC 0.003 0.036 ni 0.119 0.691 0.303 0.058 0.837 0.953 0.777
Enterobacteriaceae 0.025 0.194 ni 0.391 0.418 0.702 0.397 0.892 0.522 0.153
Coliforms 0.061 0.432 ni 0.464 0.203 0.519 0.182 0.984 0.219 0.127
E. coli ni 0.667 ni ni ni 0.506 0.391 0.500 ni ni

Staphylococcus spp. 0.167 0.014 ni 0.500 0.443 0.732 0.927 0.500 ni ni

B. cereus 0.329 0.339 ni ni ni 0.162 ni ni ni ni

Lactic acid bacteria 0.007 0.574 ni 0.313 0.999 0.359 0.394 0.086 0.813 0.956
Pseudomonas spp. 0.692 0.237 ni 0.833 0.077 0.204 0.576 0.181 0.121 0.632
Yeasts and molds 0.682 0.093 ni 0.045 0.451 0.490 0.068 0.864 0.496 0.300
Phenols 0.062 0.665 ni 0.055 0.868 0.752 0.687 0.585 0.123 0.759
DPPH 0.446 0.444 ni 0.310 0.459 0.619 0.462 0.486 0.105 0.798
FRAP 0.203 0.312 ni 0.607 0.654 0.750 0.283 0.571 0.358 0.516
ABTS 0.091 0.952 ni 0.059 0.904 0.975 0.726 0.420 0.328 0.691
CO; 0.000 0.000 ni 0.226 0.016 0.000 0.117 0.525 0.018 0.048
H.0. 0.000 0.000 ni 0.407 0.000 0.000 0.011 0.09 0.044 0.155
MDA 0.000 0.001 ni 0.366 0.000 0.000 0.047 0.224 0.009 0.204

Results shown are the p values following independent samples t-test and bold values suggest significant differences (P < 5%). Other= Lettuce +2 or more ingredients. ni = the
correlation and t-test could not be computed because the standard error of the difference was 0.
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3.3.2.2.2. Total phenolic content, antioxidants, CO,, H,O, and lipid peroxidation
Salad producer
Purchase (actual) vs Expiring day during winter and summer

The effect of storage period of purchase and expiring day on plant-related parameters on different
salad producers is presented in Figures 3.29-3.35 and Table 3.4. Increased expiring CO> production
was reported for producer A on both seasons (10.52 and 8.95% CO, for winter and summer,
respectively). During winter, the polynomial curve with concave upward is described by y=0.3216x-
1.1189x+4.4455; R*=0.44, while the relevant curve (concave downward) during summer is described
by y=-0.2193x+2.5629x+1.5943; R?>=0.94 (Figure 3.33A). For producer C, increased CO, production
was also observed on expiring day for both seasons (14.25 and 12.09% CO, for winter and summer,
respectively). During summer, the polynomial curve with concave downward is described by y=-
0.4411x%+4.8788x-1.2666; R?=0.88, while the relevant curve (concave upward) during winter is
described by y=0.4674x>-1.7828x+7.9173; R°>=0.50 (Figure 3.33C). Moreover, salads from producer
E presented higher CO; production on their expiring day on both seasons (7.73 and 10.31% CO, for
winter and summer, respectively) compared to purchase day (3.24 and 3.44% CO; for winter and
summer, respectively). The polynomial curve with concave upward for winter is described by
y=0.8554x-4.9645x+6.765; R?>=0.96, while the relevant curve for summer is described by y=1.56x*
11.472x+23.244; R*=0.97 (Figure 3.33E). Higher expiring H.0 levels were reported for samples from
producer A during both seasons (10.04 and 5.86 umol H,O, /g Fw for winter and summer, respectively)
and the polynomial curve with concave upward for winter is described by y=0.0219x2-0.1457x+0.5722;
R?=0.44, while the relevant curve for summer is described by y=0.0277x%0.1913x+0.5848; R?=0.92
(Figure 3.34A). Similarly, for producer C, increased H-0- levels were observed on samples expiring
day on both seasons (6.97 and 7.20 umol H.0O- /g Fw for winter and summer, respectively). During
winter, the polynomial curve with concave upward is described by y=0.0209x%-0.1735x+0.5001;
R?=0.98, whilst the relevant curve (concave downward) during summer is described by y=-
0.0082x%+0.0732x+0.1573; R*=0.41 (Figure 3.34C). Furthermore, during winter samples from
producers D and E presented higher expiring H.O: levels (9.58 and 7.81 umol H-O- /g Fw, respectively)
compared to purchase day (0.33 and 0.40 umol H.O, /g Fw, respectively). During winter, the
polynomial curve with concave upward for producer D is described by y=0.0519x%-0.3925x+0.8563;
R?=0.99, while the relevant curve for producer E is described by y=0.0207x%-0.0554x+0.4204; R?>=0.52
(Figure 3.34D, 3.34E). Increased MDA levels were reported during expiring day for samples from
producer A during both seasons (11.08 and 6.55 nmol MDA /g Fw for winter and summer, respectively).
The polynomial curve with concave upward for winter is described by y=0.138x2-0.6603x+10.357;
R?=0.10, while the relevant curve for summer is described by y=0.0763x%-0.4405x+6.3129; R?=0.12
(Figure 3.35A). Increased lipid peroxidation levels were also observed on samples expiring day for

producer C on both seasons (10.89 and 8.26 nmol MDA /g Fw for winter and summer, respectively).
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During winter, the polynomial curve with concave upward is described by y=0.3184x*
1.5166x+8.0841; R*=0.52, whereas the relevant curve (concave downward) during summer is described
by y=-0.3185x°+3.0896x+0.661; R*=0.58 (Figure 3.35C). Samples collected during winter from
producers D and E presented higher MDA levels on their expiring day (12.47 and 7.20 nmol MDA /g
Fw, respectively) compared to purchase day (0.37 and 0.85 nmol MDA /g Fw, respectively) and the
polynomial curve with concave upward for producer D on winter is described by y=0.5684x
3.5204x+13.487; R*=0.68, while the relevant curve (concave downward) for producer E on the same
season is described by y=-0.0548x%0.2859x+7.5731; R?=0.02 (Figure 3.35D, 3.35E). No significant
differences (P > 0.05) were observed between the day of purchase and the expiring day of salads among
producers during both seasons for their phenolic content and antioxidant capacity (with DPPH, FRAP
and ABTS assays) (Figure 3.29, 3.30, 3.31 and 3.32, respectively). For both S. enterica and L.

monocytogenes all samples were negative tested.

2.3
E 23 Z B

) y=-0.0079x2 + 0.0199x + 1.402 Lo a

= - 1.8

Q18 R*=0.0967 . ) R

< @ é . y = 0.0313x? - 0.3917x + 2.0093
O3 ~ b —_— 13 .. R:=1

En . ,Q. ° % K] %D oy

- S ¥=0.1022x7-0.7038x + 16862 - Z 08 ¥ 01344 + 1.231] ST
0 R R*=0.9928 .- = R=1

> S == - ©

S 03 ® =03

g 2 0 1 2 3 4 5 6
= 0 1 2 3 4 5 6 D

Days ays
e Winter o Summer e Winter o Summer
~

T3 C £ 23 D
" e
<18 _ 3 = 1.8
EEJ y= 0.035%z ;(:).24:;522: +1.3969 = ¥=-0.0631x + 1.2387
D13 T~ _ o B O3 .

o0 o o o En --------- o

. e S o] AL, emESRRE

Bos| _ izooee & === 7 o 08 : e
Pt //—-Df e oy i) y = 0.0578x2 - 0.4155x + 1.5112 .
= T ; - g R = 0.4808

So3e R*=0.2216 03 :

9 =
= 0 1 2 3 4 5 6 0 1 2 3 4 5 6
&~ Days P Days

e Winter o Summer e Winter o Summer

_

.3 E

h o

o0

& 18 y =-0.0525x2 + 0.6828x - 0.6584

“ R:=0.2039  _ .

O3 e °

%ﬂ M’ L -

= 0.8 o N

« ; ¥ =0.0066x2 - 0.0918x + 1.2557

— rd [e)

o o R*=0.9321

go03 -

= 0 1 2 3 4 5 6

A~ Days

e Winter © Summer

Figure 3.29. Effects of shelf life (days) on phenols per salad producer during winter and summer. A: producer A,
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Figure 3.33. Effects of shelf life (days) on % CO- production per salad producer during winter and summer. A:
producer A, B: producer B, C: producer C, D: producer D, E: producer E.

92



-

o
=
)

A = B
) €3]
a3 )
AR 12
o0 ¥ =0.0219x2 - 0.1457x + 0.5722 o .
= 54406 g ¥ =-0.0536x + 0.4491x - 0.489
(=] 8 = o1
g y=0.0277x*- 0.1913x + 0.5848 = ¢ N Ri=
206 . R® = 0.9191 S y=0.0367x+ 00105 . _ . _ .
S 9 —~ 2, R=1 _.-" -
e | TS TgTm T e as) =
s 0.0 -
0.0
. 0 1 2 3 4 5 6
5
0 1 2 Days® 4 6 Days
e Winter © Summer e Winter © Summer
1.8 18
F C g | P
= =
o0 o0
=12 ¥ = 0.0209x" - 0.1735x + 0.5001 = 12 ¥ =-0.1209x + 0.9312
g R*=0.9791 = L R:=1 .
g . E_ ek - y =0.0519x - 0.3925x + 0.8563
\: 0.6 y =-0.0082x" + 0.0732x + 0.1573 =Y . . R2=0.994
R2 = 0.4107 0 -
O T o el . (@) ’
D S e i o~
s Lompese =
0.0 0.0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Days Days
e Winter © Summer e Winter © Summer
18
- E
2
fﬁ ¥ =-0.1427x> + 1.4248x - 2.9394
2012 R? = 0.6022
E ¥ =0.0207x? - 0.0554x + 0.4204
g R2=0.5161 °
= . —
- 0.6 - - o
@) —- o
-~ L] a
o e o °
0.0 £
0 1 2 3 4 5 6
Days

e Winter © Summer

Figure 3.34. Effects of shelf life (days) on H2O- levels per salad producer during winter and summer. A: producer
A, B: producer B, C: producer C, D: producer D, E: producer E.

93



00 A o 2 B
E's
225 B 7 y=-4.3854x+36.658x-52.53 _ .- "'~
& 20 =20 RE=A e "
S0 y=0.138x> - 0.6603x + 10.357 S . \
E 15 R* = 0.095 E 15 ;s
— . ° — 10 ’
g 10 y g y=1.5271x + 4.8657
@ o m e i imimim e ° 5 . R:=1
a s ¥ =0.0763x> - 0.4405x + 63129 = > K
= R:=0.1213 0 -
0 ) 4 6 0 1 B 3 5 6
Days Days
e Winter © Summer e Winter © Summer

2 30 C )

= 25 E 25

éﬂ 20 §° 20

(-] — 2

g 15 Y= 03184x° - 1.5166x +8.0841 g 15 ¥ = 0.5684x? - 3.5204x + 13.487

= R*=0.522 s R?=0.684

Z 10 ° 5 . 2‘ 10 =~ =8 .

e —— - e = =l = - s e o A R e
gst = Y= -0.3185x> + 3.0896x + 0.661 &= 5 y °'9g7fl+ 10592 & 7T e o
2 " |.--m0 R? = 0.5764 = -

0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Days Days
e Winter © Summer e Winter o Summer
30
0 E
£ 25
202 ¥ =-2.3342x* + 23.588x - 48.512
S . R:=0.8614
£ 15 y=-0.0548x>+0.2859x + 7.5731 p
g R*=0.0165 ...
<« 10 , . R S s
g 5 . 5 z° 2 o
0 s
0 1 2 3 4 5 6
Days

e Winter © Summer

Figure 3.35. Effects of shelf life (days) on lipid peroxidation per salad producer during winter and summer. A:
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Type of salad
Purchase (actual) vs Expiring day during winter and summer

The effect of storage period of purchase and expiring day on plant-related parameters on different
types of salads is presented in Figures 3.36-3.42 and Table 3.5. Increased phenolic content was
observed on the expiring day during summer (P = 0.010) for lettuce+chives compared to purchase day
(0.97 and 0.70 mg GAE/g Fw, respectively) and the polynomial curve with concave upward is described
by y=0.0398x2-0.2518x+1.0533; R?>=1.00 (Figure 3.36E, Table 3.5). During winter, increased FRAP
antioxidant activity was reported on the expiring day for lettuce+cabbage compared to purchase day
(FRAP: 0.55 and 0.23 mg trolox Fwi/g, respectively), while plain rocket showed higher FRAP on the
expiring day during summer compared to purchase day (FRAP: 0.34 and 0.32 mg trolox Fwi/g,

respectively) (Figure 3.38B, 3.38F). The relevant polynomial curve with concave upward for
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lettuce+cabbage is described by y=0.0047x°+0.0384x+0.1125; R*=0.63, while the respective curve for
rocket is described by y=0.0112x%-0.0713x+0.3847; R*=0.73 (Figure 3.38B, 3.38F).

Increased CO, production was observed for plain lettuce for both seasons on expiring day (7.87 and
7.89% CO; for winter and summer, respectively) compared to purchase day (3.45 and 2.72% CO; for
winter and summer, respectively). During winter, the polynomial curve with concave upward is
described by y=0.3193x%-1.293x+4.274; R?=0.90, whereas the respective curve during summer is
described by y=-0.1421x-0.203x+2.9354; R?=0.36 (Figure 3.40A). CO, production was higher during
both seasons for lettuce+endive/radicchio on expiring day (10.35 and 10.94% CO, for winter and
summer, respectively) compared to purchase day (5.78 and 7.42% CO; for winter and summer,
respectively) and the polynomial curve with concave downward during winter is described by y=-
0.2781x*+3.5527x-0.0031; R?>=0.98, whereas the respective curve during summer is described by y=-
0.472x°+5.0693x-2.9583; R?=0.89 (Figure 3.40C). Summer was the season in which lettuce+rocket
and lettuce+chives presented higher CO; production on expiring day (9.25 and 9.26%CO, respectively)
compared to purchase day (4.58 and 6.01% COy, respectively). During summer, the polynomial curve
for lettuce+rocket with concave downward is described by y=-0.5253x?+5.6869x-5.9625; R?*=1.00,
whereas the relevant curve for lettuce+chives is described by y=-0.0406x?+0.6438x+3.965; R>=1.00
(Figure 3.40D, 3.40E). Higher expiring CO- production was reported significantly higher on expiring
day for plain rocket and lettuce+two or more ingredients (other) (P = 0.004 and 0.001, respectively)
(14.25 and 10.31% CO,, respectively) compared to purchase day (2.84 and 4.53% COg, respectively)
(Figure 3.40F, 3.40G, Table 3.5). During winter, the polynomial curve for rocket with concave upward
is described by y=0.2208x%*+0.6242x+2.555; R?>=1.00, whereas the relevant curve for lettuce+two or
more ingredients (other) is described by y=0.343x-1.313x+5.0301; R?=0.65 (Figure 3.40F, 3.40G).

Plain lettuce’s expiring H2O; levels were found significantly higher on both seasons (P = 0.000 and
0.002 for winter and summer, respectively) (6.91 and 5.11 pumol H>O, /g Fw for winter and summer,
respectively) compared to purchase day (0.34 and 0.45 umol H.O, /g Fw for winter and summer,
respectively) (Figure 3.41A, Table 3.5). During winter, the polynomial curve with concave upward is
described by y=0.0292x2-0.1805x+0.5055; R?=0.37, whereas the relevant curve for summer is
described by y=0.0048x2-0.0596x+0.4689; R?=0.20 (Figure 3.41A). Expiring H.0. levels for
lettuce+cabbage were found higher on both seasons (6.04 and 7.32 pumol H.O, /g Fw for winter and
summer, respectively) compared to purchase day (0.28 and 0.0.23 pumol H,O. /g Fw for winter and
summer, respectively) and the polynomial curve for winter with concave upward is described by
y=0.0181x2-0.1509x+0.4841; R*=0.95, whereas the relevant curve for summer is described by
y=0.0283x2-0.2974x+0.94; R?=0.67 (Figure 3.41B). Increased H,0; levels were found on both seasons
for lettuce+endive/radicchio on expiring day (7.51 and 6.75 pumol H,O, /g Fw for winter and summer,
respectively) compared to purchase day (0.26 and 0.27 umol H,O, /g Fw for winter and summer,

respectively) (Figure 3.41C). During winter, the polynomial curve with concave downward is
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described by y=-0.0111x?+0.077x+0.1404; R?>=0.27, whereas the relevant curve for summer (concave
upward) is described by y=0.0097x%-0.0388x+0.2897; R?=0.57 (Figure 3.41C). H.0. levels for
lettuce+chives were increased on summer during expiring day compared to purchase day (4.67 and 0.30
umol H>O, /g Fw, respectively) and the polynomial curve with concave upward is described by
y=0.0532x>-0.3693x+0.861; R?>=1.00 (Figure 3.41E). Plain rocket’s expiring H.O2 levels were found
significantly increased on both seasons (P = 0.035 and 0.003 for winter and summer, respectively)
(12.11 and 9.60 umol H20- /g Fw for winter and summer, respectively) compared to purchase day (0.79
and 0.55 umol HO- /g Fw for winter and summer, respectively) (Figure 3.41F, Table 3.5). During
winter, the polynomial curve with concave downward is described by y=-0.1148x?+0.6913x+0.6017;
R?=1.00, whereas the relevant curve for summer is described by y=-0.0193x?+0.1774x+0.2264;
R?=0.73 (Figure 3.41F). Expiring H.O> levels for lettuce+two or more ingredients (other) were found
higher on both seasons (12.46 and 5.90 umol H,O, /g Fw for winter and summer, respectively) and the
polynomial curve for winter with concave upward is described by y=0.0101x%-0.0294x+0.4121;
R?=0.20, whereas the respective curve for summer is described by y=0.0291x%-0.22154x+0.6452;
R?=1.00 (Figure 3.41G).

Plain lettuce’s lipid peroxidation levels were found significantly increased on both seasons during
expiring day (P = 0.000 for both) (8.08 and 4.91 nmol MDA /g Fw for winter and summer, respectively)
compared to purchase day (0.49 and 0.27 nmol MDA /g Fw for winter and summer, respectively)
(Figure 3.42A, Table 3.5). During winter, the polynomial curve with concave upward is described by
y=0.2601x>-1.6429x+8.567; R*=0.99, whereas the respective curve for summer with concave
downward is described by y=-0.0423x?+0.4921x+4.0235; R?>=0.13 (Figure 3.42A). Expiring MDA
levels for lettuce+cabbage were found higher on both seasons (10.39 and 7.14 nmol MDA /g Fw for
winter and summer, respectively) and the polynomial curve for winter with concave upward is described
by y=0.3637x2-1.5484x+6.615; R?=1.00, whereas the relevant curve for summer is described by
y=1.5875x2-15.648x+43.292; R?=0.74 (Figure 3.42B). Increased expiring lipid peroxidation levels
were found on both seasons for lettuce+endive/radicchio (8.54 and 5.95 nmol MDA /g Fw for winter
and summer, respectively) compared to purchase day (0.21 and 0.36 nmol MDA /g Fw for winter and
summer, respectively) (Figure 3.42C). During winter for lettuce+endive/radicchio, the polynomial
curve with concave downward is described by y=-0.052x?+0.7069x+6.1172; R?>=0.59, whereas the
relevant curve for summer is described by y=-0.5544x?+5.7334x-3.2237; R?>=0.29 (Figure 3.42C).
Plain rocket’s expiring MDA levels were found significantly increased on both seasons (P = 0.004 and
0.006 for winter and summer, respectively) (15.27 and 15.19 nmol MDA /g Fw for winter and summer,
respectively) and the polynomial curve for winter with concave upward is described by y=0.9881x
7.2301x+19.413; R?=1.00, whereas the relevant curve for summer is described by y=O.1919x2-
0.6568x+4.8891; R?=1.00 (Figure 3.42F, Table 3.5). Lipid peroxidation levels for lettuce+two or more

ingredients (other) were increased on expiring day for both seasons (14.54 and 5.80 nmol MDA /g Fw
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for winter and summer, respectively) and the polynomial curve for winter with concave downward is
described by y=-0.3059x*+2.4755x+9.6229; R®=0.29, whereas the relevant curve for summer is
described by y=-0.0791x%+0.4891x+5.7124; R*=1.00 (Figure 3.42G).

No significant differences (P > 0.05) were observed between the day of purchase and the expiring
day of salads among seasons for their antioxidant activity (with DPPH and ABTS assays) (Figure 3.37
and 3.39, respectively). For both S. enterica and L. monocytogenes all samples were negative tested.
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Figure 3.36. Effects of shelf life (days) on phenols per type of salad during winter and summer. A: lettuce, B:
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Figure 3.37. Effects of shelf life (days) on antioxidants (DPPH assay) per type of salad during winter and summer.
A: lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket,
G: lettuce + two/more ingredients (other).
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Figure 3.38. Effects of shelf life (days) on antioxidants (FRAP assay) per type of salad during winter and summer.
A: lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket,

G: lettuce + two/more ingredients (other).
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Figure 3.39. Effects of shelf life (days) on antioxidants (ABTS assay) per type of salad during winter and summer.
A: lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket,

G: lettuce + two/more ingredients (other).
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Figure 3.41. Effects of shelf life (days) on H,O- levels per type of salad during winter and summer. A: lettuce, B:
lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket, G: lettuce +

two/more ingredients (other).
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Figure 3.42. Effects of shelf life (days) on lipid peroxidation per type of salad during winter and summer. A:
lettuce, B: lettuce + cabbage, C: lettuce + radicchio/endive, D: lettuce + rocket, E: lettuce + chives, F: rocket, G:

lettuce + two/more ingredients (other).
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Table 3.5. Effect of shelf-life on microbiological load (log cfu/g), total phenolic content (mg GAE/g Fw), antioxidants (mg trolox/g Fw), %CO; and stress markers- H,O;
(umol/g Fw) and MDA (nmol/g Fw) of ready to eat salads according to type of salad during winter and summer.

Type of salad
Lettuce Lettuce+Cabbage Lettuce+Endive/ Lettuce+Rocket Lettuce+Chives Rocket Other
radicchio
Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer
TVC 0.386 0.898 0.361 0.263 0.029 0.027 ni 0.012 0.294 0.384 0.036 0.810 0.019 0.943
Enterobacteriaceae 0.244 0.313 0.516 0.366 0.011 0.024 ni 0.206 0.286 0.389 0.482 0.999 0.121 0.871
Coliforms 0.039 0.145 0.686 0.364 0.001 0.276 ni 0.261 0.130 0.453 0.500 0.602 0.146 0.189
E. coli ni 0.181 ni 0.178 ni 0.356 ni 0.437 ni 0.423 ni 0.648 0.343 0.391
Staphylococcus spp.  0.647 0.213 0.423 0.698 0.356 0.065 ni 0.667 ni 0.186 0.363 0.632 0.686 0.391
B. cereus ni ni ni ni ni ni ni 0.391 ni ni ni 0.348 0.343 0.391
Lactic acid bacteria 0.197 0.784 0.307 0.551 0.105 0.206 ni 0.025 0.051 0.469 0.223 0.985 0.060 0.391
Pseudomonas spp. 0.880 0.397 0.423 0.778 0.298 0.135 ni 0.040 0.551 0.089 0.856 0.220 0.633 0.547
Yeasts and molds 0.188 0.159 0.406 0.180 0.329 0.309 ni 0.001 0.855 0.705 0.306 0.167 0.685 0.952
Phenols 0.982 0.496 0.487 0.884 0.168 0.988 ni 0.796 0.164 0.010 0.768 0.342 0.174 0.207
DPPH 0.797 0.419 0.161 0.512 0.234 0.583 ni 0.466 0.071 0.241 0.978 0.925 0.759 0.243
FRAP 0.821 0.355 0.013 0.843 0.384 0.696 ni 0.256 0.227 0.149 0.497 0.044 0.271 0.223
ABTS 0.883 0.725 0.059 0.563 0.293 0.660 ni 0.387 0.092 0.101 0.085 0.534 0.059 0.371
CO; 0.000 0.014 0.192 0.098 0.017 0.016 ni 0.016 0.173 0.035 0.004 0.085 0.001 0.050
H.0. 0.000 0.002 0.005 0.016 0.000 0.040 ni 0.128 0.193 0.014 0.035 0.003 0.000 0.020
MDA 0.000 0.000 0.029 0.001 0.000 0.023 ni 0.069 0.314 0.105 0.004 0.006 0.000 0.034

Results shown are the p values following paired samples t-test and bold values suggest significant differences (P < 5%). Other= Lettuce +2 or more ingredients. ni = the
correlation and t-test could not be computed because the standard error of the difference was 0.
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3.3.3. Discussion

Higher E. coli populations were observed for samples from producer A and C during summer
compared to winter samples, while samples from producer C showed increased B. cereus counts during
summer. It has been previously mentioned that Bacillus spp. and Pseudomonas spp. (including Bacillus
mojavensis, Bacillus megaterium and P. fluorescens) have been isolated from ready-to-at salads (Santos
et al., 2012). The presence of these bacteria may accelerate the degradation of vegetables or they can
antagonize foodborne pathogens such as Listeria monocytogenes and Salmonella enterica in that
environment (Santos et al., 2012). During winter higher levels of spoilage microorganisms such as
yeasts and molds were reported for producers A and B. Furthermore, Pseudomonas spp. counts were
increased for producer B during winter, whilst LAB were found higher for producers A, C and E on the
same season. The presence of LAB was evident since the beginning of processing of ready-to-eat
vegetables and increased numbers were reported after seven days of storage at 4 °C for sliced cabbage
(air packaging), iceberg lettuce chopped (MAP), mixed endive, radicchio and “lollo rosso” lettuce
(MAP) (Pothakos et al., 2014). This might suggest that LAB are part of the endogenous and epiphytic
microflora of raw fresh produce. In a study conducted in Italy, no significant difference on yeasts and
molds populations of ready-to-eat salads (rocket, baby leaf lettuce and lamb’s lettuce) was reported
among spring and summer (De Corato, 2012). No significant differences were observed for TVC,
Enterobacteriaceae, coliforms and Staphylococcus spp. among seasons for all producers. On the other
hand, aerobic psychotropic microorganisms were found in high numbers (up to 8.5 log cfu/g) in ready-

to-eat salads collected during summer in Portugal (Santos et al., 2012).

Total phenolic content was increased during summer for samples from producer C, while
antioxidants were increased for all salad producers during winter. Caponigro et al. (2010) reported
higher average visual quality during winter and spring compared to summer and autumn. These findings
might suggest less phenolic oxidation levels and other degradative processes that can compromise the
nutritional value (phenols, antioxidants) of these products. Lipid peroxidation increased for samples
collected from producer A on summer compared to winter. Kang and Saltveit (2002) have previously
mentioned that wounding of plant tissue (i.e. from cutting) can induce increased antioxidant activity in
romaine and iceberg lettuce. No differences were observed for CO- production and H,0; levels among

samples for all producers among seasons.

Summer was the season in which E. coli counts were found to be higher for plain lettuce.
Staphylococcus spp. was found in increased numbers on summer for the lettuce+endive/radicchio,
lettuce+rocket and lettuce+chives type of salads, whilst for plain rocket increased Staphylococcus spp.
was reported during winter. Bell et al. (2017) reported significantly increased microbial load (total
aerobic counts) of rocket salad during shelf-life. Decreased LAB populations were observed on summer
for all types of salad, while Pseudomonas spp. was found in higher numbers for lettuce+cabbage during

summer, while higher counts were also reported on winter for lettuce+rocket. High yeasts and molds
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counts were observed on winter for lettuce+endive/radicchio, lettuce+rocket and lettuce+two or more
ingredients (other). De Corato (2012) reported that lettuce salad presented lower yeasts and molds
counts compared to rocket and lamb’s lettuce. No significant differences were observed for TVC,
Enterobacteriaceae, coliforms and B. cereus for all producers among seasons. Santos et al., (2012)
reported increased aerobic psychotropic microorganisms for ready-to-eat salads (romaine lettuce and
mixed vegetable salads) collected during summer compared to spinach samples during the same season.

Increased phenolic content of the lettuce+cabbage and lettuce+chives was observed on summer,
while high antioxidant capacity of samples were observed on winter. Moreover, plain lettuce and rocket
showed higher antioxidant activity during winter (as shown by the FRAP assay). Higher lipid
peroxidation was reported on winter for plain lettuce and lettuce+two or more ingredients (other).
Ferrante et al. (2009) reported higher lipid peroxidation values on fresh-cut lamb’s lettuce leaves
compared to intact ones when stored at 4 °C up to eight days (up to 51 nmol MDA/g Fw), suggesting
that processing such as cutting along with storage duration and conditions induce plant stress. No
differences were observed for CO; production and H,O- levels among samples for all producers among
seasons. On the other hand, in another study high CO- production was reported for rocket salads stored
at 5 and 10 °C and this could be attributed to the high respiration rate of rocket as well as to the abusive
storage temperatures (optimum storage conditions for rocket: 0 °C with 95-100% RH) (Amodio et al.,
2015).

Expiring date of ready-to-eat salads is a matter of high importance since minimally processed
vegetables reaching the maximum of their shelf life start to present defects such as wilting, browning
(loss of green color) development of off-odors and off flavors that reduce product’s acceptance from
consumers (Nousiainen et al., 2016). Furthermore, increased spoilage (mostly) and pathogenic
microorganisms have been reported when these products reach their expiring date (Caponigro et al.,
2010; Cavaiuolo et al., 2015; Nousiainen et al., 2016). Higher TVC numbers were reported during
expiring date on both seasons for producer A and high Enterobacteriaceae numbers were also reported
for the same producer on expiring date during winter. A study by Frdder et al. (2007) revealed high
Enterobacteriaceae and fecal coliforms populations (> 2 log cfu/g) in different types of one leafy
vegetable salads (iceberg lettuce, watercress, spinach, rocket, chicories) and mixed salads collected
during spring and summer. High total mesophilic counts were also reported during the end of self-life
of ready-to-eat rocket salads (lower than 7 log cfu/g) (Giusti et al., 2014). Summer was the season in
which samples from producer A showed increased Staphylococcus spp. during their expiring date
compared to purchase date. On the other hand, samples from producer C presented low expiring
Staphylococcus spp. numbers during summer. In our study, LAB counts were higher during winter for
producer A on products expiring date. Expiring day during summer presented higher yeasts and molds
populations for producer B compared to winter. It is worth mentioning that according to De Corato

(2012) no significant variations of yeasts and molds counts were observed during the shelf-life of the
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samples (rocket, baby leaf lettuce and lamb’s lettuce), whilst a significant variation on these populations
and high numbers of fungi were evident only at the first day of shelf-life. No significant differences
were observed for coliforms, E. coli and Pseudomonas spp. in our study.

Higher CO; production and H,O- levels were found during both seasons on expiring date of samples
from producers A and C. This might be attributed to tissue wounding (due to processing, mishandling)
in combination with storage and display conditions (i.e. temperature, shelf-life duration) that can
accelerate respiration rate of lettuce (Deza-Durnand and Petersen, 2011). Lipid peroxidation and H20>
levels were increased in winter at the last day of shelf life. Moreover, higher CO, production was
observed for producer E during winter and summer. Increased respiration rate for wild rocket salad was
reported in spring compare to summer (55.2 and 25.2 mL CO2/kg/h, respectively) when samples were
stored at 5 °C and at the same time rocket’s green color was preserved better in spring compared to
summer (Edelenbos et al., 2017). However, it has been previously mentioned that lipid peroxidation
resulting from plant stress (including increased respiration) can affect negatively the green color
vegetables due to pigment bleaching (chlorophylls, carotenoids) and the production of brown pigments
(Hunter et al., 2017). In our study, no differences were reported for phenols and antioxidants among

seasons and days of analysis for all producers.

Expiring date during summer showed high TVC numbers for the combinations of lettuce with
radicchio/endive, and rocket, while during winter increased counts were found for plain rocket, the
combinations of lettuce with radicchio/endive and two/more ingredients (other). In a study by Sant’ Ana
et al. (2012a) in which the microbial load of nine different ready-to-eat vegetables (escarole, collard
green, spinach, watercress, arugula, grated carrot, green salad, and mix for yakisoba) was assessed it
has been shown that total aerobic counts increased during the end of shelf-life of the products (ranging
from 2 to 8 log cfu/g) and this resulted from different storage temperatures (the higher the temperature,
the higher the populations) as well as the type of vegetable among other factors (Caponigro et al., 2010).
Higher Enterobacteriaceae and coliforms populations were found on expiring day for the combination
of lettuce and radicchio/endive on both seasons. Arvanitoyannis et al. (2011) reported that a decrease
in Enterobacteriaceae populations was evident (up to 0.5 log cfu/g) on the tenth day of storage with or
without MAP. Interestingly on the same study, psychrotrophic counts were not influenced with the
combination of lettuce with rocket (Arvanitoyannis et al., 2011). However, in our study increased
numbers of spoilage and psychrotrophic microorganisms (i.e. LAB, Pseudomonas spp., yeasts and
molds) were observed on expiring day during summer for the combination of lettuce with rocket. It is
noteworthy, that it has been previously mentioned that LAB have been isolated most from ready-to-eat
vegetables under MAP (Abadias et al., 2008; Caponigro et al., 2010). Sant’Ana et al. (2012a) reported
increased LAB populations on most ready-to-eat vegetables studied at the end of their shelf-life when
stored at abusive temperatures (15 °C). De Corato (2012) reported that yeasts and molds counts were

higher on the second day of shelf-life for rocket salad on both seasons assessed (spring and summer)
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compared to lettuce and lamb’s lettuce salads. In our study, no significant differences were reported for
E. coli, Staphylococcus spp. and B. cereus between purchase and expiring day among seasons for all
type of salads.

Increased total phenolic content was reported on expiring day of the combination of lettuce and
chives during summer. On the other hand decreased phenolics were reported for baby lettuce, curly
endive and iceberg lettuce after 4 days of storage at 4 °C, while no significant differences among
phenolic content were reported for radicchio, rocket and lamb’s lettuce (Preti and Vinci, 2016). This
might be attributed to the packaging conditions in bagged samples due to modified atmosphere
packaging of these vegetables. Higher antioxidants (by FRAP assay) on product expiring day were
observed during winter for the combination of lettuce with cabbage and during summer for plain rocket.
Preti and Vinci (2016) reported increased antioxidants compounds (by DPPH assay) on expiring date
of baby lettuce, curly endive, lamb’s lettuce, rocket and radicchio salads. The majority of the
combinations of lettuce with other ingredients showed higher H,O, and MDA levels on expiring day
during both seasons. It is noteworthy to mention that Cavaiuolo et al. (2015) reported a relation between
lipid peroxidation and storage temperature of rocket, suggesting that storage of minimally processed
vegetables such as rocket at adverse (increased) temperatures increases respiration rate and affects
negatively product quality due to plant stress and senescence. This is in accordance with our results
since plain rocket showed higher CO; production and MDA levels on expiring day for both seasons.
Arvanitoyannis et al. (2011) reported increased CO- levels of rocket with or without its combination
with lettuce through storage at 5 °C for 10 days. Moreover, Nousiainen et al. (2016) suggested that the
increased CO; production reported might have been attributed to the different types of vegetables as
well as the microbial load of these products. These comes in accordance with the findings of our study,
where lettuce+endive during winter showed increased microbial load (TVC, Enterobacteriacea and
coliforms) and CO; production on expiring day. No significant differences were reported for antioxidant
activity (boy DPPH and ABTS assays) between purchase and expiring day among seasons for all type of

salads.

3.4. Concluding marks

The present study was examining a number of metabolic variables (antioxidant activity, CO;
production) besides the presence of spoilage and pathogen bacteria; in order to link the microbiological
load of ready-to-eat salads and the response of plant tissue towards biotic (pathogens) and abiotic
(storage) stress. Spring is the season that ready-to- eat salads are more pronounced on microbial load.
Salmonella enterica was not found in any of the samples tested, whereas Listeria monocytogenes and
ESBL E. coli were present in 3.70% and 2.62% of samples, respectively. The content of phenolics and

the activity of antioxidants were positively correlated with the presence of Staphylococcus spp.,

108



Pseudomonas spp., E. coli and Bacillus cereus, whereas fresh produce processing accelerates microbial
load and antioxidative mechanisms due to the plant stress. Various salad types are respiring differently
through the respiration metabolic process. Furthermore, the interaction of salad producer*type of salad
affected greatly the total phenolic content and the antioxidant activity of salads, as different processing
practices may cause more or less plant stress and subsequently affecting the quality of fresh produce.

Regarding expiring date (OR “estimated expiring date”), it was evident that microbial load (mainly
spoilage microorganisms such as Pseudomonas spp., yeasts and molds) increased during shelf-life.
Moreover, CO; production and damage indexes (H.O, and MDA) increased on expiring date on both
seasons indicating plant stress at the end of shelf life. These results suggest that the investigation of
shelf-life (form start to end) is essential for the understanding and development of novel technics

monitoring the safety and quality of these products.

109



Chapter 4. Salmonella enterica performance in different temperatures and nutrient solution pH
levels in hydroponically grown lettuce

4.1. Introduction

According to demographics it is estimated that by the year 2050 the world’s population will reach
9.1 billion people, rising more environmental and economic issues (FAO, 2009; Treftz and Omaye,
2016). In an attempt to pursuit renewable energy sources and sustainable growing systems to meet the
increasing needs for food production and the changing dietary guidelines for the consumption of
vegetables as a part of a healthy and balanced diet, a turn towards the research on soilless culture-
hydroponic cultivation was made over 70 years ago (Treftz and Omaye, 2016). The word hydroponic
derives from the Greek words “hydro” (86wp) which means water and “ponos” (mdvog) which means
labor (Treftz and Omaye, 2016). By definition soilless cultivation means the growing of plants under
soilless conditions using water, nutrients essential for plant growth and a substrate (i.e. perlite, cocosoil,
sand) (Resh, 2013; Treftz and Omaye, 2016; Jordan et al., 2018; Tzortzakis et al., 2020), while strictly
hydroponic cultivation is referring to the aqua systems, excluding growing media. However, in most
part of the word, soilless and hydroponic terms are used in common. It is considered to be an
environmentally friendly food production system, producing high quality and safe fresh produce, with
good agricultural practices such as the recirculation of the used water and minerals (Treftz and Omaye,
2016; Tzortzakis et al., 2020).

Lettuce is one of the most commonly hydroponically grown vegetables around the world due to its
short cultivation period (varied from 1 to 1.5 months), versatile use in salads and other dishes, as well
as its proven benefits to human health (good source of dietary fibers, folate-vitamin By and vitamin C)
(Kim et al., 2016; Manos and Xydis, 2019). Hydroponic cultivation of leafy and other vegetables is
considered to be a safe and clean growing technique in which plants are grown in a controlled
environment without soil and every essential component (water, fertilizers-nutrient solution, substrates)
are closely monitored since sanitary practices are more commonly used compared to open field
cultivation (Orozco et al., 2008; Resh, 2013; Dankwa et al., 2020; Lenzi et al., 2021). In this high-tech
cultivation systems, it is essential that the pH, composition and level of the nutrient solution are being
monitored and maintained throughout the cultivation period (Resh, 2013; Treftz and Omaye, 2016).
These have resulted to the increased acceptance of hydroponically grown vegetables from both growers

and consumers (Lee and Lee, 2015; Dankwa et al., 2020).

Safety of fresh produce is one of the main quality attributes that consumers take into account when
buying. The consumption of vegetables (fresh and/or minimally processed) has been previously linked
with food poisoning outbreaks associated with a variety of microorganisms including bacteria, viruses
and protozoa (Whipps et al., 2008; Riggio et al., 2019). In recent years (2013-2016) fresh produce

including lettuce, sprouts and ready-to eat salads has been implicated with foodborne outbreaks related
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with the detection of Salmonella spp., L. monocytogenes, enteroinvasive and entrerohaemorragic strains
of E. coli (Wadamori et al., 2017; Boqvist et al., 2018).

The most commonly reported foodborne bacteria present on fresh produce include E. coli,
Salmonella spp., L. monocytogenes, Shigella spp., Yersinia enterocolitica, Aeromonas hydrophila,
Bacillus cereus, Campylobacter spp., Clostridium spp. and Vibrio choleae (Whipps et al., 2008;
Dankwa et al., 2020). Among these, Salmonella spp. has been occasionally reported on fresh produce
as well as minimally processed vegetables and ready-to-eat salads (Jeddi et al., 2014; Wadamori et al.,
2017). Furthermore, a number of these pathogens (i.e. E. coli O157:H7, Salmonella spp. and L.
monocytogenes) has also been identified and reported on hydroponically grown fresh produce (Lopez-
Galvez et al. 2014; Shaw et al. 2016). One of the main sources of contamination of fresh produce during
hydroponic cultivation is the water used for the preparation of the nutrient solution, which could be
either municipal water or surface water with the latter most likely to be contaminated if coming from
an unsanitary source (Uyttendaele et al., 2015; Dankwa et al., 2020). Other sources of fresh produce
contamination are through harvesting and postharvest handling and managements. During and after
harvesting, produce might come in contact with contaminated surfaces (i.e. handling, washing water,
marketing), however the current decontamination practices might not be able to eliminate the presence
of foodborne pathogens (Aycicek et al., 2006; Jeddi et al. 2014; Faour-Klingbeil et al., 2016b;
Nousiainen et al., 2016).

Previous studies have mentioned the presence and internalization of foodborne pathogens in leafy
vegetables in soil and hydroponic cultivation in a variety of vegetables including lettuce, spinach,
tomatoes, and radish sprouts and cabbage (Jablasone et al., 2005; Hintz et al., 2010; Koseki et al., 2011,
Ongeng et al., 2011b; Standing et al., 2013; Macarisin et al., 2014). Entrance routes of pathogens include
plant roots, leaf stomata, any niches caused by mechanical damage or even the use of contaminated
seeds (Jablasone et al., 2005; Koseki et al., 2011; Erickson et al., 2018, 2019; Liu et al., 2019).

One of the main factors that might contribute to the internalization of foodborne pathogens in a plant
tissue is the pathogen’s surface attachment ability to fresh produce, since adhesion is the first step for
infection (Schikora et al., 2012; Kyere et al., 2019). Interestingly, the presence of phytopathogens might
also assist foodborne pathogen presence, survival and growth on vegetables (Aruscavage et al., 2010;
Goudeau et al., 2013). It has been suggested that members of the Enterobacteriaceae family can be
benefited from the damages caused by plant pathogens and utilize the sugars exudates of the damaged
plant tissue (Aruscavage et al., 2010). It is well known that Salmonella possess the ability to form
biofilms on many surfaces using a variety of adhesive structures (i.e. fimbrial and non-fimbrial
structures, flagella and lipopolysaccharides) and this in combination with the presence of

phytopathogens might enable plant colonization by Salmonella (Wiedemann et al., 2015).
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The population of foodborne pathogens might also play a key role in plant colonization since studies
have reported that high populations (up to 6-7 log cfu/mL) resulted to higher internalization frequencies
(Sharma et al., 2009; Koseki et al., 2011; Macarisin et al., 2014). Indeed, hydroponically grown spinach
inoculated with S. enterica, E. coli and L. monocytogenes at a level of 6 log cfu/mL showed higher
probability of contamination compared to inoculation with 3 log cfu/mL (Koseki et al., 2011). It is
noteworthy, that the high numbers of inoculum examined in many studies are unlikely to be found in
the environment. Previous studies regarding the microbiological quality of hydroponically grown
vegetables (lettuce and tomato) reported populations of < 1 log cfu/mL for hygiene indicators (coliforms
and E. coli) (Orozco et al., 2008; Alcarraz et al., 2018).

The presence of phytopathogens in a plant tissue is evident with discoloration (chlorosis), necrosis
or even death of the infected plant (Wiedemann et al., 2015). The fact that in most of the cases leafy
vegetables can harbor human foodborne pathogens without exhibiting signs of spoilage is alarming
(Barak and Schroeder, 2012; Lenzi et al., 2021). However, in some cases symptoms of chlorosis have
also been reported on leaves during the colonization of lettuce plants with Salmonella enterica serovars
(Klerks et al., 2007a,b).

Different cultivation conditions under hydroponics (with/without substrate, different nutrient
solutions, hydroponic agar) have been assessed and results are not always in agreement (Jablasone et
al., 2005; Franz et al., 2007; Klerks et al., 2007a; Koseki et al., 2011; Filho et al., 2018; Li and
Uyttendaele, 2018; Liu et al., 2019; Riggio et al., 2019; Lenzi et al., 2021). Thus, it is essential to
explore further and understand the mechanisms of internalization and survival of foodborne pathogens
inside their plant hosts and further investigation of plant defense mechanisms and interaction of plant-
foodborne pathogens as well as the cultivation conditions will give insights for safe fresh produce

production.

The aims of this study were to assess i) the internalization of different populations of S. Enteritidis,
ii) the effect of the different pH values of the nutrient solution, iii) the responses of different plant
growth stage to bacteria and pH challenges, in lettuce plants cultivated in hydroponic nutrient solution

and iv) the relationship among the possible internalization of the bacterium and plant related parameters.

4.2. Materials and methods
4.2.1. Bacterial strain and inoculum preparation

Salmonella enterica subsp. enterica serovar Enteritidis NCTC 5188 was obtained from the
Agricultural Sciences, Biotechnology and Food Science Department (Lab of Food Microbiology),
Cyprus University of Technology. Fresh cultures were prepared with overnight incubation (16-18 h at
37 °C) of pure culture (stored in -80 °C in 20% glycerol) in BHI broth.
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4.2.2. In vitro performance of S. Enteritidis

The effect of pH, commonly found in soilless culture, on the survival and persistence of S. Enteritidis
was assessed with bacterial growth kinetics and the generation of growth curves based on the changes
of the turbidity of samples throughout incubation. Different pH values (5, 6, 7 and 8) of BHI broth,
sterile hydroponic nutrient solution and their combination were examined at two incubation
temperatures (21 °C and 37 °C). The hydroponic nutrient solution and its combination with BHI were
sterilized via filtration with 0.45 um filter. The pH values of each treatment solution were adjusted with
the use of 5% HNO3 and 10% KOH. The 96-well plates were prepared by dispersing 190 pL of treatment
solution and 10 pL of inoculum (6 log cfu/mL). The final volume of each well was 200 pL. Negative
controls were used for all treatments (200 uL), while the positive control contained 190 uL BHI broth
(no pH adjusted- pH value 7.40) and 10 uL of inoculum. The plates were covered with a sterile plastic
transparent membrane, placed for incubation at 21 °C and 37 °C for 21 h and bacterial growth was
estimated by reading the absorbance at 600 nm every 30 min. The confirmation of the bacterial growth
was performed at the end of incubation by plating 10 uL from each well on BHI agar plates and plates

were placed for incubation at 37 °C for 24 h.

4.2.3. Preliminary experiment
4.2.3.1. Plant growth and cultivation conditions
4.2.3.1.1. Old plants

Lettuce seedlings (Lactuca sativa cv. Nogal) in potting mixture-substrate (peat-based media) at the
stage of 2-3 true leaves were purchased from a commercial nursery and were transferred to 450 mL
plastic (polyethylene terephthalate-PET) containers (72 plants in total; 3 replications per treatment per
sampling day) filled with hydroponic nutrient solution (EC 2.02 mS/cm and pH 5.90) (Figure 4.1). The
composition of nutrient solution (NS) was described previously (Chrysargyris et al., 2019) and was as
follow: NO3-N = 14.29, K = 8.31, PO,*-P = 1.61, Ca = 7.48, Mg = 5.76, SO, %>-S = 1.56 and Na = 1.91
mmol/L, respectively; and B = 18.21, Fe = 71.56, Mn = 18.21, Cu = 4.72, Zn = 1.53, and Mo = 0.52
umol/L, respectively. Plants were placed in an experimental growth chamber (SANYO Versatile
Environmental Test Chamber, MLR-351H, SANYO Electric Co. Ltd., Japan) with a photoperiod of 16
h at 21 °C and 8 h darkness at 19 °C. Plants were grown under hydroponic conditions with the basic NS
for 3 days in order to adapt the new growing conditions in hydroponics, and then the NS was replaced
with fresh NS of the appropriate pH level (pH values, 5, 6, 7 and 8 and EC 2.02 mS/cm). The initial pH
values were adjusted with the use of 5% HNO; and 10% KOH.
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4.2.3.1.2. Small-medium and medium plants

Lettuce seeds (Lactuca sativa cv. Verdede and Nogal) were aseptically germinated in sterile petri
dishes with sterile filter paper and sterile dH.O. Seeds were germinated for 7 days in the dark at 25 °C.
Seedlings of approximately 3 cm height (at the 1 true leaf formation), were then transferred to 50 mL
plastic falcon tubes. Each falcon tube was filled with hydroponic nutrient solution (EC 1.70 mS/cm and
pH 6.10). Plants were placed in an experimental growth chamber with a photoperiod of 16 h at 21 °C
and 8 h darkness at 19 °C. After approx. 7 days for small-medium and 12 days for medium plants grown
in the hydroponic nutrient solution, plants were subjected to different pH levels, by replacing the NS
with fresh NS of the relevant pH treatment (i.e. pH values of 5, 6, 7 and 8 and EC of 2.10 mS/cm). The
initial pH values were adjusted with the use of 5% HNO3 and 10% KOH. For small-medium plants, a
total of 48 plants were used with two replications per treatment per sampling day. For medium plants,

a total of 36 plants were used with four replications per treatment per sampling day.

Nutrient solution EC and pH were monitored throughout cultivation (from control plants) and the
targeted pH and EC values of the nutrient solution was added to each treatment (pH) in order to maintain

the solutions pH and EC.

4.2.3.2. Plant inoculation

In order to give the plants a chance to stabilize under the examined pH levels, inoculation took place
2-3 days after the pH change of the hydroponic nutrient solution. Plants were inoculated via roots
(inoculum added into the hydroponic nutrient solution) with 3 and 6 log cfu/mL (low and high
concentration, respectively), whilst control plants were not inoculated. Inoculation of older plants took
place when plants were at the 11" day after transplanting in the plastic containers (inoculum: 3 and 6
log cfu/mL). Inoculation of medium plant (inoculum: 6 log cfu/mL) took place at the 15" day after
transplanting in the falcon’s tubes, and for small-medium plants (inoculum: 3 and 6 log cfu/mL) took

place at the 10" day after transplanting in the falcon’s tubes.
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Figure 4.1. Schematic presentation of preliminary (A) and main experiments (B).
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4.2.3.3. Sampling

Different sampling days were applied for the different growth stages of the examined plants. For old
plants sampling was performed 13-14 and 26-27 days post inoculation (dpi). Sampling for medium
plants took place 7, 14 and 21 dpi, while small-medium plants were sampled 14 dpi.

During sampling, the edible part of lettuce (leaves) was collected for microbiological analysis. For
old plants 10 g of leaves were collected, while for small-medium and medium plants the whole lettuce
head was used for analysis. Root sampling was performed first by rinsing the root with MRD and the
root rinse was collected (from old and small-medium plants) for further analysis in order to determine
possible bacterial attachment on the root surface. In order to assess the possible internalization of
Salmonella in the roots, they were subsequently externally sterilized with 10% (v/v) sodium
hypochloride for 60 sec, 80% (v/v) ethanol for 30 sec and three times with sterile dH-0 as previously
described by Mitra et al. (2009). Moreover, hydroponic nutrient solution was also collected and stored
for further analysis for the presence of Salmonella at the end of the cultivation period. All samples were

stored at — 20 °C until analysis (Figure 4.S1).

4.2.3.4. Microbiological analysis

The presence of S. Enteritidis in lettuce leaves was assessed according to the standard
microbiological analysis for Salmonella detection as described at section 2.2.1.10. The same procedure
was also followed for the analysis of roots in order to assess the possible internalization of S. Enteritidis
in lettuce root samples. The surface drop method (Miles and Misra method) was used for the
enumeration of control samples TVC (leaves and roots) and S. Entertidis in hydroponic nutrient
solution. Briefly, serial decimal dilution of the samples were performed as previously described at
section 2.2.1 and six drops (10 uL each) were placed on the appropriate medium (PCA for TVC and
XLD for Salmonella) (Figure 4.2) (Miles et al., 1938).

Figure 4.2. Surface drop method (Miles and Misra method).

Presumptive Salmonella isolates (pink colonies with black center) from leaves and roots were further

assessed by the slide agglutination test with Poly-O antisera for the confirmation of S. Enteritidis. The

116



principle for this test is based on the agglutination (clump formation) of Salmonella in the presence of
homologous antiserum (containing specific Salmonella antibodies). Briefly, enough biological material
from presumptive Salmonella isolates (3-5 colonies) was emulsified with a loopful of MRD in a
microscope slide and subsequently a drop of O poly A-S antisera (Polyvalent Somatic O Antisera —
Polyvalent O A-S PL.6002, PRO-LAB DIAGNOSTICS, USA) was added to the emulsion. The slide
was shaken back and forth for one min and afterwards observed for agglutination (Figure 4.3).

e

Qb

Figure 4.3. Slide agglutination test. A: negative sample, B: positive sample.

4.2.4. Main experiment
4.2.4.1. Plant growth and cultivation conditions
4.2.4.1.1. Old plants

Lettuce seedlings (Lactuca sativa cv. Nogal) in potting mixture-substrate (peat-based media) at the
stage of 2-3 true leaves were purchased from a commercial nursery and were transferred to 450 mL
plastic (polyethylene terephthalate-PET) containers (72 plants in total; 6 replications per treatment)
filled with hydroponic nutrient solution (EC 1.70 mS/cm and pH 5.90). The composition of the nutrient
solution was as previously described at section 4.2.3.1.1. Plants were placed in an experimental growth
chamber with a photoperiod of 16 h at 21 °C and 8 h darkness at 19 °C (Figures 4.4-4.5). In order for
the plants to adapt the new growing conditions in hydroponics, plants were grown for 7 days in the
basic NS, and afterwards the NS was replaced with fresh NS of the appropriate treatment (pH values,
5, 6, 7 and 8 and EC 1.70 mS/cm). The initial pH values were adjusted with the use of 5% HNO3 and
10% KOH.
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Figure 4.4. Plant transfer to nutrient solution and inoculation for old (A) and small-medium plants (B).

4.2.4.1.2. Small-medium plants

Lettuce seeds (Lactuca sativa cv. Nogal) were sown and germinated in potting mixture (commercial
peat-based material) for 7 days. Seedlings were then transferred to 50 mL plastic falcon tubes filled
with hydroponic nutrient solution (EC 1.45 mS/cm and pH 6.01) after the removal of the potting
mixture-substrate around their roots. Plants were placed in an experimental growth chamber with a
photoperiod of 16 h at 21 °C and 8 h darkness at 19 °C. After approx. 7 days the hydroponic nutrient
solution was replaced with fresh solution of the appropriate treatment (pH values, 5, 6, 7 and 8 and EC
1.70 mS/cm). The initial pH values were adjusted with the use of 5% HNO3; and 10% KOH (Figure
4.5).

Nutrient solution EC and pH were monitored throughout cultivation (from control plants) and
appropriate pH and EC value nutrient solution was added to each treatment (pH) in order to maintain

the solutions pH and EC, as previously mentioned at section 4.2.3.1.2.
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Figure 4.5. Plant growth in experimental growth chamber for old (A) and small-medium plants (B).

4.2.4.2. Plant inoculation

Plants were inoculated with 3 and 6 log cfu/mL (low and high concentration, respectively), as
previously described at section 4.2.3.2. Briefly, inoculation took place 2-3 days after the pH chance of
the hydroponic nutrient solution, since plants were given a chance to stabilize (Figure 4.4). Plants were
inoculated via roots (inoculum added into the hydroponic nutrient solution) with 3 and 6 log cfu/mL
(low and high concentration, respectively). Control plants were also used and they were not inoculated.
Inoculation of older plants took place when plants were at the 11" day after transplanting in the plastic
containers. Inoculation of small-medium plants took place at the 10" day after transplanting in the

falcon’s tubes.
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4.2.4.3. Sampling

Sampling for old plants took place 28-29 dpi (Figure 4.S2), while small-medium plants were
sampled 14 and 21 dpi (Figure 4.S3-4S4). Sampling procedure was performed as previously described
at section 4.2.3.3. For old plants 25 g of leaves were collected, while for small-medium plants the whole
lettuce head was used for analysis.

4.2.4.4. Microbiological analysis

Microbiological analyses for leaves, roots, root rinse and hydroponic nutrient solution were
performed as previously mentioned at section 4.2.3.4. Slide agglutination test with Poly O antisera was
performed for the presumptive Salmonella isolates, as previously described at section 4.2.3.4. Miles
and Misra method (surface drop method) was performed for the enumeration of TVC on PCA for leaves
and roots (control samples) and the enumeration of Salmonella in hydroponic nutrient solution on XLD,

as previously described at section 4.2.3.4.

4.2.4.5. Physicochemical analysis

For old plants, further plant related parameters were assessed. Leaf chlorophyll and carotenoid
content were determined at 480, 649 and 665 nm, using the equations by Wellburn (1994) as previously
described at section 2.2.7. Polyphenol extraction and analysis were performed using the Folin-Ciocalteu
method as previously mentioned at sections 2.2.8.1 and 2.2.8.2. The antioxidant activity of lettuce plants
was estimated using the DPPH, FRAP and ABTS protocols as mentioned in sections 2.2.8.3, 2.2.8.4
and 2.2.8.5, respectively. H-O- levels and lipid peroxidation were also calculated in order to determine
the damage index due to abiotic and abiotic stress, as mentioned in sections 2.2.9.1 and 2.2.9.2,

respectively.

4.2.5. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version 25 where the effect of pH and
inoculum level as well as their interactions on the phenolic content, antioxidant activity and damage
index of samples was assessed with two-way ANOVA. One-way analysis of variance (ANOVA) was
also performed for comparing data means of plate experiments and plant-related parameters and Tukey's
multiple range tests were calculated for the significant data P < 0.05. For microbial analysis of
inoculated plants, frequencies were calculated in order to assess the prevalence of S. Enteritidis in
lettuce plants (leaves, roots), root rinse and nutrient hydroponic solution. Six replications were used for

each measurement.
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4.3. Results
4.3.1. Effects of different nutrient solution pH on the in vitro performance of S. Enteritidis

S. Enteritidis growth measured as OD value was affected by the pH of BHI broth and incubation
temperature (Figure 4.6). Higher OD values were recorded in BHI broth with pH value 8 and followed
by 7 compared to the lower ones (pH 5 and 6) at 21 °C (Figure 4.6A). Similarly, the Miles and Mirsa
method showed higher bacterial counts with pH values 8 and 7 (9.55 and 9.21 log cfu/g, respectively)
in comparison with pH values 5 and 6 which were lower but did not significantly (P > 0.05) differ
between them at 21 °C (8.29 and 8.57 log cfu/g, respectively) (Figure 4.6C). At 37 °C S. Enteritidis
presented lower OD values with BHI broth pH 5 compared to other pH values, while pH values 6 and
7 showed lower OD values than pH 8, they did not significantly (P > 0.05) differ between them (Figure
4.6B). Interestingly, bacterial counts at the end of incubation were found to decrease along with the
decrease of the BHI broth pH value (Figure 4.6D).
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Figure 4.6. Effects of BHI broth’s pH values on S. Enteritidis growth and survival at 21 °C (A, C) and 37 °C (B,
D). Significant differences (P < 0.05) among pH values are indicated with different Latin letters. NC: negative
control, PC: positive control.
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The effects of hydroponic nutrient solution’s pH and incubation temperature on S. Enteritidis are
illustrated in Figure 4.7. At 21 °C all pH values showed lower OD values compared to the positive
control (BHI broth- pH 7.40) and at the same time OD values from pH 6 and 5 were significantly lower
to pH 7 (Figure 4.7A). Bacterial counts were reported lower for all pH values examined than positive
control however, no significant (P > 0.05) differences among pH values (Figure 4.7C). Lower OD
values were reported at 37 °C with all pH values compared to positive control and at the same time pH
5 presented lower OD values in comparison to pH 8 (Figure 4.7B). Bacterial counts were found to be
significantly lower with pH 7 followed by pH 6 and 5 (8.51, 8.03 and 7.99 log cfu/g, respectively),
compared to pH 8 and positive control which they did not significantly (P > 0.05) differ (9.47 and 9.50
log cfu/g, respectively) (Figure 4.7D).
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Figure 4.7. Effects of hydroponic nutrient solution’s pH values on S. Enteritidis growth and survival at 21 °C (A,
C) and 37 °C (B, D). Significant differences (P < 0.05) among pH values are indicated with different Latin letters.
NC: negative control, PC: positive control.

The combination of BHI broth and the hydroponic nutrient solution has affected the growth of S.
Enteritidis as presented in Figure 4.8. Higher OD value was observed with pH 8 compared to positive
control and other pH values as OD values decreased with the decrease of pH at 21 °C (Figure 4.8A). It

is noteworthy that bacterial counts were lower with pH 7, 6 and positive control followed by pH 5 (8.98,
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9.04 and 8.40 log cfu/g, respectively) in comparison to pH 8 (9.48 log cfu/g) (Figure 4.8C). At 37 °C
S. Enteritidis in the combination of broth+hydroponic nutrient solution showed decreased OD values
with all pH values compared to the positive control (Figure 4.8B). Moreover, OD was significantly
lower (P < 0.05) at pH 5 in comparison with other pH values. It is worth mentioning that bacterial
counts at pH 5, 7 and 8 did not significantly (P > 0.05) differ (8.69, 8.66 and 8.72 log cfu/g, respectively)
but values were lower compared to pH 6 and positive control (9.97 and 9.50 log cfu/g, respectively)
(Figure 4.8D).
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Figure 4.8. Effects of the combination of BHI broth and hydroponic nutrient solution’s pH values on S. Enteritidis
growth and survival at 21 °C (A, C) and 37 °C (B, D). Significant differences (P < 0.05) among pH values are
indicated with different Latin letters. NC: negative control, PC: positive control.

4.3.2. Preliminary experiment

4.3.2.1. S. Enteritidis performance on different nutrient solution pH for small-medium, medium

and old lettuce plants

The effects of pH and inoculation level on the presence of S. Enteritidis on lettuce (leaves, roots,
root rinse) of different age and hydroponic nutrient solution are presented in Tables 4.1-4.3. The
presence of S. Enteritidis on old lettuce plants was observed in roots 26 dpi at all pH values with high

inoculum, whereas the bacterium was present around roots even 13 dpi (Table 4.1). No internalization
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on leaves was reported at both sampling periods, while S. Enteritidis was found at the nutrient solution
even after 26 dpi (Table 4.1). When small-medium plants were inoculated with S. Enteritidis
internalization on roots was reported 14 dpi with high inoculum at all pH levels, while low inoculum
resulted to root internalization at pH 7 and 8 (Table 4.2). Furthermore, no internalization on leaves was
reported 14 dpi (Table 4.2). Internalization of S. Enteritidis on medium plants was observed 14 dpi at
pH 7 in leaves, whist at the same time the bacterium was found internal in roots and hydroponic solution
atall pH levels tested (5, 6, 7) (Table 4.3). Interestingly, within 7 dpi, no internalization of S. Enteritidis

was observed in lettuce leaves, in all the examined pH values.
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Table 4.1. Presence of S. Enteritidis on old lettuce plants (leaves, roots, root rinse) and hydroponic nutrient
solution as affected by pH values and inoculum levels.

Leaves Roots Root rinse Hydroponic solution

Code | pH | Treatment | 13 dpi | 26 dpi | 13 dpi | 26 dpi | 13 dpi | 26 dpi | 13 dpi 26 dpi
511 | 5 | Control
512 | 5 | Control
513 | 5 | Control
521 | 5 | Low
522 | 5 | Low
523 | 5 | Low
531 | 5 | High
532 | 5 | High
533 High
611 | 6 | Control
612 | 6 | Control
613 | 6 | Control
621 | 6 | Low
622 | 6 | Low
623 6 | Low
631 | 6 | High
632 | 6 | High
633 | 6 | High
711 | 7 | Control
712 | 7 | Control
713 | 7 | Control
721 7 | Low
722 7 | Low
723 7 | Low
731 | 7 | High
732 | 7 | High
733 | 7 | High
811 | 8 | Control
812 | 8 | Control
813 | 8 | Control
821 8 | Low
822 8 | Low
823 8 | Low
831 | 8 | High
832 | 8 | High
833 | 8 | High

Green: presence, Red: absence
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Table 4.2. Prevalence (% presence) of S. Enteritidis on small-medium lettuce plants (leaves, roots, root rinse) and
hydroponic nutrient solution as affected by pH values and inoculum levels.

Leaves Roots Root rinse Hydroponic solution

Code pH Treatment
511 5 Control
512 5 Control
513 5 Control
514 5 Control
521 5 Low
522 5 Low
523 5 Low
524 5 Low
531 5 High
532 5 High
533 5 High
534 5 High
611 6 Control
612 6 Control
613 6 Control
614 6 Control
621 6 Low
622 6 Low
623 6 Low
624 6 Low
631 6 High
632 6 High
633 6 High
634 6 High
711 7 Control
712 7 Control
713 7 Control
714 7 Control
721 7 Low
722 7 Low
723 7 Low
724 7 Low
731 7 High
732 7 High
733 7 High
734 7 High
811 8 Control
812 8 Control
813 8 Control
814 8 Control
821 8 Low
822 8 Low
823 8 Low
824 8 Low
831 8 High
832 8 High
833 8 High
834 8 High

Green: presence, Red: absence
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Table 4.3. Prevalence (% presence) of S. Enteritidis on medium lettuce plants (leaves, roots) and hydroponic nutrient solution as affected by pH values and inoculum levels.

Leaves Roots Root rinse Hydroponic solution
Code pH | Treatment | 7dpi | 14dpi | 21dpi | 7dpi | 14dpi | 21 dpi 7dpi|14dpi ‘Zldpi 7dpi | 14dpi | 21 dpi
511 5 Control
512 5 Control
521 5 Inoculated
522 5 Inoculated
611 6 Control
612 6 Control
621 6 Inoculated
622 6 Inoculated
711 7 Control
712 7 Control
721 7 Inoculated
722 7 Inoculated

Green: presence, Red: absence
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4.3.3. Main experiment

4.3.3.1. S. Enteritidis performance on different nutrient solution pH for small-medium lettuce
plants

The prevalence of S. Enteritidis on small-medium lettuce plants is presented in Table 4.4. When
lettuce plants were inoculated with low populations (3 log cfu/mL), no root internalization was observed
at pH 5 on both sampling days, while at higher pH values (6, 7 and 8) S. Enteritidis was present at up
to 33.33% inside roots. Not only in roots but also in root rinse the bacterium was absent at pH 5 at 14
and 21 dpi. High inoculum level (6 log cfu/mL) resulted to root internalization and presence in root
rinse solution in all tested samples on both samplings and all pH values. However, low inoculum lead
to lower accumulation of the bacterium around the roots (root rinse) (up to 66.67% at pH 8) 21 dpi. The
bacterium was present in inoculated nutrient solution at both inoculum levels (low and high), however

no internalization on leafy parts was observed on both sampling days regardless inoculum level and pH.

4.3.3.2. S. Enteritidis performance on different nutrient solution pH for old lettuce plants
4.3.3.2.1. Effects of nutrient solution pH on S. Enteritidis prevalence

The prevalence of S. Enteritidis on old lettuce plants is presented in Table 4.5. Inoculation with low
population revealed no internalization of the bacterium in roots at pH 5, while it resulted up to 16.67%
internalization in root tissues at pH > 6 (i.e. pH of 6, 7 and 8), whilst high population resulted up to
83.33% at higher pH values (7 and 8). Interestingly, up to 50% of the samples inoculated with low
population showed presence of S. Enteritidis around the rhizosphere, while the bacterium was found in
all root rinse samples tested that have been inoculated with high population. No internalization on leaves
was evident on samples from different pH levels and different inoculum levels, whist S. Enteritidis was

present in the hydroponic nutrient solution on both inoculum levels.
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Table 4.4. Prevalence (% presence) of S. Enteritidis on small-medium lettuce plants (leaves, roots, root rinse) and hydroponic nutrient solution as affected by pH values and
inoculum levels.

Leaves Roots Root rinse Hydroponic solution
pH  Inoculum 14 dpi 21 dpi 14 dpi 21 dpi 14 dpi 21 dpi 14 dpi 21 dpi
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)
5  Low 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)
High 0/6 (0%) 0/6 (0%)
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)
6  Low 0/6 (0%) 0/6 (0%) 1/6 (16.70%) 2/6 (33.33%) 1/6 (16.70%) 3/6 (50%)
High 0/6 (0%) 0/6 (0%)
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)
7 Low 0/6 (0%)  0/6 (0%) 0/6 (0%) 1/6 (16.70%) 0/6 (0%) 3/6 (50%)  [NCICIE00%)NCIENE007
CRICOMCICO
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)
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Table 4.5. Prevalence (% presence) of S. Enteritidis on old lettuce plants (leaves, roots, root rinse) and hydroponic nutrient solution as affected by pH values and inoculum

levels.

Leaves Roots Root rinse Hydroponic solution

pH Inoculum 28 dpi 28 dpi 28 dpi 28 dpi
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)

5 Low 0/6 (0%) 0/6 (0%) 3/6 (50%)
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)

6 Low 0/6 (0%) 1/6 (16.67%) 3/6 (50%)
High 0/6 (0%) 3/6 (50%)
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)

7 Low 0/6 (0%) 1/6 (16.67%) 3/6 (50%) -~ el6(oow)
High ob %) 5i6(33%)  |NGTEO0T M Bl6 (00%)
Control 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%)

8 Low 0/6 (0%) 1/6 (16.67%) 3/6 (50%) -~ el6(oow)
High o sie(esan)  [GISAO0PRINN I el6 M00%)
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4.3.3.2.2. Effects of nutrient solution pH and S. Enteritidis on lettuce physicochemical attributes

As presented in Table 4.6, the two-way ANOVA revealed that lettuce antioxidant activity (FRAP)
and H,O; production were significantly affected (P < 0.01) by the pH of the hydroponic solution. The
different inoculum levels significantly affected chlorophylls and carotenoid content and antioxidant
activity (DPPH, FRAP) (P < 0.001), as well as the phenolic content, H,O- production and MDA levels
of lettuce (P < 0.01). The antioxidant activity (FRAP), H.O, production and MDA levels were
significantly (P < 0.05, P <0.05 and, P < 0.01, respectively) impacted by the interaction pH*inoculum.

Table 4.6. Effects of pH and inoculum on chlorophyll, carotenoid and phenolic content, antioxidant activity, H.O;
production and lipid peroxidation of lettuce.

Chla Chlb Total Chl Total Car Phenols DPPH FRAP ABTS H;O, MDA

pH ns ns ns ns ns ns ** ns e ns
InOCUIUm *k*k *k*k *k*k *k*k ** *k*k *k*k ns ** **
pH*Inoculum  ns ns ns ns ns ns * ns * il

ns, *, ** and *** indicate non-significant or significant differences at P < 5%, 1% and 0.1%, respectively,
following two-way ANOVA.

Figure 4.9 illustrates the effects of pH and inoculum on pigment content of lettuce. High population
of S. Enteritidis at pH 5 resulted to higher lettuce Chl a level than control on the same pH (0.64 and
0.42 mg Chl a/g Fw, respectively). Moreover, high population of S. Enteritidis increased Chl b, total
Chl and total carotenoids content at pH 5, 6 and 7 of the hydroponic solution compared to the control
at the same pH values. It is noteworthy that no significant differences were reported among pH on the

same inoculum level (P > 0.05).
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Figure 4.9. Effects of pH and inoculum on lettuce leaf pigments. Significant differences (P < 0.05) among pH on
the same inoculum are indicated with different Latin letters. Asterisks (*) indicate the significant difference (P <
0.05) between inoculated and control plants on the same pH. ns, *, **, and *** indicate non-significant or
significant differences among inoculum levels on the same pH value at P < 5%, 1% and 0.1%, respectively,
following one-way ANOVA.

As shown in Figure 4.10 decreased phenolic content was observed at pH 6 of the hydroponic
solution with high inoculum compared to pH 5 (0.11 and 0.15 mg GAE/g Fw, respectively). Low
inoculum increased FRAP antioxidant activity of lettuce at pH 8 (0.12 mg trolox/g Fw) compared to
pH 6 and 7 (0.08 and 0.06 mg trolox/g Fw, respectively), while decreased antioxidants were observed
with high population at pH 6 compared to pH 5 (0.08 and 0.015 mg trolox/g Fw, respectively) (FRAP
assay). Furthermore, the ABTS assay revealed decreased antioxidant activity with the presence of low
population at pH 7 of the hydroponic solution compared to pH 6 on the same inoculum level (0.19 and
0.26 mg trolox/g Fw, respectively) (Figure 4.10). No significant differences (P > 0.05) were reported
among pH on the same inoculum level with the DPPH assay, whilst no significant differences (P >
0.05) were reported among inoculum levels at the same pH values with the ABTS assay. Increased
phenolic content was evident with high population at pH values 5 and 7 of the hydroponic solution (0.15
and 0.14 mg GAE/g Fw, respectively) compared to the control at the same pH values (0.10 and 0.08
mg GAE/g Fw, respectively). The DPPH assay showed that antioxidants increased with high S.
Enteritidis population at pH values 5, 7 and 8 (0.11, 0.09 and 0.11 mg trolox/g Fw, respectively) in
contrast to the control (0.05, 0.06 and 0.06 mg trolox/g Fw, respectively) (Figure 4.10). The presence
of S. Enteritidis on the hydroponic solution at pH 8 (low and high population) (0.13 and 0.12 mg trolox/g
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Fw, respectively) and pH 5 (high population) (0.15 mg trolox/g Fw) increased antioxidant activity of
lettuce compared to the relevant control plants at the same pH values (0.08 and 0.07 mg trolox/g Fw,

respectively) (FRAP assay).
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Figure 4.10. Effects of pH and inoculum on lettuce phenolic content and antioxidant activity (as assayed by
DPPH, FRAP and ABTS methods). Significant differences (P < 0.05) among pH on the same inoculum are
indicated with different Latin letters. Asterisks (*) indicate the significant difference (P < 0.05) between
inoculated and control plants on the same pH. ns, *, **, and *** indicate non-significant or significant differences
among inoculum levels on the same pH value at P < 5%, 1% and 0.1%, respectively, following one-way ANOVA.

The effects of pH and inoculum on H,0- production and lipid peroxidation of lettuce are illustrated
in Figure 4.11. The presence of S. Enteritidis (low and high population) increased H,O, production at
pH 5 (0.43 and 0.36 pumol H.0./g Fw, respectively) compared to all the other pH values of the
hydroponic solution with both inoculum levels. MDA levels were increased at pH 8 with low population
of S. Enteritidis (4.75 nmol MDA/g Fw) in comparison to pH values 5 and 7 on the low inoculum level
(3.10 and 3.20 nmol MDA/g Fw, respectively) (Figure 4.11). The production of H,0;, at pH 5
significantly increased (P < 0.001) with the presence of S. Enteritidis on the hydroponic solution (low
and high population) (0.43 and 0.36 pumol H.0./g Fw, respectively) compared to the control plants at
the same pH value (0.13 pmol H202/g Fw). The low inoculum of S. Enteritidis resulted to higher MDA

levels in comparison to the control ones at pH 8 (4.75 and 2.80 nmol MDA/g Fw, respectively).
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Figure 4.11. Effects of pH and inoculum on lettuce H,O, production and lipid peroxidation (MDA levels).
Significant differences (P < 0.05) among pH on the same inoculum are indicated with different Latin letters.
Asterisks (*) indicate the significant difference (P < 0.05) between inoculated and control plants on the same pH.
ns, *, **, and *** indicate non-significant or significant differences among inoculum levels on the same pH value
at P <5%, 1% and 0.1%, respectively, following one-way ANOVA.

4.4. Discussion

In general, bacterial growth in food can be affected by i) intrinsic factors: moisture content/water
activity (aw), pH, nutrient content, natural occurring and/or added antimicrobial agents and redox
potential (Eh), as well as ii) extrinsic factors: type of packaging/atmosphere, temperature,
handling/storage conditions, processing. Vegetables can serve as a host for human foodborne pathogens
such as Salmonella spp., E. coli, L. monocytogenes and Shigella spp. (Whipps et al., 2008; Balali et al.,
2020; Lenzi et al., 2021). Leafy vegetable hydroponic production is considered to be a clean and safe
procedure however incidence of microbial contamination may occur (Dankwa et al., 2019, Wang et al.,
2020). Environmental factors that mediate microbial contamination of fresh produce by both
conventional and hydroponic cultivation include pH (soil and water), temperature (field and
greenhouse), nutrient form and availability among others (Machado-Moreira et al., 2019; Riggio et al.,

2019).

In the present study, bacterial growth in BHI broth decreased with the decrease of pH value on both
examined temperatures (21 and 37 °C) with lower counts at 21 °C and lower pH. It has been suggested
that when Salmonella cells are first incubated at a less acidic environment prior inoculating a more
acidic medium (i.e. pH 4.7) the bacterial cells are able to survive this pH change by the production of
acid shock proteins (Eady and Park, 2019). Slower bacterial growth was observed with incubation of S.
Enteritidis in nutrient solution and this was more evident at pH 5 and both examined temperatures (21
and 37 °C). When entering an aquatic environment (rich in nutrients), Salmonella serovars might face
adverse conditions like variances in osmolarity, pH and environment, which ultimately will lead the
bacterial cells to enter a dormancy or viable-but non culturable (VBNC) state and thus persist for long
periods of time (Spector and Kenyon, 2012). Moreover, the assessment of the combination BHI broth

and hydroponic nutrient solution revealed that bacterial growth decreased with the decreased of pH
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values at both temperatures, with greater decrease at 37 °C. Bacterial survival in the environment is
related to their ability to activate their temperature sensing mechanisms which allow them to respond
to temperature changes (De Nisco et al., 2018). These results indicate that pH and temperature affect
growth and survival of S. Enteritidis. Low temperature (i.e. 21 °C) and low pH values nutrient solution
(i.e. pH 5) seem to slow down the growth of S. Enteritidis compared to the combination of BHI broth
and nutrient hydroponic solution.

Persistence and survival of foodborne pathogens in plant tissues can be influenced by different
factors including route and level of contamination, plant attributes (i.e. age, type, cultivar), bacterial
species and even serovars (Franz et al., 2007; Koseki et al., 2011; Schikora et al., 2012; Standing et al.,
2013; Macarisin et al., 2014). For instance, Jablasone et al. (2005) reported that E. coli O157:H7 counts
dependent on plant type and stage of cultivation. At the same time S. Typhimurium was reported on
lettuce seedlings after 21 dpi compared to E. coli O157:H7 and S. aureus which were recovered from
seedling even from only 3 dpi and persisted up to 28 dpi and all bacteria tested were inoculated at a
level of 5 log cfu/mL (Standing et al., 2013). Safety issues arise from the fate of foodborne pathogens

once they enter a plant tissue (Erickson et al., 2012).

Hydroponic cultivation of leafy vegetables could possibly result to microbial contamination of fresh
produce and pathogen internalization via contaminated nutrient hydroponic solution (Riggio et al.,
2019). In the preliminary experiments of this study; no internalization in leaves was observed small-
medium and old plants, while internalization of S. Enteritidis in leaves was observed 14 dpi on medium
plants inoculated with 6 log cfu/mL at pH 7. Furthermore, the bacterium was present in roots of all
tested ages plants at high pH values and high inoculum levels and managed to survive on the nutrient
solution up to 26 days (at both inoculum levels). It is also noteworthy that high inoculum (6 log cfu/mL)
resulted to internalization of the pathogen in roots at all pH values when inoculated to small-medium
plants, while root internalization was also evident at pH 7 and 8 when inoculated at lower numbers (3
log cfu/mL). Franz et al. (2007) reported that when lettuce seedlings were inoculated with 7 log cfu/mL
little to no internalization was occurred to the leafy part after 18 days cultivation in nutrient hydroponic

solution and this also depended on S. Typhimurium morphotypes.

When small-medium plants were inoculated with S. Enteritidis, no internalization on leaves and
roots and absence on root rinse were observed with low inoculum (3 log cfu/mL) at pH 5 up to 21 dpi,
while higher inoculum (6 log cfu/mL) and pH values resulted to root internalization. According to Franz
et al. (2007) internalization on lettuce leaves and roots was observed after 18 dpi with 7 log cfu/mL
with S. Typhimurium. However, in that study the nutrient solution was 1/10 diluted compared to the
solution used in our study, and that diluted nutrient solution was not at the optimum levels for
appropriate plant growth. Moreover, in another study it has been shown that greater internalization
incidence in hydroponically grown spinach inoculated with E. coli O157:H7 took place with 7 log

cfu/mL compared to 5 log cfu/mL (Macarisin et al., 2014). It is worth mentioning that pH 8 resulted to
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higher bacterial accumulation around roots of small-medium plants compared to other pH values. These
findings suggest that higher inoculum levels increase the likelihood of foodborne pathogen
internalization to leafy vegetables. Furthermore, a relationship between human pathogens
internalization and chemotaxis has been previously suggested, indicating that foodborne pathogens such
as Salmonella might activate flagella, move closer to plant tissues (i.e. leaves), attach themselves to
surfaces and inevitably penetrate plant cell membranes and natural openings (Lim et al., 2014,
Alegbeleye et al., 2018). No internalization on roots and absence on root rinse of old plants was reported
with low inoculum (3 log cfu/mL) at pH 5 up to 28 dpi, while higher inoculum (6 log cfu/mL) and
higher pH values resulted to greater root internalization. Low inoculum resulted to lower presence of
the pathogen around roots. Koseki et al. (2011) also reported that low inoculum (3 log cfu/mL) resulted
to lower contamination prevalence on hydroponically grown spinach plants compared to higher

inoculum level (6 log cfu/mL) when inoculated through the roots.

Survival of S. Enteritidis was evident on nutrient hydroponic solution up to 28 days (both inoculum
levels). It has been previously mentioned that foodborne pathogens such as E. coli and Salmonella
enterica are able to adapt to environmental stress (i.e. low pH values) and thus survive in adverse
environments for prolonged periods (Alegbeleye et al., 2018). Salmonella seems to be more resistant to
environmental stress compared to E. coli due to the latter’s inability to decrease its metabolic rate when

organic carbon is not abundant in the environment (Alegbeleye et al., 2018).

It has been proposed that survival of pathogens concerning human health might be enhanced or
compromised by temperature, humidity and the presence of other microorganisms (phytopathogens
and/or microflora) present on the roots and leaves of plants (Johannessen et al., 2005). The isolation of
Klebsiella spp. and Serratia spp. (members of the Enterobacteriaceae family and endophytes) from
plant tissues, species closely related to Salmonella spp. and E. coli, justify the presence of the latter
species on vegetables (Teplitski et al., 2011; Lenzi et al., 2021). Moreover, members of the
Enterobacteriaceae i.e. E. coli, S. enterica, Shigella spp. and Yersinia spp. seem to be closely related
to Erwinia carotovora, a plant pathogen (Whipps et al., 2008). These findings support the hypothesis
that human pathogens have the ability to attach and enter a plant tissue as phytopathogens. Plant
pathogens possess the ability to produce enzymes such as pectinases which can compromise plant cell
walls enabling their internalization, while foodborne pathogens (i.e. E. coli, Salmonella spp.) are able
to produce enzymes that can also lead to periplasmic pectin degradation (Abbott and Boraston., 2008;
Lenzi et al., 2021). These evidences show that both plant microflora and foodborne pathogens might
collaborate in their attempt to establish and survive in a plant tissue and at the same time support the
findings of other studies that suggest the internalization of foodborne pathogens in vegetables without
any signs of spoilage. In our study, variation in total viable counts (TVC) was observed in roots of old
plants with pH 8 treated plants presenting decreased numbers (2.94 log cfu/g) compared to lower pH

values, while TVC numbers on nutrient hydroponic solution and leaves did not differ among pH values
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(Table 4.7). Interestingly, no significant differences were observed on leaves, roots and hydroponic
nutrient solution TVC values for small-medium plants on both sampling days, whilst greater values
were observed 21 dpi compared to 14 dpi (Table 4.7).

Inoculum level and pH values affected antioxidant activity, phenolic and pigment content and as
well as stress indicators (H20, and MDA levels) of lettuce plants. High inoculum (6 log cfu/mL)
increased pigment and phenolic content, while both inoculums increased antioxidants at pH 8 and 5. It
is well known that plant defense mechanisms are activated in the presence of plant pathogens and this
might be taking place with the presence of human pathogens as both can be interpreted as biotic stress
and might be targeted by the same defense pathways (Erickson et al., 2012). Moreover, plants have the
ability to detect bacterial flagella and interfere with human pathogen internalization by closing plant
surface stomata (Lim et al., 2014). Plant defense mechanisms against abiotic and biotic stress include
enzymatic (SOD, CAT, POD) and non-enzymatic processes (antioxidants, phenols, ascorbic acid). Lim
et al. (2014) hypothesized that compounds derived from photosynthesis can be utilized by pathogens
enabling their internalization in plant tissues. The interaction of pH*inoculum affected antioxidant
activity, H.O, and MDA levels. Low inoculum increased MDA levels at pH 8, whilst inoculated plants
(both inoculums) presented higher H2O, production at pH 5. Increased H,O, and MDA levels suggest
increased stress which might be due to the adverse pH levels (higher/lower than optimum pH value —
5.8- for hydroponics) and/or the presence of pathogens. The regulation of endophytic plant pathogens
is regulated directly by the activation of plant defense mechanisms in order to fight the invasion
(Teplitski et al., 2011; Erickson et al., 2012). It is believed that many of the mechanisms used from
plants against plant pathogens are also activated during the presence and internalization of foodborne

pathogens in plant tissues (Pieterse and Dicke, 2007; Erickson et al., 2012).

To fully understand the factors influencing the internalization and persistence of foodborne
pathogens in leafy vegetables there is need for further investigation of good agricultural practices.
Greater scale experiments are needed, with close monitoring of the plant growth conditions (i.e. pH,
temperature, water quality) and a correlation of the pathogen’s presence and internalization with plant

related parameters could possible give more insights for safer fresh produce production.
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Table 4.7. Total viable counts of old and small-medium lettuce plants (leaves, roots) and hydroponic nutrient solution as affected by pH values.

Old plants Small-medium plants
28 dpi 14 dpi 21 dpi
pH Leaves Roots Hydroponic Leaves Roots Hydroponic Leaves Roots Hydroponic
solution solution solution
5 3.37+0.3la 3.38+0.16b  3.05+0.36a 25+049%9 3.26+0.23a 3.05+056a 2.75+0.67a 6.57+0.31a 3.83+0.10a
6 3.66 £0.70a 3.58+0.15ab 2.87+0.28a 2.62+0.38a 3.17+0.12a 2.69+0.3la 296+0.35a 6.74+0.15a 3.37+0.34a
7 35+0.80a 3.62+0.12a 2.89+0.21a 2.48+0.16a 3.24+0.19a 295+0.38a 291+0.34a 6.25+0.52a 4.1+0.8%
8 357+0.22a 294+0.09c 2.98+0.4la 2.89+0.28a 3.19+0.19a 2.93+0.30a 264+042a 6.98+0.73a 3.99 +0.59%

Significant differences (P < 0.05) among pH on the same column are indicated with different Latin letters.
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4.5. Concluding marks

Survival and growth of S. Enteritidis is affected by pH and temperature, where lower pH values and
plant growth temperatures (21 °C) lead to decreased growth rates compared to optimum incubation
conditions. Moreover, the growth of S. Enteritidis on nutrient hydroponic solution is slower and this
was more evident at pH 5. This might suggest that human pathogens take more time to adapt to the new
environmental conditions at lower pH values compared to higher values, where different nutrient
availability is directly depended on the pH value. Higher inoculum levels increase the probability of

internalization of foodborne pathogens in fresh produce and leafy vegetables.

It is noteworthy that plant age seems to affect the colonization of lettuce plants, since small-medium
plants were more susceptible to root internalization compared to the older plants at higher pH values.
The presence of S. Enteritidis in the nutrient solution and its internalization on plant tissues increases
damage index (H20; production and MDA levels) and also enhances plant defense mechanisms such as
the production of phenols and antioxidants. Further investigation of the factors affecting plant
colonization and human pathogen internalization and persistence in relation to plant related parameters
could lead to the development of guidelines for fresh produce hydroponic cultivation which will ensure
the production of safe and nutritional products. Moreover, the role of individual nutrients in the form
of cations and/or anions needs to be examined, as they might pose a targeted role on the bacterium
performance (i.e. the level of potassium or calcium, etc.). In such a case, a Taylor-made nutrient
solutions recipe could be adapted to balance the bacterium performance and plant growth conditions,

ensuring safer and nutritional fresh produce.
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Chapter 5. Effects of natural products on preservation and quality of fresh-cut vegetables
5.1. Introduction

Over the last few years the market of fresh-cut produce is growing dramatically as the increased
consumer demand for fresh, safe, healthy (high nutritional value) and convenient food (Zhan et al.,
2012). Vegetables (including leafy, roots and other plants’ part) that are intended to be marketed as
“fresh-cut” are subjected to washing, peeling, slicing, and shredding followed by packing and sealing
in polymeric films (Akbas and Olmez, 2007a). Among leafy vegetables, lettuce is quite popular due to
its crispness, pleasant aroma, and high content of phytonutrients, including phenolic compounds and
vitamins (C, K and folate). However, lettuce is a very perishable vegetable and when processed and/or
stored at less favored conditions (i.e. high temperature, low humidity, improper packaging material) are
susceptible to physiological disorders, enzymatic browning, loss of nutritional value, microbial
contamination and spoilage (Allende et al., 2004; Zhan et al., 2012; Chen et al., 2017). Several studies
assessed the microbial quality of ready-to eat vegetables and salads revealing a broad range of
microorganisms (bacteria, fungi, viruses) that can possible adversely affect product quality (spoilage)
and/or threaten human health (foodborne pathogens) (Gurler et al., 2015; Losio et al., 2015; Nousiainen
et al., 2016; Xylia et al., 2019a).

The washing procedure during minimal processing is performed using chlorinated water which
contains 50-200 mg/L sodium hypochloride (NaOCI) and the applied dose (concentration and time of
application) depends on the product (fresh produce) (Francis et al., 1999). The main aim of washing is
the reduction of the microbial load of vegetables (Akbas and Olmez, 2007a; FAO/WHO, 2008).
However, as it has been previously reported chlorine can result to the formation of undesirable and
harmful by-products such as trihalomethanes, haloketones, chlorophorm and halloacetic acids with
adverse effects in human health as well as the environment (Akbas and Olmez, 2007a). This has led to
increased concern and the demand for natural alternatives to replace chemicals used in the food industry
and meet consumers’ needs. These alternatives might include essential oils (EOs) from aromatic plants,
organic acids (ascorbic, oxalic, lactic acid), peptides, reducing agents (ascorbic acid, cysteine) and more
(Martin-Diana et al., 2006; Akbas and Olmez, 2007a,b; Chrysargyris et al., 2016b; Viacava et al., 2018;
Tzortzakis et al., 2019; Xylia et al., 2019b).

Chitosan is a naturally occurring polymer, delivered from crab shells and has been used as a
stabilizer for ingredients in tablets in medicines. Chitosan was the first basic substance approved by the
European Union for plant protection (Reg. EU 2014/563) due to its low toxicity and when applied to
plants its effectiveness results from three mechanisms (film formation, antimicrobial activity and
elicitation of host defense) (Romanazzi et al., 2018). It has been previously shown that edible chitosan
coatings alone or incorporated with EOs presented enhanced antimicrobial activity against foodborne

pathogens including Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus cereus, Serratia
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marcescens, Escherichia coli, Enterococcus faecalis and Salmonella Enteritidis (Azevedo et al., 2014).
Chitosan has been proven to act as an elicitor of plant defense mechanisms when applied to plant tissues
and this forms a protection against pre- and postharvest microbial contamination and spoilage of
strawberry fruit as reported by Landi et al. (2017). Chitosan and commercial chitosan formulations have
been previously applied to fresh produce (dipping, spraying) with encouraging results (Romanazzi et
al., 2013; Severino et al., 2014). However, little is to be known about the application on fresh-cut
produce.

Ascorbic acid (AA) is being widely used in the food industry mainly as a reducing agent in order to
prevent undesirable reactions such as enzymatic browning. As with other organic acids (i.e. citric, oxalic
acid), AA has been used during processing in order to control the microbial load of fresh produce due
to its antioxidant activity as well as its ability to lower the pH of washing water (Akbas and Olmez,
2007a,b; Altunkaya and Gokmen, 2009; Park et al., 2011). Additionally, the application of AA on
shredded carrots resulted to higher antioxidants, ascorbic acid and phenolic content, increasing the
nutritional value of the product whilst preserving its visual quality throughout storage (Xylia et al.,
2019b). The application of AA on fresh-cut lettuce has been previously reported with promising results
(Rivera et al., 2006; Altunkaya and Gokmen, 2009; Altunkaya, 2011; Park et al., 2011). For instance,
Altunkaya and Gokmen, (2009) reported that AA maintained high phenolic content of fresh-cut lettuce
indicating lower phenol oxidation levels due to enzymatic activity and thus lower browning on cut
surfaces. In another study the bright green color of lettuce was maintained with the application of AA
(Rivera et al., 2006).

Essential oils are secondary metabolites of plants that have been used for prolonging food shelf life
and improving organoleptic attributes (aroma, taste) of food since many of them are characterized as
Generally Recognized as Safe (GRAS) (Yuan et al., 2016). They possess antioxidant and amicrobial
activity among others and can be used in low concentrations that are safe for consumption (Sivakumar
and Bafios, 2014). Several studies have demonstrated the antioxidant activities of a plethora of EOs
including lavender, spearmint, fennel, cumin, thyme (Viuda-Martos et al., 2011; Amorati et al., 2013;
Chrysargyris et al., 2016a, 2017). Furthermore, EOs can exhibit antimicrobial activity against a wide
range of microorganisms including spoilage and foodborne pathogenic bacteria and fungi (Arrebola et
al., 2010; Viuda-Martos et al., 2011; Ma et al., 2016; Chrysargyris et al., 2017). For example
Chrysargyris et al. (2017) reported the antibacterial activity of spearmint EO against foodborne
pathogen bacteria from plants grown in different potassium levels, in hydroponics. The application of
EOs on fresh produce has been previously mentioned and several studies have examined the effects of
EO application on fresh-cut lettuce (Singh et al., 2002; Bagamboula et al., 2004; Scollard et al., 2016;
Chen et al., 2017; Viacava et al., 2018). The application of EOs on minimally processed vegetables
such as lamb’s lettuce, shredded carrot, sliced cucumber and broccoli has been previously reported with

encouraging results (Siroli et al., 2015; Xylia et al., 2019b; Zhao et al., 2020). For example, the
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application of marjoram EO and hydrosol in combination with AA improved the quality of shredded
carrot stored at 4 °C for nine days (Xylia et al., 2019b).

Hydrosols (hydrolates, aromatic waters) are another byproduct that derives from hydro/steam
distillation of plants during EO production and started gaining attention recently (D’ Amato et al., 2018).
These products have been shown to possess many beneficial properties including antioxidant and
antimicrobial activities. Due to their complex composition their properties and activity may vary. Many
studies have assessed the antioxidant properties of hydrosol from various plants (Cavar and
Maksimovi¢, 2012; Belabbes et al., 2017; Shen et al., 2017; Cid-Pérez et al., 2019). The antioxidant
activity of hydrosols has been examined by many researchers on a wide range of microorganisms
including bacteria and fungi (Sagdig, 2003; Chorianopoulos et al., 2008; Ulusoy et al., 2009; Belabbes
et al., 2017; Waller et al., 2017; Cid-Pérez et al., 2019). The application of hydrosols on fresh-cut leafy
vegetables (i.e. lettuce, parsley) has been previously mentioned and the results are promising (Ozturk
et al., 2016; Tornuk et al., 2014). The application of thyme, summer savory, rosemary, salvia, sideritis,
oregano and bay leaf hydrosols presented antibacterial activity against Salmonella Typhimurium,
Listeria monocytogenes and Escherichia coli O157:H7 inoculated on fresh-cut iceberg lettuce (Ozturk
et al., 2016).

Hurdle technology could be applied during postharvest processing of fresh produce combining
“hurdles” such as the use of preservatives, chilling storage temperatures for the improvement of
microbial and sensory quality of ready-to eat vegetables (Leistner, 2000). In this sense the combination
of EOs with anti-browning agents or edible coatings could possibly preserve or even improve fresh
produce attributes during storage as fresh-cut products. For instance, Viacava et al. (2018) reported that
the microencapsulation of thyme EO in g-cyclodextrin preserved the green color of fresh-cut lettuce
compared to the EO when used alone. Moreover, the combination of Lippia gracilis with edible chitosan
coating formulations showed encouraging results against several foodborne pathogens (Azevedo et al.,
2014). However, EOs and their combinations should be used with precaution as toxicity or allergy
issues might arise even though they are characterized as GRAS. Furthermore, the use of EOs could be
considered as a costly procedure for the food industry but since their incorporation in edible coatings
and the use of reduced concentrations (due to their intense aroma that can affect applied product’s

quality) this cost can be also reduced (Sanchez-Gonzélez et al., 2011).

The purpose of this chapter was to assess the effects of natural products (marjoram EO and hydrosol,
chitosan, ascorbic acid and their combinations) in the preservation of quality attributes of fresh-cut
lettuce (Experiment 1) and shredded carrots (Experiment 2) stored under refrigerated conditions (7 and

4 °C, respectively).
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5.2. Experiment 1. Effects of natural products on fresh-cut lettuce preservation
5.2.1. Material and methods
5.2.1.1. Plant material and EO extraction

Fresh lettuce (Lactuca sativa L.) was obtained from a local market in Limassol, Cyprus and samples
were selected for uniformity in appearance and the absence of physical defects or injury and then stored
at 4 °C and 90% RH until use (within 24 h).

Marjoram plants (Origanum majorana L.) were obtained from the experimental farm of Cyprus
University of Technology, where they were cultivated in soil. Marjoram plant tissue was harvested, air-
dried (in oven at 42 °C), chopped and hydrodistillation was performed using Clevenger apparatus, with
100 g of dried tissue for 3 h. The obtained EO was stored at -20 °C until use in amber glass bottles. The
composition of marjoram EO was determined as described previously (Chrysargyris et al., 2016a), and

the main components were terpinendol, y-terpinene, trans sabinenehydrate, and a-terpinene.

5.2.1.2. Preliminary screening

After the removal of damaged exterior leaves, fresh lettuce leaves were cut into pieces (5 x 10 cm)
and washed with tap water. Then, 70 g of fresh-cut leaves were dipped for 1 min (according to
preliminary tests following evaluation for the dipping time of 1, 5 and 10 min during a 4-day storage,
as presented in Figure 5.1S) into 500 mL of treatment solution. The following fourteen dipping solutions
were studied: 1) distilled water (control), 2) marjoram EO (1:1000, 1:1500, 1:2000 and 1:2500 v/v), 3)
chitosan (Chito Plant; ChiPro GmbH, Bremen, Germany) (0.1, 0.125, 0.25, 0.5 and 1% w/v) and 4)
ascorbic acid (0.25%, 0.5%, 1%, and 2% w/v). Afterwards, leaf pieces were drained, and approx. 15 ¢
were placed in a polypropylene (PP) plastic container (1 L) and enclosed into a polyethylene
terephthalate (PET) plastic tray and stored at 7 °C and 90% RH until the day of sampling (Days 0, 2, 4
and 6). Three biological replicates per treatment/concentration were sampled and the appropriate
amount of tissue was stored at -20 °C until analysis. For preliminary screening, aroma and marketability
assessed by seven untrained panelists, while the weight loss and the total polyphenol content was

determined and used for choosing the adequate dipping solutions for further assessment.

Lettuce weight loss was monitored every second day during storage at 7 °C for 6 days (Days 0, 2, 4
and 6) and results were presented as percentage of total weight loss. After storage for 6 days overall
aroma and chroma/color (visual quality) were scored. Evaluation of aroma was assessed with a 5-point
hedonic scale (0.5 interval) where 5 = not acceptable; 3 = not lettuce but acceptable; 1 = lettuce. Visual
quality was evaluated with a 5-point hedonic scale (0.5 interval) where 5 = severe browning; 3 = light

discoloration; 1 = green. Total phenolic content of methanolic extracts was determined as previously
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described at section 2.2.8.2 and results were expressed as mg of gallic acid equivalents per g of fresh
weight (mg GAE/g Fw).

5.2.1.3. Main study for the determination of quality and antioxidant activity

Following preliminary screening, lettuce were selected, prepared and processed as above. Then,
approx. 70 g of fresh-cut lettuce were dipped for 1 min into 500 mL of treatment solution selected from
the preliminary screening. The following eight dipping solutions/combinations were further assessed:
1) distilled water (control), 2) marjoram EO (1:1500 v/v), 3) chitosan (0.1% wi/v), 4) ascorbic acid (1%
wi/v), 5) marjoram EO (1:1500) + chitosan (0.1%), 6) marjoram hydrosol (1:15) + ascorbic acid (1%),
7) chitosan (0.1%) + ascorbic acid (1%) and 8) chlorine (0.2 mL/L). Afterwards, lettuce pieces were
drained, and approx. 70 g were placed into a polypropylene (PP) plastic tray and stored at 7 °C and 90%
RH until the day of sampling (Days 0, 2, 4 and 6). Three biological replicates per treatment/day were

sampled, while appropriate amount of tissue was stored at -20 °C until analysis.

5.2.1.3.1. Weight loss and color

Weight loss was determined as mentioned above and results were expressed as percentage of total
weight loss. Minimally processed lettuce’s color was evaluated using a colorimeter (Chroma meter
CR400 Konica Minolta, Japan) and L*, a*, b*, chroma value (C), color index (CI), hue (h), browning
index (BI) and whiteness index (W1) color parameters were calculated as previously described at section
2.2.2.

5.2.1.3.2. Respiration rate and ethylene emission

Respiration of the fresh-cut lettuce was evaluated by measuring the CO, concentration as described
previously at section 2.2.3. Briefly, samples were enclosed in a polypropylene (PP) plastic container (1
L) at room temperature for 1 hour, container’s air was withdrawing for 40 seconds and respiration rate
was expressed as mL of CO; per kg of fresh weight per h (mL CO./kg/h) according to the volume and
weight of the processed lettuce. Ethylene flow rate was estimated by measuring the ethylene
concentration of the packages as previously mentioned at section 2.2.3. Briefly, samples container’s air
was withdrawing for 20 seconds through a hole on the lid recording the ppm of ethylene produced and

ethylene emission was computed as pL of ethylene per kg of fresh weight per h (mL ethylene/kg/h).
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5.2.1.3.3. Leaf chlorophyll and carotenoid content

For leaf pigment extraction and determination was performed as described at section 2.2.7 and
results were expresses as mg chlorophyll (or carotenoids) per g of fresh weight (mg chl (or car)/g Fw).

5.2.1.3.4. Total soluble solids, total acidity, ascorbic acid

Lettuce tissue (three biological replicates/treatment/day; 1 g) was grinded/pressed to extract the juice
with a domestic blender. Total soluble solids (TSS) content was determined as mentioned at section
2.2.4 and results were expressed in °Brix. Lettuce titratable acidity (TA) was assessed by as described
section 2.2.4 and results were expressed as grams of malic acid per 100 g of fresh weight (% TA).
Sweetness (TSS/TA) was also evaluated (section 2.2.4).

The quantification of AA content was assessed by titration as described at section 2.2.5 and results

were expressed as milligrams of AA per 100 g of fresh weight (mg AA/100 g Fw).

5.2.1.3.5. Total phenolic content and antioxidant activity

Total phenolic content was determined as mentioned at section 2.2.8.2 and results were expressed
as mg GAE per g of fresh weight (mg GAE/g Fw). The 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays were used for the determination of
antioxidant activity of lettuce methanolic extracts according to the procedures described before at

sections 2.2.8.3 and 2.2.8.5. Results expressed as mg trolox per g of fresh weight (mg trolox/g Fw).

5.2.1.3.6. Hydrogen peroxide content and lipid peroxidation

The concentration of hydrogen peroxide (H20;) was quantified according to the method described
previously at section 2.2.9.1 and results were expressed as umol of H2O» per g of fresh weight (umol
H.O2/g Fw). Lipid peroxidation of minimally processed lettuce was evaluated using the 2-thiobarbituric
acid reactive substances (TBARS) method as previously described at section 2.2.9.2 and results were

expressed as nmol of malondialdeyde (MDA) per g of fresh weight (nmol MDA/g Fw).

5.2.1.3.7. Microbiological analysis

Total viable count (TVC) as well as yeast and filamentous fungi were determined as described at
section 2.2.1, 2.2.1.1 and 2.2.1.8 using Plate count agar (PCA, Merck, Darmstadt, Germany) and Rose
Bengal Chloramphenicol Agar (Liofilchem s.r.1, Italy), respectively (Chen et al., 2010). Results were
expressed as log cfu per g of fresh weight (log cfu/g).

145



5.2.1.3.8. Sensory evaluation

Sensory evaluation (aroma and visual quality) was performed on each sampling day, as described
above (section 5.2.1.2). Briefly, aroma was evaluated with a 5-point hedonic scale (0.5 interval) where
5 = not acceptable; 3 = not lettuce but acceptable; 1 = lettuce. Visual quality was evaluated with a 5-
point hedonic scale (0.5 interval) where 5 = severe browning; 3 = light discoloration; 1 = green.

5.2.1.4. Statistical analysis

Statistical analysis was performed comparing data means with one way-analysis of variance
(ANOVA) using IBM SPSS version 25 and Duncan’s multiple range test was performed for p = 0.05.
Four (n=4) biological replicates were used and values refereed to mean £SE. Microbiological analysis

was done with duplicate plates for each of the three replicates.

5.2.2. Results
5.2.2.1. Preliminary screening

The effect of marjoram EO, Chitosan and AA application on fresh-cut lettuce during the preliminary
screening is shown in Figures 5.1 and 5.S2. During storage, EO application (1:1500) reduced and AA
of 0.5% accelerated weight loss after 2 days compared with the control treatment (Figure 5.S2).
Following 6 d of storage, EO application (1:1500) and chitosan of 0.125% reveled lower weight losses

while all the other applications had same weight losses as the control treatment.

Phenolic content was found to be higher with the application of AA 2%, 1% and 0.5% (1.18, 0.90
and 0.79 mg GAE/g Fw, respectively) compared to the control (0.55 mg GAE/g Fw) after 2 days of
storage (Figure 5.1). On the same day, EO application (from 1:1000 to 1:2500) showed similar effects
on lettuce phenolic content as the control treatment (0.55 mg GAE/g Fw), whilst the application of
Chitosan 1% resulted to lower phenolics (0.17 mg GAE/g Fw). During the fourth day of storage an
increase of phenols was observed with the application of EO 1:2000 (1.13 mg GAE/g Fw) and Chitosan
0.1% (0.85 mg GAE/g Fw) compared to the control treatment (0.51 mg GAE/g Fw). Increased phenolic
content was also observed on the fourth day of storage with the application of AA 2%, 1% and 0.5%
(0.80, 0.78 and 0.60 mg GAE/g Fw, respectively). Phenolic content was higher after six days with the
application of AA 2%, 1% and 0.5% (1.04, 0.95 and 0.93 mg GAE/g Fw, respectively), while the
application of AA 0.25% decreased the phenolic content (0.47mg GAE/g Fw) compared to the control

treatment (0.67 mg GAE/g Fw). On the same day, decreased phenolics were reported with the
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application of Chitosan 1%, 0.5% and 0.25% (0.37, 0.40 and 0.43 mg GAE/g Fw, respectively), whilst
no significant difference was observed between the application of EO and the control treatment.

The application of Chitosan 0.5 and 1% after four and six days of storage resulted in a product
marked with 3 out of a 5 scale, which indicated an acceptable aroma but not lettuce like (Figure 5.1).
On the other hand, the application of AA and EO 1:1000 and 1:1500 after two and six days of storage

revealed a lettuce like (“freshness”) aroma scoring 1 and 2 out of a 5 scale.

The effects of the applied preservative means on the visual quality of fresh-cut lettuce are illustrated
in Figures 5.1 and 5.S3. EO and AA (2% and 1%) application maintained the green color of fresh-cut
lettuce throughout storage (up to six days). The application of Chitosan on higher concentrations (1%
and 0.5%) resulted to higher scores on the fourth and sixth day of storage compared to other treatments.
It is noteworthy that Chitosan 1% scored 4 out of a 5 scale reflecting the incidence of browning on

fresh-cut lettuce from the second day of storage.
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Figure 5.1. Screening of marjoram essential oil (EO), chitosan (Chit) and ascorbic acid (AA) on fresh-cut lettuce
total phenols (top panel), aroma (bottom left, scale range from 1-lettuce like to 5-not lettuce, not acceptable) and
color/visual quality (bottom right, scale: 1-green; 3-light discoloration; 5-severe browning) after 6 days of storage
at 7 °C and 90% RH.

5.2.2.2. Main experiment
5.2.2.2.1. Effects on weight loss, respiration rate and ethylene emission

The application of AA increased (up to 5.53%) weight loss of fresh-cut lettuce on the second day of
storage compared to control, Chitosan, Chitosan+AA, EO+AA and chlorine (1.90, 1.49, 2.16, 0.10 and
2.64%, respectively) (Figure 5.2). Similarly trend was observed after 4 days of storage but not at the

sixth day, whereas all treatments revealed similar weight losses.

Respiration increased on the second day with the application of EO+AA, EO+Chitosan and AA
(29.91, 15.71 and 22.25 mL CO2/kg/h, respectively) in comparison to the control treatment (9.67 mL
COgJ/kg/h) (Figure 5.2). Chitosan application resulted to lower respiration rate (9.03 mL CO4/kg/h) on
the fourth day compared to the control treatment and the combinations of EO+AA and Chitosan+AA
(16.73, 19.55 and 16.61 mL COaJ/kg/h, respectively). Following that an increased respiration rate was
also observed on the sixth day with the combination of Chitosan+AA that revealed the highest value
(38.36 mL COJ/kg/h) compared to all treatments.

Ethylene emission as affected by the application of the natural products is illustrated in Figure 5.2.
The application of EO resulted to lower ethylene production (9.05 pL ethylene/kg/h) compared to the
control and EO+Chitosan (18.46 and 18.03 pL ethylene/kg/h, respectively) treatments on the second
day of storage. On the fourth day of storage increased ethylene emission was reported with the
combination of EO+AA (18.68 puL ethylene/kg/h) as to the control treatment, EO and Chitosan+AA
(11.30, 10.10 and 13.50 pL ethylene/kg/h, respectively). On the sixth day, the application of
EO+Chitosan resulted to higher ethylene production (10.90 pL ethylene/kg/h) compared to all

treatments.
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Figure 5.2. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce weight
loss, respiration and ethylene rate after treatment and 6 days of storage at 7 °C and 90% RH. On the columns,
significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates no
significant differences for different days.

5.2.2.2.2. Effects on color

The impact of the application of marjoram EO, Chitosan and AA and their combination on fresh-cut
lettuce color is illustrated in Figure 5.3. The application of EO increased L* value (58.98) compared to
Chitosan, Chitosan+AA (50.97 and 51.18, respectively) after six days of storage. Lower a* values
(positive values are shown in Figure 5.3) were reported on the sixth day of storage with the application
of Chitosan and Chitosan+AA (19.67 and 19.42, respectively). Similarly, decreased b* values (positive
values are shown in Figure 5.3) were observed with the application of Chitosan, EO+Chitosan and
Chitosan+AA (33.10, 35.41 and 34.85, respectively). Chroma value decreased with the application of
Chitosan, EO+Chitosan and Chitosan+AA on the sixth day of storage, while increased color index value
(positive values are shown in Figure 5.3) was reported with the application of Chitosan (11.94)
compared to EO, AA and chlorine (9.39, 9.34 and 9.59, respectively) on the same day. The application
of Chitosan decreased Hue (59.16) compared to the application of AA and chlorine (61.92 and 61.80,
respectively) on the sixth day of storage (positive values are shown in Figure 5.3). Browning index
decreased on the sixth day of storage with the application of Chitosan (37.33) compared to the control
treatment (35.32), whilst whiteness index increased with the application of AA (36.16) compared to
EO+Chitosan and chlorine (32.27 and 32.44, respectively) on the second day. On the fourth day of

storage AA increased whiteness index (37.08) in comparison to EO application (31.42).
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Figure 5.3. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce on L*
value, a* (greenness) (positive values), b* (yellowness), chroma, color index (positive values), hue (positive
values), browning index and whiteness index after treatment and 6 days of storage at 7 °C and 90% RH. On the
columns, significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates

no significant differences for different days.

5.2.2.2.3. Chlorophyll content (Chl a, Chl b, total Chl)

The effects of postharvest treatments applied on fresh-cut lettuce chlorophyll content are illustrated

in Figure 5.4. All applied treatments except EO decreased chlorophyll content (Chl a, Chl b, Tot Chl)

on the sixth day of storage. Chitosan application decreased Chl b levels (0.06 mg Chl b/g Fw) compared

150



to Chitosan+AA (0.13 mg Chl b/g Fw) on the second day, whilst the same trend on the same day was
observed with Chl a content (0.44 and 0.64 mg Chl a/g Fw, respectively). In addition, Tot Chl levels
decreased with the application of Chitosan+AA during the second day of storage.
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Figure 5.4. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce chlorophyll
a, chlorophyll b and total chlorophyll content after treatment and 6 days of storage at 7 °C and 90% RH. On the
columns, significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates
no significant differences for different days.

5.2.2.2.4. Effects on total soluble solids, total acidity and sweetness

Total soluble solids of fresh-cut lettuce decreased with the application of Chitosan on the second
day of storage, while EO application increased TSS (2.07 °Brix) compared to Chitosan, Chitosan+AA
and chlorine (1.60, 1.57 and 1.40 °Brix, respectively) on the fourth day (Figure 5.5). At the end of
storage (sixth day), an increase of total acidity was observed with the application of EO and chlorine
(1.01 and 1.00 g malic acid/kg Fw, respectively) compared to the control treatment (0.83 g malic acid/kg
Fw) at day 6. As shown in Figure 5.5 sweetness was increased with the combination of Chitosan+AA
and chlorine (3.58 and 3.55, respectively) as to Chitosan (2.81) on the second day of storage. The
application of chlorine decreased sweetness of fresh-cut lettuce (2.21) on the fourth day compared to
the control treatment, EO and EO+AA (3.52, 3.64 and 3.49, respectively). Similarly, on the sixth day
of storage chlorine lead to decreased sweetness (1.41) opposed to the control treatment and Chitosan
(2.19 and 2.24, respectively).
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Figure 5.5. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce total
soluble solids, total acidity and sweetness after treatment and 6 days storage at 7 °C and 90% RH. On the columns,
significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates no
significant differences for different days.

5.2.2.2.5. Effects on total phenolics, antioxidants, ascorbic acid and total carotenoid content

Total phenolic content increased with the application of AA and Chitosan+AA (1.14 and 1.11 mg
GAE/g Fw, respectively) on the second day as presented in Figure 5.6. On the fourth day of storage the
combinations of EO+AA and Chitosan+AA increased phenolics (1.20 and 1.34 mg GAE/g Fw,
respectively) and similarly EO+AA, Chitosan+AA and chlorine resulted to higher phenolic content
(1.19, 0.96 and 0.92 mg GAE/g Fw, respectively) at the end of storage.

Ascorbic acid content increased with the application of AA and EO+AA (8.63 and 10.62 mg AA/100
g Fw, respectively) on the second day, while Chitosan application lowered ascorbic acid (5.02 mg
AAJ100 g Fw) of fresh-cut lettuce on the same day (Figure 5.6). Moreover, increased ascorbic acid
content was observed with the application of Chitosan, chlorine, EO+AA and AA higher values (10.10,
10.12, 9.87 and 9.42 mg AA/100 g Fw, respectively) on the fourth day of storage. In a similar way the
application of EO+AA and chlorine increased ascorbic acid (16.05 and 16.85 mg AA/100 g Fw,
respectively) during the last day of storage.

Total carotenoid content decreased with the application of EO, Chitosan and EO+AA (0.10, 0.13
and 0.13 mg Car/g Fw, respectively) on the second day of storage, while the combination of
Chitosan+AA, increased carotenoids (0.16 mg Car/g Fw) compared to EO+AA (0.11 mg Car/g Fw)
during the fourth day of storage (Figure 5.6).
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According to DPPH assay, the antioxidant activity of fresh-cut lettuce decreased with the application
of Chitosan, EO+Chitosan and EO+AA (0.79, 0.86 and 0.89 mg trolox/g Fw, respectively) compared
to the control treatment and AA (1.46 and 1.45 mg trolox/g Fw, respectively) on the second day (Figure
5.6). The combinations of EO+AA and Chitosan+AA resulted to higher antioxidant levels (1.42 and
1.40 mg trolox/g Fw, respectively) on the fourth day and in a similar way, the application of EO+AA,
Chitosan+AA and chlorine increased antioxidants (1.28, 1.12 and 1.33 mg trolox/g Fw, respectively)
during the sixth day. The ABTS assay revealed that AA application increased antioxidants (1.36 mg
trolox/g Fw) on the second day compared to the application of Chitosan and EO+AA (0.88 and 0.90
mg trolox/g Fw, respectively) (Figure 5.6). The combinations of EO+AA and Chitosan+AA resulted
to higher ABTS antioxidant levels (1.67 and 1.82 mg trolox/g Fw, respectively) compared to control,
EO, EO+Chitosan, chlorine (1.18, 1.01 and 1.13 mg trolox/g Fw, respectively) during the fourth day.
However, Chitosan and EO+Chitosan lowered lettuce ABTS antioxidants (1.01 and 0.96 mg trolox/g
Fw, respectively) during the last day of storage compared to EO, EO+AA, Chitosan+AA and chlorine
(1.33, 1.71 and 1.44 mg trolox/g Fw, respectively).
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Figure 5.6. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce total
phenolics, ascorbic acid, antioxidant activity (DPPH, ABTS), and carotenoids content after treatment and 6 days
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of storage at 7 °C and 90% RH. On the columns, significant differences (P < 0.05) among treatments are indicated
by different Latin letters; ns indicates no significant differences for different days.

5.2.2.2.6. Effects on hydrogen peroxide and lipid peroxidation

The effect of marjoram EO, Chitosan and AA application on hydrogen peroxide and lipid
peroxidation is illustrated in Figure 5.7. EO application, followed by AA and EO+AA increased H.0-
(0.11, 0.07 and 0.07 pmol H2O2/g Fw, respectively) on the second day of storage. Similarly, on the
fourth day an increase in H,O, was reported with the application of EO+AA, EO and AA (0.1, 0.08 and
0.08 pumol H.0./g Fw, respectively). During the last day of storage, the application of AA,
Chitosan+AA and chlorine lead to lower H;O, levels (0.05, 0.04 and 0.05 pmol H>O2/g Fw,
respectively), whilst EO application showed a higher value (0.11 umol H2O2/g Fw).

Lipid peroxidation indicated by MDA, increased on the second day with the application of
Chitosan+AA (6.56 nmol MDA/g Fw) compared to the control treatment and chlorine (5.22 and 4.62
nmol MDA/g Fw, respectively) (Figure 5.7). Increased MDA production was also reported with EO,
EO+AA, and Chitosan+AA application (5.81, 5.66 and 5.81 nmol MDA/g Fw, respectively) on the
fourth day. During the last day of storage EO and EO+AA lead to increased MDA production (9.29 and
8.51 nmol MDA/g Fw, respectively), while EO+Chitosan resulted to lower MDA levels (5.51 nmol
MDA/g Fw).
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Figure 5.7. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce on H;O,
production and lipid peroxidation after treatment and 6 days of storage at 7 °C and 90% RH. On the columns,
significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates no
significant differences for different days.

5.2.2.2.7. Effects on microbial load

Figure 5.8 shows the impacts of the preservative means applied on fresh-cut lettuce microbial
quality. Chitosan application resulted to decreased total viable counts (TVC) (4.58 log cfu/g) during the
last day of storage. The application of EO, EO+Chitosan, EO+AA, Chitosan+AA and Chlorine resulted
to decreased yeast and molds (2.62, 2.62, 2.67 and 2.45 log cfu/g, respectively) on the fourth day of

storage compared with the control treatment. Moreover, similar results were reported on the sixth day
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where Chitosan and chlorine decreased yeast and molds (2.23 and 2.52 log cfu/g, respectively)
compared to control, EO, AA, EO+Chitosan, EO+AA (3.49, 3.49, 3.50 and 3.42 log cfu/g, respectively).
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Figure 5.8. Effect of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on fresh-cut lettuce on total
viable count (TVC) and yeast and filamentous fungi after 6 days of storage at 7 °C and 90% RH. On the columns,
significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates no
significant differences for different days.

5.2.2.2.8. Effects on sensory characteristics

Figure 5.9 presents the impacts of the applied treatments on the aroma and visual quality of fresh-
cut lettuce. The combination of Chitosan+AA scored higher values than all the applied treatments
during the fourth and sixth days of storage. It is noteworthy that this combination scored 4 out of a 5
scale on the sixth day indicating a non-acceptable product. Furthermore, the application of EO scored
lower values during all days suggesting an acceptable product with a pleasant/acceptable aroma (1-2

out of a 5 scale).

The visual quality of fresh-cut lettuce decreased with the application of Chitosan+AA, Chitosan as
these treatments were scored higher with high values (3-4 out of a 5 scale) during all days of storage
(Figures 5.9 and 5.54). Increased values were also observed with the application of AA during the fourth
and sixth day (3 out of a 5 scale). On the other hand, EO application preserved the visual quality of

fresh-cut lettuce during all days of storage (scores 1-2 out of a 5 scale).
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Figure 5.9. Effects of marjoram essential oil, chitosan, ascorbic acid alone and their combinations on fresh-cut

lettuce aroma (left, scale range from 1-lettuce like to 5-not lettuce, not acceptable) and color/visual quality (right,
scale: 1-green; 3-light discoloration; 5-severe browning) after 6 days of storage at 7 °C and 90% RH.
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5.2.3. Discussion

Fresh vegetables consist one of the main components in a healthy and balanced diet, since they are
high on dietary fibers and phytonutrients with low fat content and calories. However, when exposed to
adverse handling and storage conditions; vegetables (especially minimally processed) tend to have short
shelf life due to deterioration of their quality attributes. The use of natural products on fresh produce
and minimally processed fruit and vegetables has been previously studied by many researchers and the
results are promising (Ponce et al., 2011; Severino et al., 2014; Chrysargyris et al., 2016b; Landi et al.,
2017; Xyliaetal., 2017, 2018, 2019b; Tzortzakis et al., 2019), but most importantly are well appreciated
by the consumers. In this study the effects of the application of marjoram EO, chitosan, AA and their
combinations were assessed regarding the quality attributes of fresh-cut lettuce, indicating an alternative

preservation postharvest management for quality and safe stored products.

Chitosan application affected negatively the aroma and visual quality of fresh-cut lettuce. A non-
acceptable aroma and less attractive color was observed with the application of chitosan and
chitosan+AA. On the other hand, EO application improved visual quality and acceptable (pleasant)
aroma. Similarly, the use of AA maintained the visual quality of fresh-cut lettuce. The application of
chitosan-based melatonin bilayer coating on ready-to eat cucumber and broccoli was assessed by Zhao
et al. (2020) and their results supported the benefits observed by combining postharvest preservation
means, and showed that the applied combinations of melatonin and chitosan maintained the fresh
appearance of cucumber. On the same study, fresh-cut broccoli’s bright green color was preserved with
the combination of melatonin and chitosan, while the incorporation of 200 mg/L melatonin resulted to
increased microbial spoilage and chlorophyll losses (yellowing) (Zhao et al., 2020). In another study,
Viacava et al. (2018) mentioned thyme EO applied on fresh-cut lettuce resulted to lower quality product
(visual quality, browning, texture, color and odor) compared to the microencapsulated EO in which no
off-odors or severe browning were observed. The application of whey permeate (0.5%, 1.5% and 3%)
on fresh cut lettuce and carrots did not affect negatively sensory attributes of lettuce, while the highest
concentration resulted to higher surface whitening on carrots (Martin-Diana et al., 2006). Notably,
Deza-Durand and Petersen (2011) reported that even cutting direction (transverse cutting) during
processing of fresh-cut lettuce can influence aroma development and respiration rate due to severe tissue
damage. These findings suggest that losses of fresh produce quality attributes may arise from

processing, applied products (concentration, time of application, source) and the product itself.

Postharvest weight loss due to moisture loss can cause deterioration and shrinking of leaf tissue
(Aguero et al., 2011). In this study up to 7.51% weight loss was observed with the application of AA,
while chitosan and chitosan+AA resulted to lower weight losses. When chitosan is applied to a plant

surface (via dipping or spraying) can form an edible coating that can act as a barrier for gas (O and
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CO>) exchange and slow respiration rate (Sdnchez-Gonzélez et al., 2011; Romanazzi et al., 2018). It
has also been suggested that edible coatings when applied to fresh produce might prevent moisture
losses (Sanchez-Gonzélez et al., 2011), and the combination of edible coating material with
hydrophobic and hydrophilic properties is preferred on postharvest applications.

Among fresh produce, lettuce consists a commodity with moderate respiration rate and tissue
wounding (due to mishandling or processing) might accelerate its respiration rate (Deza-Durnand and
Petersen, 2011). Increased respiration was observed when the combinations of EO+AA and
chitosan+AA were applied, whilst chitosan applied alone resulted to lower respiration rates. These
findings are in agreement with Romanazzi et al. (2018) who suggested that application of chitosan on
fruits and vegetables (film formation) can reduce respiration rate acting as a gas exchange barrier, but
not as water barrier due its hydrophilic properties. Mechanical damage of leafy vegetables due to
cutting, storage, transport; might induce ethylene release which in combination with increase weight
loss can result to fibrosis and lignification on cut surfaces (Martinez-Romero et al., 2007; Chen et al.,
2017). In this study the application of marjoram EO decreased ethylene emission, while increased
ethylene levels was reported with the application of EO+chitosan. It has been suggested that a
physiological disorder like russet spotting on lettuce can be induced by exposure to ethylene (Hyodo et
al., 1978; Koukounaras et al., 2019). This might explain why the application of EO preserved the visual
quality of fresh-cut lettuce and at the same time decreased its ethylene emission in our study. Ethylene
has been linked with the induced production of plant defense compounds, such as antioxidants, phenols;
as well as the activation of enzymes including chitinase, peroxidase, phenylalanine ammonia-lyase and
polyphenol oxidase (Masia, 2003). It has also been mentioned that the production of ethylene in
combination with moisture loss will result to fibrosis and lignification of cut tissue which will
eventually lead to aging, senescence and quality losses of processed lettuce (Chen et al., 2017). Previous
indications have shown that lettuce produces very little ethylene and at the same time it is sensitive to
the presence of ethylene (Allende et al., 2004). Interestingly, Hamanaka and lzumi (2008) examining
the effects of mustard and hop extracts on shredded cabbage and sliced cucumber reported lower

respiration rates and ethylene production in both products.

Among fresh produce quality attribute, color and appearance are the most important ones, since they
are the first attributes perceived by consumers and can affect their buying decision (Péneau et al., 2007).
The degree of browning in vegetables can be assessed using the L*, a* and b* chromaticity coordinates.
As previously mentioned by Chen et al. (2017) browning might occur with lower L* and higher a* and
b* values. Decreased L* values were observed with the application of chitosan and chitosan+AA, while
high a*, b* and hue values were also noted suggesting a darker (less green) leaf and the formation of
brown pigments. Similarly, color index and chroma values decreased with the application of chitosan
and its combinations (EO+chitosan, chitosan+AA) and at the same time increased browning index was

observed with chitosan. All these results indicated the development and the degradation of lettuce visual
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quality. The application of AA increased whiteness index of fresh-cut lettuce. Chen et al. (2017)
reported that the application of clove essential oil (0.05%) and eugenol (0.05%) on fresh-cut lettuce
maintained its bright green color during 12 days of storage at 4 °C with high L* and b* values, as well
as lower a* values. On the same study lower browning index values were also observed the application
of clove EO and eugenol compared to 5% ethanol treatment (Chen et al., 2017). In another study by
Martin-Diana et al. (2006) reported that 3% whey permeate applied on fresh-cut lettuce resulted to high
a* values compared to lower concentrations; however no significant differences were observed for b*
value, hue and chroma value. Viacava et al. (2018) reported that thyme EO treatment resulted to lower
L* values, while the microencapsulation of thyme EO did not affect negatively fresh-cut lettuce green
color throughout storage (up to 12 days) at 5 °C suggesting that the combination of film forming

compounds can enhance/improve EOs attributes.

Total soluble solids decreased on the second and fourth day of storage with chitosan application. As
it has been previously mentioned by Moreira et al. (2006) the decrease in TSS might be associated with
respiration rate and the consumption of sugars during this process. In the present study little to no
relation between respiration rate and TSS of fresh-cut lettuce was observed, since respiration rate
slightly increased on the second day while it significantly decreased on the fourth day of storage with
the application of chitosan. Lettuce’s total acidity increased with EO and chlorine application after four
days stored at 7 °C, whereas sweetness decreased with the application of chlorine on the fourth and
sixth day of storage. According to Zhao et al. (2020) treatment with melatonin incorporated in a chitosan
based bilayer coating (2.5% wi/Vv) maintained the sugar-acid ratio (ripening index-sweetness) of fresh
cut cucumber. In a previous study, the application of marjoram EO+AA and marjoram hydrosol+AA
increased shredded carrots TSS compared to the hydrosol when applied alone, while increased TA was
reported with the application of AA (Xylia et al., 2019b). It seems that natural products applied during
minimal processing of fresh produce can affect differently quality parameters depending on their
properties, the time of application or the product they are applied to, and tailor made investigations

needed for each commodity.

One of the main issues on fresh-cut vegetables processing is the browning of the cut surface which
is an undesirable process leading to reduced marketability products (darkening and softening), loss of
nutritional value and the development of off-flavors (Altunkaya, 2011; Kim et al., 2014). Browning
results from enzymatic and non-enzymatic reactions that are favored by the disruption of plant cell wall
during processing and the exposure of phenolic compounds to oxygen and enzymes (de Rigal et al.,
2000; Altunkaya and Gékmen, 2009). The effects of natural products as anti-browning agents applied
on fresh produce have been previously assessed (Martin-Diana et al., 2008; Altunkaya and Gokmen,
2009; Altunkaya, 2011; Kim et al., 2014; Chen et al., 2017). The application of oxalic and ascorbic acid
on lettuce aliquots maintained phenolic content on high levels compared to citric acid and cysteine

application (Altunkaya and Gokmen, 2009). In this study, the application of EO+AA and chitosan+AA
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combinations increased lettuce’s phenolic content after four and six days of storage. Interestingly in a
study by Viacava et al. (2018), it has been shown that the application of thyme EO on minimally
processed lettuce increased total phenolic content, total flavonoids and antioxidant activity. Ascorbic
acid and carotenoid content increased with the application of EO+AA (up to 10.62 mg AA/100 g Fw).
According to Altunkaya and Gékmen (2009), color changes have been linked with the degradation of
ascorbic acid and this might explain the positive effects of EO and EO+AA on the color of fresh-cut
lettuce throughout storage time. Interestingly, fresh-cut lettuce’s chlorophylls decreased during storage,
though the application of chitosan+AA and EO maintained their levels up to the last day of storage.
Another study reported that high green-tea extract concentration (up to 1% w/v) prevented ascorbic acid
and carotenoid loss of fresh-cut lettuce (Martin-Diana et al., 2008).

Antioxidant activity of fresh-cut lettuce increased with the application of EO+AA. It has been shown
that AA can react and scavenge radicals and regenerate polyphenols after their oxidation, due to its
antioxidant activity (de Beer et al., 2005; Altunkaya and Gokmen, 2009). Furthermore, EOs possess
antioxidant activity among others, thus alone or in combination EO and AA might have resulted to
higher phenolic content and antioxidant levels when applied to fresh-cut lettuce. Ina previous study, it
has been shown that the application of spearmint and lavender EO and their mixture on endive leaves
at concentrations as low as 0.001% resulted to lower antioxidant capacity compared to higher
concentrations (up to 0.1%) where decreased antioxidants were reported (Xylia et al., 2017). As it has
been previously mentioned by Kang and Saltveit (2002), wounding of plant tissue can result to increase
antioxidant activity in romaine and iceberg lettuce. The application of eugenol, carvacrol and trans-
anethole on cellulose sachets resulted to higher phenolic content as well as antioxidant capacity of fresh-
cut iceberg lettuce when exposed to them (Wieczynska and Cavoski, 2018). These findings suggest that
the applied processing methods might induce defense mechanisms of plant tissue (i.e. increase in
antioxidant capacity) that will lead to rapid deterioration and quality losses. This seems to be associated
with the applied method, the time of application, the processing product, the storage conditions among

other parameters.

The production of active oxygen species (i.e. H202, superoxide-O*", hydroxyl-OH’, singlet oxygen-
10,) has been linked with lipid peroxidation, production of brown pigments and core browning, pigment
bleaching (chlorophyll, carotenoids) and other processes that lower postharvest quality of fruit and
vegetables (Hodges, 2003; Hodges et al., 2004; Hodges and Toivonen, 2008; Hunter et al., 2017). In
this study, H,O; increased with the application of EO, AA and their combination (EO+AA) (0.11, 0.07
and 0.07 umol H»O/g Fw) on the second day, while decreased H.O, levels were observed with the
application of chitosan+AA (0.05 umol H.02/g Fw) at the end of storage. Increased lipid peroxidation
was also observed with chitosan+tAA (6.56 nmol MDA/g Fw) on the second day, whereas EO
application showed lower MDA levels after six day of storage at 7 °C. An increase in H.O, and MDA

levels was reported during storage of fresh-cut rocket and melon at 4 and 20 °C with MDA levels lower
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than 0.3 nmol/g Fw, which suggested a moderate lipid peroxidation level according to Cavaiuolo et al.
(2015). It is noteworthy that Ferrante et al. (2009) reported higher lipid peroxidation values on fresh-
cut lamb’s lettuce leaves compared to intact ones when stored at 4 °C up to 8 days (values up to 41-51
nmol MDA/g Fw), confirming that processing (i.e. cutting) induces plant stress and increases lipid
peroxidation that utterly result to low quality products presenting postharvest disorders such as tissue
browning and leaf yellowing. Additionally, in another study the application of AA in combination with
marjoram EO and hydrosol increased H.O, levels and lipid peroxidation of shredded carrots suggesting
that applied treatments might also induce oxidative stress and affect the quality of the end product (Xylia
et al., 2019b).

Many studies have assessed the antimicrobial effects of EOs on the microbial load of fresh produce
(Bagamboula et al., 2004; Viacava et al., 2018; Tzortzakis et al., 2019; Xylia et al., 2019b), indicating
the importance of safe and high quality produce for the consumer. For instance, the application of thyme
EO on minimally processed lettuce exhibited high bacteriostatic activity against mesophilic and
psychtotrophic bacteria, Enterobacteriaceae and yeast and molds counts (Viacava et al., 2018). In
another study thyme and tea tree EOs used alone or in combination resulted to great reduction of E. coli
0157:H7 population (up to 2 log) inoculated on fresh lettuce leaves stored at 10 °C (Mouatcho et al.,
2017). Bagamboula et al. (2004) reported that thyme and basil EOs at concentrations applied (0.5 and
1%) were able to reduce both inoculated (S. sonnei and S. flexneri) and indigenous flora populations on
fresh-cut lettuce (up to 2 log reduction). On the other hand, one of the main activities’ chitosan exhibits
when applied to plants is the chitosan’s antimicrobial activity and has been previously assessed by many
researchers for a wide range of microorganisms (Romanazzi et al., 2018). Gofii et al. (2014) reported
that the preharvest application of chitosan (0.1% wi/v) during the last development stages controlled
lettuce’s native microflora as well as reduced E. coli survival inoculated on the edible plant parts.
Another study reported lower microbial load of total bacteria and the presence of Salmonella in ready-
to eat lettuce when treated with allyl- and benzyl-isothiocyanates and chitosan (Pablos et al., 2017). In
the present study, chitosan decreased lettuce’s TVC and yeasts and molds counts after six days of
storage at 7 °C. In addition, EO, along with EO+chitosan, EO+AA and chitosan+AA resulted to lower
yeast and molds counts on the fourth day of storage. These results are in accordance with studies that
suggest that when chitosan is applied alone or in combination with antimicrobial compounds can inhibit
microbial growth (Vu et al., 2011; Severino et al., 2014). It is noteworthy that the combination of citric
and ascorbic acid (0.25 and 0.50 g/100g, respectively) was not able to remove E. coli and L.
monocytogenes cells from lettuce leaves and prevent biofilm formation (Olmez and Temur, 2010).
However, the application of AA (1%) alone or in combination with marjoram EO and hydrosol resulted
to reduction of TVC and yeast and molds counts of shredded carrots stored at 4 °C for up to nine days
(Xylia et al., 2019b). Akbas and Olmez (2007b) also reported that dipping of inoculated iceberg lettuce
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leaves on ascorbic acid solutions (0.5 and 1%) were able to reduce E. coli population by almost 2 log
and L. monocytogenes by 1 log.

5.3. Experiment 2. Effects of natural products on shredded carrots preservation
5.3.1. Material and methods
5.3.1.1. Plant material and EO extraction

Fresh carrots (Daucus carota L.) were obtained from a local market in Limassol, Cyprus and were
selected for uniformity in appearance and the absence of physical defects or injury and then stored at 4
°C and 90% RH until use (within 24 h). Prior to processing, carrots were rinsed with running tap water

for any soil residues removal and then paper dried.

Marjoram plants (Origanum majorana L.) were obtained from the experimental farm of Cyprus
University of Technology, where they were cultivated in soil. Marjoram EO extraction was performed
as previously mentioned at section 5.2.1.1. Following EO hydrodistillation, the water solution
(hydrosol) was collected and filtered to remove any plant residues. Freshly prepared hydrosol (Hyd)
was used for all the sub studies. The composition of marjoram EO was determined as described
previously (Chrysargyris et al., 2016a), and the main components were terpinendol, y-terpinene, trans

sabinenehydrate, and a-terpinene.

5.3.1.2. Preliminary screening

Fresh carrots were washed with tap and chlorinated water (100 mg/L), hand peeled and shredded (2
mm x 3 mm x 40-60 mm). Then, 100 g of shredded carrots were dipped for 10 min (according to
preliminary tests) into 500 mL of treatment solution. The following thirteen dipping solutions were
studied: 1) distilled water, 2) marjoram EO (1:500, 1:1000, 1:1500 and 1:2000 v/v), 3) marjoram
hydrosol (1:5, 1:10, 1:15 and 1:20 v/v) and 4) ascorbic acid (0.25%, 0.5%, 1%, and 2% w/v).
Afterwards, carrots were drained, and 25 g were placed into a 90 mm Petri dishes and stored at 4 °C
and 90% RH until the day of sampling (Days 1, 3, 5 and 7). Four biological replicates per
treatment/concentration were sampled and the appropriate amount of tissue was stored at -20 °C until
analysis. For preliminary screening, aroma and marketability assessed by 7 untrained panelists, while
the weight loss and the content of total polyphenols were measured and used for choosing the adequate

dipping solutions.

Carrots weight loss was monitored every second day, as the weight of each Petri dish was registered
before and during storage at 4 °C for 7 days (Days 1, 3, 5and 7) and results were presented as percentage

of weight loss. Overall aroma and chroma (visual quality) were evaluated after storage for 7 days.
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Aroma evaluation was assessed with a 5-point hedonic scale (0.5 interval) where 5 = not acceptable; 3
= not carrot but acceptable; 1 = carrot. Visual quality was assessed with a 5-point hedonic scale (0.5
interval) where 5 = brown; 3 = orange; 1 = white. The content of total phenolics was determined from
methanolic extracts as previously described at section 2.2.8.2 and results were expressed as mg of gallic
acid equivalents per g of fresh weight (mg GAE/g Fw).

5.3.1.3. Main study for the determination of quality and antioxidant activity

Following preliminary screening, carrots were selected, prepared and shredded as above. Then, 150
g of shredded carrots were dipped for 10 min into 500 mL of treatment solution selected from the
preliminary screening. The following six dipping solutions/combinations were further studied: 1)
distilled water, 2) marjoram EO (1:1500 v/v), 3) marjoram hydrosol (1:15 v/v), 4) Ascorbic acid (1%
wi/v), 5) marjoram EO (1:1500) + Ascorbic acid (1%) and 6) marjoram hydrosol (1:15) + Ascorbic acid
(1%). Afterwards, carrots were drained, and 25 g were placed into a 90 mm Petri dish at 4 °C and 90%
RH until the day of sampling (Days 0, 3, 6 and 9). Four biological replicates per treatment/day were

sampled and the appropriate amount of tissue was stored at -20 °C until analysis.

5.3.1.3.1. Weight loss and color

Carrots weight loss was determined as mentioned above (section 5.3.1.2). Shredded carrot’s color
was evaluated with a colorimeter (Chroma meter CR400 Konica Minolta, Japan) and L*, a*, b*, chroma
value (C), whiteness index (WI) and hue (h) color parameters were calculated as previously described

at section 2.2.2.

5.3.1.3.2. Respiration rate

Respiration of the processed product was evaluated by measuring the CO; concentration as described
previously at section 2.2.3. Briefly, each sample (1 Petri dish) was enclosed in a polypropylene (PP)
plastic container (1 L) at room temperature for 1 hour, container’s air was withdrawing for 40 seconds
and respiration rate was expressed as mL of CO; per kg of fresh weight per h (mL COy/kg/h) according

to the volume and weight of the shredded carrot.

5.3.1.3.3. Total soluble solids, total acidity, pH, ascorbic acid, total carotenoid content

Carrot tissue (four biological replicates/treatment/day) was grinded/pressed to extract the juice with
a domestic blender. The pH and total soluble solids (TSS) content was determined as described at

section 2.2.4 and TSS results were expressed in °Brix. Titratable acidity (TA) was determined by
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titration with 0.1 N NaOH as described in section 2.2.4 and results were expressed as grams of citric
acid per 100 g of fresh weight (% TA). In addition, the ratio of TSS/TA was calculated as mentioned at
section 2.2.4.

AA content was quantified by titration with 2,6-dichlorophenol- indophenol (section 2.2.5) and
results were expressed as gram of AA per 100 g of fresh weight (mg AA/100 g Fw). Total carotenoid
content was determined as described in section 2.2.6, and results were expressed as mg of carotenoids
per 100 g of fresh weight (mg of carotenoids/ 100 g Fw).

5.3.1.3.4. Total phenolic content and antioxidant activity

Total phenolics were determined as mentioned above (section 2.2.8.1). The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
scavenging activities were determined according to the procedures described before (section 2.2.8.3 and

2.2.8.5). Results expressed as mg trolox per g of fresh weight (mg trolox/ g Fw).

5.3.1.3.5. Hydrogen peroxide content and lipid peroxidation

The hydrogen peroxide (H202) concentration was determined according to the method described
previously at section 2.2.9.1 and results were expressed as umol of H2O» per g of fresh weight (pumol
HzOz/g FW).

Lipid peroxidation of shredded carrots was estimated according to the 2-thiobarbituric acid reactive
substances (TBARS) method as previously mentioned (section 2.2.9.2) and results were expressed as

nmol of malondialdeyde (MDA) per g of fresh weight (nmol MDA/g Fw).

5.3.1.3.6. Microbiological analysis

Total viable count (TVC) as well as yeast and filamentous fungi were determined as described at
section 2.2.1, 2.2.1.1 and 2.2.1.8 by using Plate count agar (PCA, Merck, Darmstadt, Germany) and
Rose Bengal Chloramphenicol Agar (Liofilchem s.r.1, Italy), respectively Alegria et al. (2010). Results

were expressed as log cfu per g of fresh weight (log cfu/g).

5.3.1.4. Statistical analysis

Statistical analysis was performed comparing data means with one way-analysis of variance

(ANOVA) using IBM SPSS version 22 and Duncan’s multiple range test was performed for p = 0.05.

163



Four (n=4) biological replicates were used and values refereed to mean =SE. Microbiological analysis
was done with duplicate plates for each of the three replicates.

5.3.2. Results
5.3.2.1. Effectiveness of screening preservation means

The screening of the effects of marjoram EO, Hyd and AA on shredded carrots during storage is
presented in Figures 5.10 and 5.S5. The content of total phenolics increased at treatments with 1-2%
AA, even at the first day of storage, and this effect was maintained up to seven days of storage. The
applications of Hyd (from 1:5 to 1:20), AA (from 0.25% to 2%) and EO at 1:500 and at 1:2000 reduced
weight loss when compared to the control treatment (Figure 5.S5). The preservative applications
affected the carrot aroma after seven days storage at 4 °C and 90% RH, whereas the EO marked with 3
out of 5 scale, which reflected an acceptable aroma but not carrot like. The application of AA marked
as acceptable-carrot like aroma, whereas Hyd acceptability was marked among AA and EO
acceptability (Figure 5.10). Carrot marketability, in terms of color, changes were also observed, and it
was found that the both AA and EO maintained the orange carrot color whereas the application of Hyd
decreased the marketability as the processed carrots had browner chroma (scored 4 out of 5 units), and
this was evident even at the first day of storage (Figure 5.S6). Control treatment also revealed brown

color on carrots after the fifth day (Figure 5.10).
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Figure 5.10. Screening of marjoram essential oil, marjoram hydrosol and ascorbic acid on shredded carrots total
phenols (top panel), aroma (bottom left, scale range from 1-carrot like to 5-not acceptable) and color/marketability
(bottom right, scale: 1-white; 3-orange; 5-brown) after 7 days of storage at 4 °C and 90% RH.

5.3.2.2. Impacts on quality and antioxidant activity
5.3.2.2.1. Effects on weight loss and respiration rates

The application of marjoram EO increased (up to 2.25%) weight loss on shredded carrots stored up
to ninth day, while both Hyd or AA maintained weight losses to similar levels with the ones observed
with the control treatment (Figure 5.11). Indeed, the combination of EO+AA and Hyd+AA resulted in
higher weight losses compared to the individual effects of the AA or Hyd.

Respiration was increased with the combination of EO+AA on the sixth day (236.52 mL COJ/kg/h),

whereas Hyd maintained respiration rate to similar levels as the one observed by the control treatment,
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on the same day (44.78 mL CO2/kg/h) (Figure 5.11). Furthermore, the combinations of EO+AA and
Hyd+AA increased respiration rate on the ninth day (128.92 and 145.77 mL CO2/kg/h, respectively),
while no differences were observed by the single applications of EO, Hyd and AA. Oxygen level was

decreased slightly and averaged to 18% (data not presented) and remained almost constant throughout
the storage period.
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Figure 5.11. Effect of marjoram essential oil (EO), marjoram hydrosol (Hyd) and ascorbic acid (AA) on shredded
carrots weight loss and respiration rate after treatment and 9 days of storage at 4 °C and 90% RH. On the columns,
significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns indicates no
significant differences for different days.

5.3.2.2.2. Effects on color

The application of marjoram Hyd decreased L* and a* values up to the ninth day of storage, while
b* value was increased with the application of marjoram EO and the combination of EO+AA (46.38
and 47.12, respectively) (Figure 5.12). Moreover, the combination of EO+AA increased Chroma value
of shredded carrots (54.27), whereas the application of AA (with or without marjoram Hyd) and the

combination of EO+AA decreased Hue (1.77 and 1.78, respectively) and Whiteness index (32.45),
respectively.
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Figure 5.12. Effect of marjoram essential oil (EO), marjoram hydrosol (Hyd) and ascorbic acid (AA) on shredded
carrots on L* value, a* (redness), b* (yellowness), chroma, whiteness index and hue after treatment and 9 days of
storage at 4 °C and 90% RH. On the columns, significant differences (P < 0.05) among treatments are indicated
by different Latin letters; ns indicates no significant differences for different days.

5.3.2.2.3. Effects on total soluble solids, acidity, sweetness and pH

Total soluble solids (TSS) and sweetness (TSS/TA) of shredded carrots were decreased with the
application of marjoram Hyd (4.97 °Brix and 1.25, respectively), whereas an increase of TSS was
observed with the combination of EO+AA and Hyd+AA (6.80 and 7.00 °Brix, respectively) after the
third day of storage and up to the ninth day (Figure 5.13). An increase in total acidity value was
observed with the application of AA on the day of the application and after six and nine days (2.82,
2.63 and 3.12 %, respectively). The application of the combined treatments of EO+AA and Hyd+AA
decreased pH values of the shredded carrots (pH 4.28 and 4.22, respectively), while AA acidified further

the processed carrots and led to decreased pH values (pH 3.76) during the ninth day of storage at 4 °C
and 90% RH.
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Figure 5.13. Effect of marjoram essential oil (EO), marjoram hydrosol (Hyd) and ascorbic acid (AA) on shredded
carrots total soluble solids, total acidity, sweetness, and pH after treatment and 9 days storage at 4 °C and 90%
RH. On the columns, significant differences (P < 0.05) among treatments are indicated by different Latin letters;
ns indicates no significant differences for different days.

5.3.2.2.4. Effects on total phenolics, antioxidants, ascorbic acid and total carotenoids content

Total phenolic content was increased with the application of AA, and its combination with marjoram
EO and Hyd as illustrated by Figure 5.14. The application of AA and the combination of Hyd+AA
increased (up to 2.8-fold and 2.6-fold as assayed by DPPH and ABTS) antioxidant activity of shredded
carrots on the day of the application, whereas the effects were almost exhausted following nine days of
storage. Ascorbic acid content of shredded carrots was increased with the application of AA and the
combination of Hyd+AA on the day of the application (118.27 and 309.55 g AA/100 g Fw,
respectively), after six (26.63 and 22.35 g AA/100 g Fw, respectively) and nine days (44.96 and 43.18
g AA/100 g Fw, respectively). The combination of Hyd+AA maintained carotenoid content (11.31 mg
carotenoids/100 g Fw) to similar levels like the relevant content found in control treatment, while a
decrease of carotenoids was observed with the application of marjoram EO, marjoram Hyd and AA
(8.44, 8.25 and 8.15 mg carotenoids/100 g Fw, respectively) on the 9" day at 4 °C and 90% RH.
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Figure 5.14. Effect of marjoram essential oil (EO), marjoram hydrosol (Hyd) and ascorbic acid (AA) on shredded
carrots total phenolics, ascorbic acid, antioxidant activity (DPPH, ABTS), and carotenoids content after treatment
and 9 days of storage at 4 °C and 90% RH. On the columns, significant differences (P < 0.05) among treatments
are indicated by different Latin letters; ns indicates no significant differences for different days.

5.3.2.2.5. Effects on hydrogen peroxide and lipid peroxidation

The impacts of marjoram EO, marjoram Hyd and AA on hydrogen peroxide and lipid peroxidation
are presented in Figure 5.15. The application of the combination of EO+AA followed by the EO
treatment increased H.O, while the application of AA decreased H,O> on the ninth day of storage (43.46
nmol H,0,/g Fw). The MDA production was increased with the Hyd+AA and EO+AA during the ninth

day of storage.
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Figure 5.15. Effect of marjoram essential oil (EO), marjoram hydrosol (Hyd) and ascorbic acid (AA) on shredded
carrots on H,O; production and lipid peroxidation after treatment and 9 days of storage at 4 °C and 90% RH. On
the columns, significant differences (P<0.05) among treatments are indicated by different Latin letters; ns
indicates no significant differences for different days.

5.3.2.2.6. Microbiological analysis

Microbial quality of shredded carrot subjected to single or combine treatments are illustrated in
Figure 5.16. A significant decrease in total viable counts (TVC) was detected on the sixth in all the
examined treatments and on the ninth day with the application of AA and the combination of EO+AA
and Hyd+AA (5.04, 5.27 and 4.79 log cfu/g Fw, respectively). No differences were found the first three
days for the TVC. Yeast and filamentous fungi counts were decreased after 3 days for all the treatments
(with exception the Hyd+AA) and the effects were more pronounced with the application of the
combined treatment on the ninth day. Therefore, Hyd+AA revealed the greatest decrease on the yeasts

and molds counts at the ninth day of application (2.30 log cfu/g Fw).
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Figure 5.16. Effect of marjoram essential oil (EO), marjoram hydrosol (Hyd) and ascorbic acid (AA) on shredded
carrots on yeast and filamentous fungi and total viable count (TVC) after 9 days of storage at 4 °C and 90% RH.
On the columns, significant differences (P < 0.05) among treatments are indicated by different Latin letters; ns
indicates no significant differences for different days.

5.3.3. Discussion

Minimally processed vegetables are quite popular nowadays as a source of phytochemicals, however
they are perishable products as they tend to have short shelf life. The use of natural products such as
essential oils and naturally occurring substances as an ecofriendly and healthier preservative method is

rapidly growing, attracting scientific interest and consumer’s acceptance (Song et al., 2017).

170



The antioxidant and antimicrobial activity of EOs from aromatic and medicinal plants have been
previously mentioned (Lis-Balchin et al., 1998; Sellami et al., 2009, Tzortzakis, 2009; Xylia et al.,
2017). It has been reported that marjoram EO possess high antioxidant and antimicrobial activity and
its main components include 1,8-cineole, terpinolene, terpinen-4-ol (Lis-Balchin et al., 1998; Vera and
Chane-Ming, 1999), and this is in line with the main components found in the examined marjoram EO.
Marjoram EO has been applied to fresh cabbage, lettuce and radish sprouts with encouraging results
(Hyun et al., 2015a, b). The use of AA as an anti-browning agent in fresh produce has been studied due
to its high antioxidant activity (Akbas et al., 2007b; Altunkaya and Gékmen, 2009; Olmez and Temur,
2010; Park et al., 2011).

In this study no considerable weight losses (< 2.3%) were determined while the higher weight losses
were observed with the application of EO+AA and Hyd+AA. The increased surface exposure to air of
the minimally processed products can lead to moisture loss and furthermore surface whitening but also
to decay presence (Li and Barth, 1998). It is noteworthy that Rocha et al. (2007) have reported up to
9% weight loss after storage at 2 °C for 10 days. Increased respiration was observed on the sixth day
with the application of EO+AA whereas marjoram Hyd lead to a decrease of respiration rate. Heat
treatment efficiently maintained shredded carrot quality by decrease in respiration rates (Algeria et al.,
2010). As it has been previously mentioned by Rocha et al. (2007) increased fresh produce respiration
can be caused by cutting which can result to protein, lipid and carbohydrates degradation and

furthermore off-flavors and off-odors development.

The bright orange color of carrots is one of the most important attributes that can affect consumers
buying decisions. The application of EO+AA increased Chroma value resulting in a lighter orange color
throughout storage. In a previous study the application of mint hydrosol (1:10, v/v) on shredded carrots
resulted in a less orange product on the sixth day of storage with lower Chroma value compared to the
untreated samples (51.64 and 53.20, respectively) (Xylia et al., 2018). Rocha et al. (2007) reported that
surface whitening might be attributed to increased moisture loss. Furthermore, Barry-Ryan and
O’Breirne (1998) also pointed out that surface whitening and lignification of fresh cut carrots may be
the results of moisture loss. The application of EO+AA decreased Whiteness index of shredded carrot
exhibiting less surface whitening. Decreased Chroma and L* values reflect in a less intense orange color
and at the same time Whiteness index increases suggesting quality deterioration (Mastrocola and Lerici,
1991; Lavelli et al., 2006). Lavelli et al. (2006) correlated the visual appearance of whitening and the
perception of off-odor on minimally processed carrots and concluded that WI can be regarded as the
most sensible indicator of sensory quality. The increases in WI that were observed during storage are
related to the reversible dehydration of outer tissue layers which can be related to formation of lignin

and concomitant whitening of the shreds (Cisneros-Zevallos et al., 1995).

The application of marjoram Hyd decreased TSS and sweetness, whereas the application of EO+AA
and Hyd+AA increased TSS. In the present study, TSS values ranged between 6.80-1.07 °Brix with the
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application of marjoram EO, marjoram Hyd and AA. These values were lower to the values observed
in our previous study with the application of mint EO and hydrosol in shredded carrot (TSS range: 8.26-
9.33 °Brix), indicating the effectiveness of varied EO from different species (Xylia et al., 2018). Other
studies have mentioned higher TSS values ranging between 8.3 and 9.6 (Koca and Karadeniz, 2008) or
even up to 11.8 °Brix (Alegria et al., 2010). Total acidity was increased with the application of AA (up
to 3.12% on the ninth day of storage) whereas in a previous study, the application of pomegranate juice
on shredded carrot resulted in TA of 0.78% (Xylia et al., 2018). Moreover, Rodrigo et al. (2003)

observed TA values up to 0.6% in carrot juice.

Decreased pH values were observed with the application of AA (up to 5.75), EO+AA and Hyd+AA
(up to 4.09), and these findings are in accordance with previous reported studies (Alegria et al., 2009;
2010; Xylia et al., 2018). It is noteworthy that Rocha et al. (2007) mentioned that decreased pH values
(pH 5.4-6.2) may be the result of CO; production that can react with water of the plant tissue and release
H*. In this sense, the increased respiration rates found in EO+AA and Hyd+AA could contribute to the

H" release and acidified the processed carrots with pH decreases.

EOs can induce plant defense mechanisms, both directly and indirectly, by the production of phenols
and antioxidants (Amorati et al., 2013). Total phenolic content was increased with the application of
AA, EO+AA and Hyd+AA (0.98, 1.03 and 1.04 mg GAE/g Fw, respectively) after 6 d of storage. On
the other hand, in another study the application of mint EO on shredded carrots decreased total phenols
(1.65 mg GAE/g Fw), whereas mint Hyd increased total phenols (5.22 mg GAE/g Fw) after six days of
storage (Xylia et al., 2018). Han et al. (2017) mentioned shredded carrots phenolic content ranging
between 0.23 and 0.44 mg GAE/g Fw after storage at 4 °C, and in such levels control polyphenols were
found. Increased antioxidant activity was observed with the application of marjoram Hyd and Hyd+AA
whereas similar results were observed with the application of mint Hyd on shredded carrots in a

previous study (Xylia et al., 2018).

The content of AA increased with the application of AA and Hyd+AA while single Hyd application
did slightly increased AA content being in accordance with previous studies with mint Hyd on shredded
carrots (Xylia et al., 2018). Carotenoid content varies between carrot cultivars (0.4-26 mg/100g Fw)
(Nicolle et al., 2004). The application of Hyd+AA maintained carotenoid content whereas the
application of marjoram EO, Hyd and AA decreased carotenoids. On the other hand, the application of
mint EO and Hyd did not significantly affect carotenoids of shredded carrots (Xylia et al., 2018),
indicating variation on the EO and Hyd effectiveness among the different plant species (marjoram
versus mint). According to Rocha et al. (2007) the loss of carotenoids is related to longer storage period
that can result in products with reduced nutritional value. The loss of carotenoids seems to be attributed
to oxidation as minimally processing (peeling and shredding) exposes phloem (carotenoids mainly

concentrated to that part of carrot tissue) to light, air and enzymes (Gross, 1991). On the other hand,
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carotenoids are relatively stable in their natural environment, but postharvest treatments or processing

operations may enhance the pigments’ degradation.

Minimal processing induces wounds in plant tissue by causing a stress response of the wounded
tissue. Han et al. (2017) reported levels of H.O, ranging between 8.56 and 9.33 pumol/g Fw in shredded
carrot stored at 4 °C. The same authors reported that the levels of H,O, were affected by cutting style
and storage temperature (Han et al., 2017). In our study EO+AA increased H.O, levels and lipid
peroxidation as measured by the MDA production, and this indicating an increased oxidative stress
(reactive oxygen species-ROS) related to the applied treatment. Increased MDA was also found with
the Hyd+AA treatment. The increased AA content in processed carrots seems not to be enough to
detoxify the tissue, as MDA remained at high levels. Therefore, from the examined non-enzymatic
antioxidants (ascorbic acid, polyphenols), the protection to oxidative stress was mainly related to the
increased polyphenols. In the presence of free radicals and oxidative stress plant tissues have developed
a series of mechanisms to scavenge these reactive compounds including phenols and antioxidant
production as well as the action of antioxidant enzymes, such as superoxide dismutase-SOD,
peroxidase-POD and catalase-CAT (Han et al., 2017). Alegria et al. (2010) observed a correlation of
POD activity and quality attributes of carrots (color, flavor, texture and nutritional value) when treated
with hot water at 100 °C for 45 s. For example, the inhibition of POD activity was correlated with

preservation of the orange color of carrots (Alegria et al., 2010).

The application of AA, marjoram EO+AA and marjoram Hyd+AA decreased TVC values (5.04,
5.27 and 4.79 log cfu/g Fw, respectively) of shredded carrot compared to the untreated sample on the
ninth day (6.31 log cfu/g Fw). In another study the application of ozonated-water, hot water and
ultrasonication resulted in a TVC load ranging between 0.4 and 1.7 reduction depending on treatment
(Alergia et al., 2009). Yeast and filamentous fungi counts have been decreased with the application of
marjoram Hyd+AA and are in similar levels with another study in which their count was around 3.8 log
cfu/g after the application of ozonated-water, hot water and ultrasonication (Alergia et al., 2009). In
both studies yeast and filamentous fungi counts did not exceed 5 log cfu/g that could be characterized
as the acceptable maximum limit for these microorganisms (Jacxsens et al., 2002). However, Lavelli et
al. (2006) reported that the maximum limitation of microorganism can be obtained in higher storage

temperature, for example 10 °C when compared to 4 °C, as took place in the present study.

Most naturally occurring substances and EOs are classified as GRAS and can be used for food
preservation, however they should be used with caution as higher concentrations may be required in
order to ensure food safety and quality and those concentrations may cause non-acceptable changes in
the organoleptic characteristics of each product (Tzortzakis, 2007; Giindiz et al., 2010). The findings
from this study are promising and thus, further studies are needed for the investigation of the conditions

(time, concentrations) of the application of these and similar natural products in fresh produce.
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5.4. Concluding marks

Despite the increased consumption of minimally processed products, including fresh-cut salads and
shredded carrots, they are considered high perishable fresh produce and successful and eco-friendly
preservation means are under investigations. In the present study, we examined natural products
following initial screening and their combination on their performance as natural sanitizers and

preservatives on fresh-cut lettuce and shredded carrots.

In case of lettuce, natural products used in the present study (marjoram EO, AA and chitosan) and
the outcomes of their application on fresh-cut lettuce provide encouraging evidence for the use of
natural compounds in the food industry. Marjoram EO improved aroma and visual quality of minimally
processed lettuce, while chitosan used alone affected negatively lettuce color. The combination of
EO+AA increased phenolic, ascorbic and carotenoid contend as well as the antioxidant capacity of
fresh-cut lettuce, thus improving its nutritional value. Interestingly chitosan, EO, EO+chitosan and
chitosan+AA presented antimicrobial activity against TVC and yeast and molds counts of minimally

processed lettuce.

In case of carrots, marjoram EO and hydrosol alone were not as promising as AA application for the
preservation and quality of processed carrots, while their combination with AA (Hyd+AA and EO+AA)
provided increased quality attributes such as carotenoids. Additionally, AA increased polyphenols and
antioxidant status and decreased pH of the shredded produce, providing valuable role in quality
maintenance of the produce. During screening test, AA-treated carrots were marked an acceptable-
carrot like aroma, while EO-treated carrots were marked with an acceptable aroma but not carrot like.

Hyd acceptability was marked among AA and EO acceptability.

The findings from this study are promising since the combination of natural products with
antioxidant and antimicrobial activities is gaining interest for the preservation of postharvest quality of

fresh produce as well as minimally processed vegetables.
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Chapter 6. General discussion and future prospects
6.1. General discussion

The present PhD thesis is divided into six chapters, including the current one and are outlined as

follows:

Chapter 1 presents the introduction of this thesis, which is a literature review of the current
perspectives regarding food safety and quality of fresh produce throughout the food chain (mainly on
cultivation and processing). Fresh produce has been implicated in a series of food poisoning outbreaks
that started either pre-or postharvest. Thus, it is essential to understand the possible routes and factors
influencing the contamination of fresh produce with foodborne pathogens during cultivation as well as
the investigation of alternative to chlorine and chlorine-based sanitizing agents (i.e. natural products
among others) in order to ensure safety and preserve the quality of fresh produce and minimally

processed vegetables after harvesting and during processing.

Chapter 2 presents the methods and protocols used for the experimental part of this thesis, including
microbiological analyses and the respective media used, molecular identification of S. enterica and L.
monocytogenes, postharvest related parameters (color, respiration, ethylene rate emission, pH, total
soluble solids, total acidity, sweetness), ascorbic acid, photosynthetic pigments (chlorophyills,

carotenoids), antioxidants and damage index (H20,, MDA).

Chapter 3 examines on the first part the variability in the microbial quality (spoilage and pathogen
microorganisms) of ready-to-eat salads as affected by season, produce, type of salad and their
combination, while at the same time investigates the possible relation between physicochemical
(antioxidants and CO; production) and the microbial load of these products. On the second part of this
chapter the effects of the expiring date on the physicochemical (antioxidants and CO- production) and
the microbial load of ready-to-eat salads during two seasons (winter and summer) is also evaluated. The
results from this investigation indicate that season, type of vegetable and expiring date affected the
microbial load and plant-tissue related parameters of ready-to-eat salads. Differences among total
phenolic content and the antioxidant activity of salads were attributed to the interaction of salad
producer*type of salad, since different processing practices influence the safety and quality of fresh
produce by increasing/decreasing plant stress. As it was expected, plant stress was reported on expiring
date and it was related to increased microbial (mainly spoilage microorganisms i.e. Pseudomonas spp.,

yeasts and molds), CO; production and damage index indicators.

Chapter 4 investigates the effects of different plant growth stages, pH and bacterial inoculum levels
on hydroponically cultivated lettuce inoculated with S. Enteritidis. The results of this study the
investigated parameters affected the internalization and survival of the pathogen in the hydroponic
environment and plant tissue. Younger plants were found to be more susceptible to pathogen

internalization compared to older ones. Under the current cultivation conditions no leaf internalization
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was observed at all growth stages and even though the bacterium was present in the hydroponic solution.
Moreover, these results possibly indicate that the presence of the bacterium initiates plant defense
mechanisms i.e. increased phenols, antioxidants and damage index markers (H.02, MDA) in order for
the plant to resist contamination by the invader.

Chapter 5 examines the effects natural products (i.e. marjoram essential oil and hydrosol, ascorbic
acid and chitosan) application on safety and quality of two minimally processed vegetables (fresh-cut
lettuce and shredded carrot). According to the results of this chapter, the application seems to be a
remarkable alternative for the preservation of minimally processed vegetables (fresh-cut lettuce and
shredded carrot) safety and quality suggesting the reduction of chlorine and chlorine based chemical
sanitizers in the food industry. The application of marjoram EQ resulted to improved quality enhancing
the aroma and visual quality of both minimally processed vegetables, reducing their microbial load.
Furthermore in this study it has been shown that the combination of the examined products could be

more efficient for the preservation of fresh produce compared to when used alone.

Chapter 6 (the current chapter) summarizes the work of this thesis and future prospects are also
presented. Furthermore, in this thesis more details related to different chapters are presented in the

appendix section.

A holistic approach for the investigation of fresh produce processing throughout the food chain
(from field to consumer) could result to a better understanding of the current issues reported in the food
industry and lead to the establishment of novel tools that will ensure safety and preserve the quality of

these perishable products.
6.2. Future prospects

Based on the results of the present thesis regarding the pre- and post-harvest safety and quality of

fresh produce and minimally processed vegetables, further studies could:

e Extensively assess the shelf-life of ready-to-eat salads (from packaging to expiring date) and
correlation of their microbial and physicochemical attributes (including enzymatic activity)
as well as the parameters from which it might be influenced for understanding and
development of novel technics monitoring the safety and quality of these products.

e Investigate in a molecular level genes involved on plant colonization by S. Enteritidis,
including genes associated with the attachment of Salmonella cells to surfaces and genes
regarding the interaction of plant tissue with the presence of Salmonella (epi- and
endophytically) for further understanding of bacterial survival and establishment in this
environment.

e Examine with a different approach (than presented in this study-Chapter 4) for the

visualization of internalization of S. Enteritidis alongside with cultures on Petri dishes (use
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of GFP-labeled strain, bacterial staining i.e. SYTQ9 stain) for better bacterial recovery
results.

Determine the role of individual nutrients (cations and/or anions forms) on the presence of
human pathogens, which might lead to the development of guidelines for fresh produce
hydroponic cultivation that will ensure the production of safe and high nutritional products.
Investigate the possible inhibitory effects of the investigated natural products (reported on
Chapter 5) on enzymatic and non-enzymatic browning reactions in minimally processed
vegetables throughout storage time.

Examine the possible application methods for the natural products (dipping, spraying) and
their effects on fresh produce and its microbial load.

Assess the antimicrobial activity of the applied concentrations of the natural products
investigated (in vitro and in vivo) which will give insight to the food industry for eco-
friendly, non-toxic agents that are able to ensure safer and of high nutritional products that

meet the consumers demands.
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APPENDIX

Chapter 3.
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Figure 3.S1. Sample collection (A, B), storage (C), tissue storage (D) and determination of CO2 production (E).
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Figure 3.S2. Real-time PCR results for identification of S. enterica on ready-to-eat salads.
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Figure 4.S3. Real-time PCR results for L. monocytogenes on ready-to-eat salads.

197



Chapter 4.

Control

inoculum

High
inoculum

Figure 4.S2. Old plants 21 dpi.

198



Control

Low
inoculum

High
inoculum

Low
~ inoculum

inoculum

Figure 4.54. Small-medium plants 21 dpi.
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Chapter 5

Experiment 1: Lettuce
Materials and methods

Fresh lettuce leaves were cut into pieces (5 x 10 cm) and washed with tap water. Then, 50 g of fresh-
cut leaves were dipped for 1, 5 and 10 min (according to preliminary tests) into 500 mL of chitosan
solution (0.5 and 1% Chito Plant; ChiPro GmbH, Bremen, Germany). Leaf pieces were then drained,
and placed and enclosed in a polypropylene (PP) and stored at 7 °C and 90% RH for four days. Samples
were inspected (visually) on a daily basis for choosing the adequate dipping time for further assessment.
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Figure 5.51. Application of chitosan on fresh-cut lettuce (preliminary test for determining the time of
application)
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Figure 5.52. Screening of marjoram essential oil, chitosan and ascorbic acid on fresh-cut lettuce weight
loss (%) after 6 days storage at 7 °C and 90% RH. On the columns, significant differences (P<0.05)
among treatments are indicated by different Latin letters for different days.
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Figure 5.S3. Preliminary screening of marjoram essential oil (EO), chitosan and ascorbic acid (AA) on

fresh-cut lettuce color after treatment and up to 6 days of storage at 7 °C and 90% RH. In each day,
three representative samples for each treatment are shown.

201



Dayo0

- T r
e

= T 3

Ao . ‘

AA (1%)

EO+Chitosan
EO+AA
Chitosan+AA

Chlorine

Figure 5.54. Impact of marjoram essentlal oil (EO), chltosan and ascorbic acid (AA) alone and thelr
combinations on fresh-cut lettuce color after treatment and up to 6 days of storage at 7 °C and 90% RH.
In each day, three representative samples for each treatment are shown.
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Experiment 2: Carrots
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Figure 5.S5. Screening of marjoram essential oil, marjoram hydrosol and ascorbic acid on shredded carrots weight
loss (%) after 7 days storage at 4 °C and 90% RH. On the columns, significant differences (P<0.05) among
treatments are indicated by different Latin letters for different days.
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Figure 5.S6. Prellmlnary screenlng of marjoram essentlal oil (EO), marjoram hydrosol (Hyd) and ascorbic acid
(AA) on shredded carrots color after treatment and up to 7 days of storage at 4 °C and 90 % RH. In each day, two
representative samples (Petri dishes) for each treatment are shown.
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