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Abstract

Atmospheric cold plasma (ACP) is a novel emerging non-thermal technology that has
attracted attention as a decontamination tool in several industrial, food and healthcare sectors.
This study investigated the anti-microbial efficacy of ACP against microbiological risks
associated with fresh foods. Treatment was performed using in-package ‘dry’ ACP
technology and plasma functionalised liquid to decontaminate microorganisms, exploring the
responses to real and challenging microbiological risks pertinent to both fresh foods
themselves as well as the effluents generated from food processing industry. A range of
critical control process parameters were investigated with respect to key pathogenic and
spoilage microorganisms commonly implicated in the food environment.

The inactivation efficacy of ACP against all applied bacterial strains was depended on
applied voltage, treatment time and post treatment storage time (PTST). Greater inactivation
was obtained at 80 kV with 24 h of PTST providing greater interaction between the bacteria
and the reactive species. Bacterial biofilms were significantly susceptible to ACP. Viable and
metabolic active cells in mono and dual biofilms were inactivated within short treatment
time. Different inactivation rate was observed, depending on physiological state of the
bacteria (planktonic or biofilms, mono or mixed culture). An extended time was required to
reduce the challenge mixed culture biofilm formed on lettuce at environmental stress
conditions. The study demonstrated that produce storage conditions, such as temperature and
storage time had interactive effects on bacterial proliferation, stress response and
susceptibility to the ACP treatment, highlighting the importance of preventive measures as
key factors for the assurance of microbiological safety of fresh produce. Further, to ascertain
the effect of stress conditions on ACP’s bacterial inactivation efficacy, L. monocytogenes and
its knockout mutants associated with stress were treated with sub-lethal stress conditions. The
gene expression of stress associated genes were significantly increased after 1 min treatment,
while long treatment time reduced the gene expression and some cases down-regulated prfA
and gadD3 gene expression. By comparing the response of mutants under ACP exposure to
key processing parameters, the experimental results presented here provide a baseline for
understanding the bacterial genetic response and resistance to plasma stress and offers
promising insights for optimizing ACP applications.

The impact of the ACP technology on model food surface and wash-water generated from
fresh produce processing was also investigated. The ACP treatment reduced microbial load

showing similar efficacy as chlorine, providing further advantage of continuously treating the



lettuce wash water. Micro-bubbling along with agitation assisted bacterial detachment and
distribution of reactive species, thus increasing bacterial inactivation efficacy from fresh
produce and wash water. Liquid media complexity was explored as a factor in cold plasma
decontamination efficacy for microbiologically safe effluents from food processing. The high
nutritive components in the model effluents exerted a protective effect during treatment,
showing higher inactivation in phosphate buffer solution (PBS) than in nutrient rich
wastewater effluents. ACP was effective to inactivate principle indicator bacteria (mono and
mixed culture planktonic bacteria and spores) from model dairy and meat wastewaters. This
study also investigated the eco-toxicological impact of cold plasma treatment of the model
wastewater using a range of aquatic bioassays. Differing sensitivities were observed to ACP
treated effluents across the different test bio-assays; with greater sensitivity retained to
plasma treated meat effluent than dairy effluent. The toxic effects were dependent on
concentration and treatment time of the ACP treated effluents.

ACP shows potential as an efficient decontamination approach against bacteria in their most
resistant, biofilm or spore form associated with complex and nutritious food products during

food production to wastewaters generated by the food industries.
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Chapter 1 Introduction

1.1 Microbiological challenges associated with fresh-cut and minimally processed
produce

The role of fresh vegetables and fruits in a nutritious and healthy diet are well recognised.
Hence, significant rise in the consumption of fresh produce for health benefits has occurred
with rise in lifestyles and major shifts in consumption trends. Amongst them, the intake of
fresh-cut or minimally processed produce has undergone sharp increases. Fresh-cut products
are in a raw state, fresh like produce which could be minimally/partially processed without
freezing, preservatives, canning, fermentation or acidification process. A Food and
Agriculture organization statistical database (FAOSTAT., 2013) report indicated an overall
38% increase in production of fresh fruits and vegetables worldwide between 2000 and 2011.
The region of Europe and Central Asia produced 136 million tonnes of vegetables in 2010.
However, the incidences of foodborne outbreaks linked to contaminated fresh produce have
also increased (Mukherjee et al., 2006) becoming the fourth highest for foodborne illness
since 1990 (Varzakas and Arvanitoyannis, 2008). In 2016, a total of 4,786 food-borne
outbreaks, including waterborne outbreaks were reported in the EU, resulting in 49,950 cases
of illness, 3,869 hospitalisations and 20 deaths (EFSA, 2017). This trend has continued and
prevention of contamination in fresh fruits and vegetables as well as fresh produce outbreaks
has become a major food safety challenge. Fresh produce remains the leading cause for
foodborne illness outbreaks implicating virulent pathogens such as Escherichia coli,
Salmonella typhimurium, Listeria monocytogenes, viruses (Hepatitis A), protozoa
(Cryptosporidium parvum) and increasingly human parasites (Callejon et al., 2015) with E.
coli, L. monocytogenes and Salmonella sp. being the leading cause of the foodborne

outbreaks (Crowe et al.,, 2015; Olsen et al., 2000). Consumption of these foodborne



pathogens can lead to severe illnesses, hospitalisation and in some cases even death. Some

examples for foodborne illness linked to fresh produce are represented in Table 1.1.

Table 1.1: Examples of foodborne illness outbreaks linked to fresh produce from 2011

to 2018 (source: CDC, 2018)

Year Product Pathogen No. of cases
2018  Fresh Produce vegetable Cyclospora 237
trays
2018  Pre-Cut Melon Salmonella Adelaide 77
2018  Romaine Lettuce E. coli O157:H7 210
2017  Leafy Greens E. coli O157:H7 25
2017  Maradol Papayas Salmonella: Thompson, Kiambu, 220
Agona, Gaminara, and Senftenberg
2016  Frozen strawberries Hepatitis A 143
2016  Frozen vegetables L. monocytogenes 9
2016  Packaged salads L. monocytogenes 19
2015  Cucumbers Salmonella Poona 907
2014  Caramel apples L. monocytogenes 35
2014  Cucumbers Salmonella enterica Newport 275
2013  Ready to eat salad E. coli O157:H7 33
2013  Salad mix Cyclospora cayetanensis 631
2013  Cucumbers Salmonella enterica Saintpaul 84
2012  Organic spinach/spring mix  E. coli O157:H7 33
blend
2012  Mangoes Salmonella Braenderup 127
2012  Cantaloupe Salmonella enterica Typhimurium 261
and Newport
2011  Romaine lettuce E. coli O157:H7 58
2011  Cantaloupe L. monocytogenes 147
2011  Papaya Salmonella Agona 106
2011  Cantaloupe Salmonella enterica Panama 20



Other than pathogenic microorganisms, there are several spoilage organisms that can enter
the plant tissue through wounds and cause spoilage. The causative agents for spoilage in fresh
produce are Erwinia carotovora, Pseudomonas spp., Xanthomonas campestris, lactic acid
bacteria (Leuconostoc mesenteroides), Botrytis, Alternaria, Sclerotinia and Rhizopus, with E.
carotovora and Pseudomonas fluorescens being the most common spoilage causing bacteria,
attacking virtually every vegetable type (Tournas, 2005). Spoilage in general is characterised
by soft, watery and slimy appearances which are responsible for tuber rot, soft rot and black
rot type of spoilage in vegetables.

The open nature of the fresh produce production process makes it susceptible to multiple
sources of contamination. Vectors responsible for transmission of these microbes onto the
produce include soil particles, airborne spores, biological amendments and faecal
contaminated irrigation water. Fresh produce can get contaminated during growth in field,
during harvesting, post-harvest handling or during storage and distribution (Nuesch-
Inderbinen and Stephan, 2016; Olaimat and Holley, 2012). Pathogens and spoilage
microorganisms can survive for extended periods within the environment and become widely
distributed. Under ideal conditions, they colonise, creating lesions and internalising in healthy
plant tissue. Internal tissues are rich in nutrients (water activity, aw>0.90) and have neutral
pH which provide the microorganism ideal conditions to grow and multiple inside the
produce (Barth et al., 2009). During the production of fresh-cut or minimally processed fruits
and vegetables, washing has been identified as a potential pathway for dispersion of
microorganisms and more specifically E. coli to the end product (Holvoet et al., 2012).
Although washing with water or disinfectants helps remove significant number of microbes,
the ability to eliminate naturally present microorganisms from fresh produce is limited
(Banach et al., 2015). Attachment of pathogens to surfaces and internalisation of pathogens

within the plant tissues limits the efficacy of conventional processing and sanitising methods



in preventing transmission from contaminated produce. The survival and growth of
foodborne pathogens depends on environmental conditions in the field and during storage,
microorganism and the produce item involved. Minimally processed fresh produce possess an
additional risk of food safety as they are consumed raw fresh produce can serve as a vehicle
for many food-borne pathogens to survive and cause human infections (Lopez-Gomez et al.,

2018).

1.1.1 Pathogens of concern for fresh food and fresh food processing environment

Listeria species

Listeria spp. are Gram-positive, non-spore forming, non-capsulated, facultative anaerobic
bacteria. The Listeria genus mainly include L. monocytogenes, L. ivanovii, L. innocua, L.
welshimeri, L. seeligeri and L. grayii, however the Listeria spp. has expanded over the past
few decades and currently contains 11 other species (Bertsch et al., 2013; Orsi and
Wiedmann, 2016). Of these species, L. monocytogenes (foodborne human pathogen) and L.
ivanovii (animal pathogen) are documented pathogenic strains. L. monocytogenes persist
within the human gastrointestinal tract and are known to cause Listeriosis. It is an important
foodborne pathogen of public health and food safety significance. In 2015, the EU reported
2,206 numbers of confirmed cases of Listeriosis in humans and approximately 964
hospitalisations (EFSA, 2017).

L. monocytogenes can be classified into 13 serotypes (Seeliger and Hohne, 1979) ) of which
serotypes 1/2a, 1/2b, 1/2c and 4b are the most frequently isolated from food or food
production environments and are primarily responsible for causing Listeriosis (Pan et al.,
2009; Swaminathan and Gerner-Smidt, 2007). The commonly used lab strains EGD-e, EGD
and 10403S belonging to serovar 1/2a, appear to be increasingly associated with human
infections. In 2011, the strains (type 1/2a and 1/2b) were implicated in US multistate

cantaloupe-associated listeriosis outbreak which resulted in 147 deaths (McCollum et al.,
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2013). L. monocytogenes are ubiquitous and can be isolated from soil, wastewater, sewage, a
and wide variety of vegetables like lettuce, celery, potatoes, tomatoes, broccoli etc. (Beuchat,
1996). Several studies conducted have indicated the prevalence of L. monocytogenes in fresh-
cut produces (Oliveira et al., 2014; Vandamm et al., 2013). It is an important pathogen of
concern in fresh produce due to its ability to tolerate a wide pH range (4-9), low water
activity (Gandhi and Chikindas, 2007) and also a variety of stress conditions including low
temperatures, high salt conditions and gas atmospheres commonly present in modified
atmosphere packaging (MAP) (Capozzi et al., 2009). This endows the bacterium capacity to
survive in varied food processing and storage conditions. It can not only be found on the food
products but also can attach and form biofilms on any food processing equipment (Beresford
et al., 2001). Biofilm forming capacity of L. monocytogenes makes it difficult to control and
eradicate it completely from the fresh produce. Since bacterial cells can easily be transferred
from biofilms to food products, biofilms containing pathogenic bacteria such as L.
monocytogenes are of particular concern for food industries.

Escherichia coli

Escherichia coli is a Gram negative, short rod shaped bacteria with cells varying from cocci
to long filamentous structure (Percival et al., 2004). It is a normal facultative anaerobic
microflora of the human and animal intestine. Though they are harmless  commensals,
various E. coli strains have acquired genetic determinants (virulence genes) rendering them
pathogenic to humans and animals (Holko et al., 2006). E. coli is the best indicator for faecal
contamination of water and food products. Pathogenic E. coli are categorised to specific
groups on the basis of serological & virulence characteristics, mechanisms of pathogenicity,
clinical symptoms: entero-pathogenic (EPEC), entero-toxegenic (ETEC), entero-
haemorrhagic (EHEC), entero-invasive (EIEC), entero-aggregative (EAggEC) (Holko et al.,

2006; Percival et al., 2004). The EHEC strain, E. coli O157:H7 has become an important



pathogen of concern for the food and dairy industries for its ability to survive and grow at
acidic environments (Tsegaye and Ashenafi, 2005) and cause infection at low doses, that is
with less than 100 cells (Bitton, 2005). E. coli O157:H7 is reported to survive in acidic foods
such as refrigerated apple cider (Besser et al., 1993) and yogurt (Tsegaye and Ashenafi,
2005). It has the ability to cause diverse illnesses such as haemorrhagic colitis, haemolytic
uremic syndrome, septicaemia and meningitis (McClure, 2005). Food and water are
important sources of transmission for this pathogen. Several outbreaks of E. coli
gastroenteritis are associated with contamination in food processing industries including milk
(Leedom, 2006), cheese, fresh produces (Critzer and Doyle, 2010), meat (Zhao et al., 2001)
and water (Friedman et al., 1999). Reports for infections caused by E. coli has been
increasing worldwide (CDC, 2016) which has classified the specific serotype E. coli

0157:H7 as a current pathogen of concern.

Salmonella

Salmonella spp. are Gram negative, facultative anaerobic and rod-shaped bacteria. The
Salmonella genus has more than 2700 serotypes identified, and they are all are major concern
to almost all sectors of the food industry. Surveys have indicated the presence of several
serotypes responsible for disease in both humans and animals (U.S. Food and Drug
Administration, 2015). Poultry, eggs, dairy, fresh fruits and vegetables are commonly
implicated sources in Salmonellosis outbreaks. Amongst them is the Salmonella baildon
outbreak associated with shredded lettuce, dried tomatoes which was isolated from patients in
geographically separate areas of the U.S (FDA, 2016). Salmonella was identified as one of
the most frequent cause of foodborne outbreaks with serovars Salmonella enteritidis and
Salmonella typhimurium being most frequently associated with human illness (EFSA, 2015a).
Salmonella spp. are resistant pathogens that can adapt to various environmental stress

conditions. It has been reported to grow at elevated temperatures, pH ranging from 4.5 to 9.5



(optimum pH for growth at 6.5 to 7.5) as well as in environments with high salinity (>2%
NaCl) (Montville and Matthews, 2008). They have also been reported to survive under
freezing conditions for prolonged periods. Many factors may enhance the prevalence of
Salmonella in foods, which includes: physiological state of the food, water activity (aw),
nutritional state of the foods and serovar specific responses.

Iliness caused by Salmonella serotypes range from gastroenteritis to enteric (typhoid) fever,
septicaemia and chronic sequelae (Forshell and Wierup, 2006). Epidemiologic evidence has
indicated low doses of the bacteria to cause an infection. The virulence plasmids present
within the genus may enable the bacteria to rapidly multiple within and host the overcome the
host defence mechanisms. Several virulence determinants are responsible for Salmonella spp.
to cause disease, such as the genes involved in nutrient synthesis, stress response and cell

damage repair.

Bacillus megaterium

The Bacillus genus, part of the Bacillaceae family, is probably the oldest and most diverse
genus of bacteria. B. megaterium is a Gram-positive aerobic spore-forming bacterium, cell
ranging in size from 1.5 by 4 um and is the largest of all Bacilli. They are ubiquitous in
nature found widely in almost all habitats including soil, air, lake sediments, water, dried
foods as well as extreme environments such as thermal acid water, salt marshes and diseased
bee larvae (Vos et al., 2011). Bacillus species spores are dormant and are extremely resistant
to environment stress including heat, radiation, desiccation, mechanical disruption and high
level of toxic chemicals such as strong oxidisers and pH change agents (Setlow, 2007; Setlow
and Johnson, 2013). The spores possess a robust physical barrier and metabolic activity is not
influenced by chemically aggressive species. They are also known to play an important role
in detoxifying chemicals due to the presence of enzymes in the spore surface layers i.e. in the

bacterial spore coat (Henriques and Moran, 2007).



As most of the bacterial spores are abundant in the environment, they are a major threat to
food safety and public health. Previous studies have indicated the presence of higher
concentration of aerobic spore forming bacilli in surface or treated water than Clostridium
perfringens as well as parasite protozoan cysts (Bitton, 2011). Several studies have suggested
the use of Bacillus spores as a surrogate for assessment of water treatment technologies with
regards to the removal of Cryptosporidium and Giardia cysts (Nieminski et al., 2000; Rice et
al., 1996). Due to distinctive limitations and resistance of bacilli spores to conventional
treatment methods, there is need for an effective sterilisation method for complete

inactivation and destruction of bacterial spores.

1.1.2 Spoilage bacteria of concern associated with food and food processing

environments

Brochothrix thermosphacta

B. thermosphacta is a common food spoilage agent, which grows on raw food, lightly
preserved meat products and meat processing facility surfaces (Nychas et al., 2008). Its
ability to survive and grow in the otherwise challenging environments implemented in meat
processing and preservation indicate the need for alternative decontamination and control
measures. It is a facultative anaerobe able to tolerate growth at variable temperatures of 0-
30°C, pH 5-9 (Collins-Thompson and Rodriguez Lopez, 1980), within water activity range of
0.94-0.99 (Gardner, 1966) and tolerates up to 10% NaCl (Erkmen, 2000; Gribble and
Brightwell, 2013). The bacterium displays lipolytic activity also under refrigeration
temperature (Nowak et al., 2012) in prepacked and vacuum packed meat products (Gardner,
1966) which helps the bacteria to grow under O depletion and in presence of CO>
concentrations (Pin et al., 2002). B. thermosphacta produces volatile compounds such as
acetoin, diacetyl (aerobic growth), or lactic acid and ethanol (anaerobic growth) causing

flavour deterioration and strong off-odour in meat (Borch et al., 1996; McLean and
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Sulzbacher, 1953; Stanley et al., 1981). These characteristics reveal why B. thermosphacta is
a significant meat coloniser and food spoilage causing bacteria (Ercolini et al., 2006).
Globally, B. thermosphacta is addressed as a pre-dominant organism responsible for meat

spoilage therefore is of importance for trade of fresh meat products.

Pseudomonas species

Pseudomonas spp. is most frequently reported bacteria genus found in food processing
environments and across all types of foods. Pseudomonas spp. are versatile psychrotrophs
commonly associated with spoilage of fresh foods because of their widespread existence in
water, soil and vegetation under both optimal as well as refrigeration temperatures. They are
frequently introduced into the food processing environment through several routes. Also, they
are ubiquitous, they acquire different niches in the production environment with respect to
nutrients, temperatures, surface materials, and stress factors (Mgaretrg and Langsrud, 2017).
Four species of Pseudomonas commonly associated with food spoilage are P. fluorescens, P.
corrugata, P. putida and P. marginalis. Soft rots in plant derived food occurs when pectin
that hold plant cells together are degraded by pectic lyases enzyme secreted by P. fluorescens
and P. viridiflava (Rawat, 2015). This results in maceration of the host tissues. Other tissue
degrading enzymes produced by these spp. include cellulases, xylanases, glycoside
hydrolases and lipoxygenase (Gross and Cody, 1985; Zhuang et al., 1994). They are capable
of synthesising enzymes even under refrigeration temperatures and cause food spoilage.
Pseudomonas spp. are of great importance amongst products that are stored at low
temperatures. They grow and multiply continuously in refrigerated products causing
putrefactive odours and slime (Raposo et al., 2017). Pseudomonas spp. are also characterised
as quick and thick biofilm producers. Biofilm formation is relatively extensive in
Pseudomonas at temperatures relevant to food production; studies by Liu et al. (2015)

demonstrated maximum biofilm formation of P. lundensis at refrigeration temperatures (4 °C



and 10 °C) than at higher temperature (30 °C). Pseudomonas spp. are also highly capable of
competing with other food associated microbes; several characteristics of Pseudomonas spp.
explain its dominance and persistence in combination with other bacteria (Langsrud et al.,
2016). Studies have revealed P. fluorescens interactions with other bacterial strains such as
L. monocytogenes which leads to increased colonisation and resistance of this pathogenic
bacterium from disinfection and sanitising agents (Carpentier and Chassaing, 2004).
Similarly, a mixed biofilm of P. fluorescens and B. cereus demonstrated increased tolerance
to surfactant and aldehyde when cultivated in a rotating stainless-steel device for 7 days
(Simdes et al., 2009). Resistance against these disinfection agents makes the bacterium of

great concern in food processing industry.

1.2 Microbiological concern associated to food industry wastewater treatment

In most food industries, water is the most used raw material for the production of high value
products. They are the major consumer of Earth’s fresh water; with more than 66% of the
fresh water abstractions worldwide go towards food production (Kirby et al., 2003). Water
plays a vital role in the food industry with large volumes of wastewater from various
processing steps including cooling, heating, extraction, reaction by-products, washing,
cleaning, sanitisation and various steps in the manufacturing of food products themselves.
Food processing industries are one the largest source of wastewaters, with a trend of
increasing volumes being produced (Valta et al., 2015). The physical and chemical properties
of the effluents derived from the food sector vary in line with the product type, manufacturing
subsets, applied process and the capacity of the plant. The main contaminants are
microorganisms, sanitising products, pesticides, metals, nutrients (proteins, carbohydrates,
fats, minerals), organic and inorganic materials, with high variation in pH (Bustillo-
Lecompte et al.,, 2013; Gough et al., 2000; Perle et al., 1995). Industrial wastewater is

difficult to characterise, as the quality and quantity of wastewater produced by a particular
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industry depends on the type of the processing plant, plant size and processing step involved
(Bustillo-Lecompte et al., 2014; Cristian, 2010). It may vary according to processes, season
and related products.

According to report by World Water Assessment Programme (WWAP., 2012), about 80% of
wastewater is released into the environment with inadequate treatment which further
contributes to degradation of water quality. Consequence of releasing untreated/inadequately
treated water into the environment include direct impact on human health, environment
(water bodies and its ecosystem) and subsequently affecting economic activities such as
industrial production, fisheries, aquaculture and tourism (Hernandez-Sancho et al., 2015).
The average values of wastewater generated by the major food processing sectors reported
are given in the Table 1.2. The general requirements for discharges from urban wastewater
treatment plants are 25 mg/L for Biological oxygen demand (BOD), 125 mg/L for Chemical
oxygen demand (COD) and Total suspended solids of 35 mg/L (The Council of the European

Communities, 1991) .

Table 1.2: Estimated values of wastewater generated by Food Industry

Industry type TOC COD BOD pH
(mg/L) (mg/L) (mg/L)
Dairy products? 850-1300 1400-3000 1100-1800 6.9-7.5
Meat and Poultry® 50-1750 500-16,000 2-7 4.9-8.1
Vegetables, fruits® 249-420 919-3700 860-3200 4.6-7.9

3(Shete and Shinkar, 2013), ®(Bustillo-Lecompte and Mehrvar, 2017),

(Puchlik and Struk-Sokotowska, 2017)
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1.2.1 Food industry (FI) and their characterisation

Dairy Industry

The dairy industry is one of the largest sources of the wastewater effluents in regard to the
volume of the water consumption by the industry. A typical European dairy generates
approximately 50 m3 wastewaters per day. The main liquid waste types (e.g. product residue
and waste generated from cleaning) and the quantities of their key pollution indicators (BOD,
COD, suspended solids, total nitrogen, total phosphate, and total oils, fats and greases) in
Europe are documented Annual Environmental Reports on Environmental Protection Agency
(EPA) website (Valta et al., 2015). Most of the waste generated in dairy industry is liquid
which comprises of volatile milk constituents, fats and proteins of milk and milk products
being processed. The need for water in the dairy industry is huge; water is used throughout all
steps such as sanitisation, heating, cooling milk processing, cleaning and packaging (Barbera
and Gurnari, 2018). In general, the composition of dairy wastewater is correlated to BOD and
COD values representing the high organic content (Shete and Shinkar, 2013). These effluents
have different characteristics depending on the final products; generated volume and based on
the processing plant. Each division produces a characteristic composition of wastewater
depending on the product produced (cheese, butter, milk powder, yogurt). The range of
production of wastewater is highly influenced by management practices and the design of the
plant.

Milk and milk products can harbour a variety of microorganisms and can be important
sources of foodborne pathogens. The presence of these pathogens is due to its contact with its
source, that is the dairy environments and excretion from the farm animals (Oliver et al.,
2005). There are major concerns over the contamination with soil, water and air when they
come in contact with solid or liquid surface. With a notable concentration of organic matter

and pathogens these effluents may create serious burdens on the industry treatment systems.
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Meat processing industry

Meat processing industry produce large volumes of wastes mainly produced from
slaughtering of animals, cleaning and sanitisation of equipment, slaughter house facilities and
meat processing units. Preparation of meat products is a multi-stage process that generates
wastewater after each respective step. The meat industry uses 24% of the total freshwater to
that consumed by food and beverage industry (FAO, 2013). Over the past few years, the
global meat industry has increased and is projected to see a doubling of production (FAO,
2013).

Meat wastewater compositions vary significantly depending on the industrial process and
specific water consumption. The effluent from the meat industries contains heavy loads of
organic wastes like blood, loose meat, soluble proteins, fats, greases, oils and solid wastes.
They may also contain high concentrations of nitrogen, phosphorous and Total Suspended
Solids (TSS); which may cause deoxygenation of water bodies and contamination of ground
water (US EPA, 2004). Wastewater from slaughter houses is considered as the most harmful
wastewater for environment by the US EPS. Release of these effluents into the environment
causes deleterious effect on aquatic life as well as effect on the water quality thus impacting
further reusability of water.

Fresh produce effluent

Water is critical for the fresh produce industry, most of the products are washed, cooled, or
transported using water. Most of the food processing involves cleaning, trimming, shredding,
slicing, washing, drying and packaging (Yildiz, 1994). The washing with water is a common
preliminary step used to remove soil, debris, exudates, microorganism from fresh fruits and
produces. Like in the case of minimally processed food products, fresh produce are cleaned,
washed, cut, packed and sold as ready to eat foods. The entire treatment and packaging cycle

for these products relies on the use of water. Difference in water quality produced can be
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found in different commodities and postharvest operations of fresh and fresh-cut produce (S.
Van Haute et al.,, 2015). The wastewater resulting from these washes contain high
concentrations of organic matter including carbohydrates and minerals depending on the raw
material processed or time of the year. Differences in the microbial population load can be
observed due to the seasonal nature of the processed commodities (Valta et al., 2016).

In case of the fresh and fresh-cut products, wash water after contact with the raw produce and
after rinsing and washing are important source of organic compounds, pesticides, and
bacteriological contamination (Gil and Allende, 2018). The high organic content of the wash
water potentially encourages growth of microbial populations. Washing has been identified as
a potential pathway for dispersion of microorganisms during fresh produce processing, and if
a pathogen is present in this water, they can be distributed on the end product via cross
contamination (Holvoet et al., 2012). In many countries for economic and environmental
reasons, water re-use has become a valuable practice in fresh produce industry (US
Environmental Protection Agency, 2012). However, water and wastewater utilisation, costs

of treatment and disposal guidelines remains a critical factor for sustainable use of water.

1.2.2 Pathogens of relevance related to wastewater treatment

Apart from high organic loads, pathogenic microorganisms are widely found in the
wastewater effluents released from the food industry. Such environments are an ideal place
for the growth of both pathogenic and spoilage microorganisms. The key sources of
contamination can be from the farms (the environment itself: soil, water, human contact),
collection and process equipment on the farm and in the industry. Several previous studies
have shown significant microbial concentrations and potential presence of pathogens in the
food processing industrial environment (McGarvey et al., 2004; Parkar et al., 2015). A wide
range of microbial profiles are present in food industry effluent like Cryptosporidium,

Giardia, Escherichia coli, Clostridium perfringens, Enterococcus faecalis, Salmonella,
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Bacillus species etc. Entry of foodborne pathogens via contaminated food and milk products
into the dairy-food processing plant leads to persistence and establishment of pathogens in
the form of biofilms or bacterial endospores/spores. Inadequate processing and treatment of
these effluents may lead to survival of these pathogens and result in public health concerns.
The primary concern with food industry waste is the organic load present which may act as
food sources for microbial growth. Microorganisms therefore, continue to grow and
proliferate rapidly causing a significant rise in biological oxygen demand (BOD), chemical
oxygen demand (COD) and total suspended solids (TSS) content in industrial wastewaters.
Water reuse has been gaining momentum as an alternative reliable source of fresh waters for
food processing industries (WWAP, United Nations World Water Assessment Programme,
2017). Environmental and public health risk is an important aspect of water re-use; cleaning
and effective treatment is therefore important to guarantee quality and safety of the recycled
water. |If the water is inadequately treated, they can promote cross-contamination; affect the
entire food processing plants as well as the food end products. The presence of bacteria in the
water source is of utmost concern due to their virulence which poses a serious threat to public
health. Pathogenic bacteria derived from food processing industries are exposed to several
high doses of chemical and antibiotics which might additionally benefit the bacteria in

gaining resistance (Capita and Alonso-Calleja, 2013).

1.2.3 Current Treatment measures

The importance of treating wastewaters from the food industry has become an important
process particularly given the number of contaminants and volume of wastewaters discharged
from these industries. In almost all the treatment processes, the approach is more oriented
towards protection of the environment rather than conserving and reuse of the treated water.
Several R&D activities are implemented in industries to reduce the environment pollution

and discharge of effluent waters by adopting advanced technologies. Industries are
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continuously seeking to implement advanced innovative methods to combat the
environmental impact of the wastewaters discharged.

In practice, there are several treatment methods that are applied to wastewater effluents from
food processing industries. The contaminants in wastewaters released from major food
sectors include suspended solids, organic/inorganic materials, toxins and vaccines, BOD and
COD components and microorganisms (Barbera and Gurnari, 2018). Primary treatment is
aimed in reducing the large particles such as grits, floatables, grease, settable suspended
solids which could influence the proper functioning of a water treatment plant. The physical
treatments used at this stage namely filtration and sedimentation remove suspended solids
and BOD with organic and inorganic matter from the wastewaters (EPA, 1997). Water
disinfection technology is applied at the final stage of the water treatment process, before
releasing it into the water body. The main goal of the disinfection is to prevent large
concentrations of microorganisms and other suspended particles that survived previous
treatment from reaching waterways (Spellman, 2014). The selected application treatment
method primarily depends on nature and physiological properties of the wastewater. An
optimum and effective disinfection method is difficult to select because of the limitations that
some treatments may represent when eliminating microorganism of public risk, coupled with
the potential for the introducing disinfection by-products (DBP’s) that may have formed or
accumulated through the treatment process (Spellman, 2014). There are various traditional
methods applied for wastewater treatment, each system having their own advantages and
disadvantages. Some of the common disinfection methods employed at various stages in food

industry are summarised in Table 1.3.
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Table 1.3: Summary of common methods of wastewater treatment

Treatment operations Performance Reference
Electrocoagulation BOD by 27.02% and TSS by (Zuhria et al., 2018)
85.7%
UV Photolysis and Ozonation 64% COD reduction (Jing and Cao, 2012)
Advanced oxidation process | 76.70-90.70 % COD reduction  ( Karagozoglu, 2014)
Gamma radiation 38.65-85.75 % BOD removal (Melo et al., 2008)
Ultrafiltration >99.8% for TOC and >99.5% (Vourch et al., 2008)
for lactose
Ozonation 88 % COD removal, 68% BOD (Martinez et al., 2011)
Ultraviolet radiation <12 mJ/cm? for a 4 Logo (Rose and O’Connell,
reduction in bacterial 2009)
inactivation

PAC: Polyaluminum chloride; BOD: Biological oxygen demand; COD: Chemical oxygen

demand; TOC: Total organic carbon

Ultimately the selection of an appropriate treatment process depends on the characteristics of
the wastewaters as well as specific regulations. Wastewater discharge standards in Ireland

follow European wastewater legislations as shown in Table 1.4.

Table 1.4:Wastewater discharge standards in Ireland (EPA., 2013)

Parameters Concentration (mg/L)  Minimum reduction (%)
BODs without nitrification 25 70-90
COD 125 75
TSS 35 90
TP 1-2 80
TN 10 - 15 70-80

BOD: Biological oxygen demand; COD: Chemical oxygen demand; TSS: Total organic

carbon; TP: Total phophorous; Total Nitrogen: Total nitrogen

17



Previous studies with treatment technologies have demonstrated the effective removal of
organic matter but were not capable of completely eliminating emerging contaminants such
as neurotoxins, trichloroethene and resistant microorganism from the wastewaters.
Traditional treatment methods could be limited by a number of factors such as high energy
consumption, climate, temperature, higher retention time, larger volume reactors, higher
contaminants level and resistance of the microorganisms to certain chemicals. Another
disadvantage of some these treatment methods are the toxic disinfection by-products which
are formed when disinfectants react with certain reactants present in the water effluent such
as Trihalomethanes (Van Haute et al., 2013) which is a major risk to environment and public
health. Further details on current decontamination method applied in food industry for

treatment of food products and wastewater generated is discussed in Section 1.4.

1.3 Microbial resistance

1.3.1 Bacterial Internalisation

An important factor associated with fresh produce contamination and increased resistance of
bacteria to antimicrobials is the ability of bacteria to internalise inside plant tissue. Bacterial
pathogens may enter fresh produce through both natural (intercellular tissues, stomata,
lenticels, lateral junction of roots) and damaged (wounds, cuts) tissue sites (Erickson, 2012).
These habitats provide stress protective niches for bacteria which also serve as rich sources of
water and nutrients (Yaron and Romling, 2014). Fresh produce can become contaminated by
pathogenic bacteria at any point along the farm-to-table food chain (production, harvesting,
processing, packaging and handling). Several studies have shown that human pathogens can
enter the stomata and cut edges of the fresh produce. Internalisation of E.coli and L.
monocytogenes was found within core tissues and in the stomata of spinach and lettuce

(Olmez and Temur, 2010). E. coli O157:H7 was able to reach the internal cavity of stomata,
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intercellular spaces of the spongy mesophyll and vascular tissue (Saldafa et al., 2011). A
number of factors influence the likelihood of internalisation of pathogenic bacteria within the
plant such as strain/serotype of the bacteria, their concentration, plant type, route of
contamination, age and stage of plant development (Deering et al., 2012; Golberg et al.,
2011). Some bacteria strains are better able to colonise produce surfaces, damaged tissue, and
form biofilms. Also the plant species influences the pathogen persistence (Olaimat and
Holley, 2012). Several surface structures of enteric bacteria (pili, fimbriae, flagella and Type
Il secretion system) play an important role in bacterial adherence to produce (Shaw et al.,
2008). Some bacteria strains are better able to colonise produce surfaces, damaged tissue, and
form biofilms. Also the plant species influences the pathogen persistence (Kroupitski et al.,
2009).

Although the overall population present on the plant’s surface often declines after disinfectant
washes such as chlorine or alternative sanitisers, enteric bacteria present inside the plant
tissues are able to survive and replicate at high densities (Gu et al., 2013). In addition, in
most cases enteric bacteria survive in produce without modifying the habitat but start to
aggregate to produce a biofilm matrix. Limitations in the effectiveness of most disinfectant
washes are partly due to microbial biofilm formation and the physical structure of the
produce which limits the accessibility of the sanitiser to reach sites where bacteria reside.
Curli fibres which are known to be involved in cell aggregation and biofilm formation are
also shown to play a role for internalisation of S. enterica in tomato and parsley (Cevallos-
Cevallos et al., 2012; Pr