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Abstract

Fruit and vegetables are vital components of a healthy diet, and international
strategies to encourage their consumption are in place (FAO/WHO, 2005). Ready-
to-eat (RTE) leafy green vegetable products have exploded in popularity, and are a
convenient and attractive way to add greens to the plate. Unfortunately, sales
numbers are accompanied by increasing numbers of food-borne illness outbreaks.

This thesis focuses on the microbial hygiene from a consumer’s perspective,
followed by application and evaluation of biological control as a mean of reducing
the risk of food-borne illness.

When studying the efficacy of two different household washing methods to reduce
the bacterial load on leafy green vegetables, it was seen that only after rinsing at
high water velocity (8 L/min), after five repetitions, the bacterial load decreased
with 90 %. The treatment disintegrated the leaves, and still left the produce with
high amounts of culturable bacteria. These results highlight the inefficiency of tap
water washing methods available for the consumer.

Consumer habits are also important to consider when assessing the microbial
hygiene of food products. Packages of RTE leafy green products were opened,
stored at 7 °C and compared with unopened bags. The total aerobic count from
different producers varied greatly and no correlation to opened bags could be made.
Neither could bacterial levels be linked to a certain producer or product type.

Inoculation with E. coli strains indicate that the type strain is able to survive, but not
multiply, in household conditions. However, wild strains of E. coli were seen to
multiply at different time-points during the shelf-life period, adapting to cold
storage conditions. This varying and unpredictable bacterial status of ready to eat
leafy green products calls for new strategies to reduce unwanted microorganisms
and prevent food-borne illness.

By the means of biological control, bacteria can be used to counteract food safety
hazards. Therefore, isolates antagonistic to £. coli have been isolated and evaluated
in an industrial field production setting. Selected isolates showing antagonism in
vitro were coated onto spinach seeds before planting. Next generation sequencing
analysis revealed that the microbiota of the plants inoculated with the selected
strains was altered in a beneficial direction, and a reduction of Escherichia-Shigella
could be seen during the development from seed to plant.
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As a tentative safety evaluation of the selected strains for biological control, an
individual comparison for immunomodulating effects in mice was made. The two
Bacillus coagulans strains consistently resemble the response of untreated animals,
which must be considered a positive trait. The strain of Pseudomonas punonensis
had a weaker influence on the immune system, while the Pseudomonas cedrina
strain and the Rhocococcus cerastii strain induced inflammatory responses. The P.
punonensis strain and one B. coagulans strain increased the microbiota diversity,
which is correlated to host health.

These results encourage the usage of bacterial antagonists as part of the solution to
reduce the risk of human pathogens on leafy green vegetables.
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Popularvetenskaplig sammanfattning

Frukt och gront dr viktiga komponenter i en hilsosam diet, och Livsmedelsverket
rekommenderar ett intag av fem knytnédvsstora portioner, ett halvt kilo, om dagen.
Ett bekvamt och snabbt sdtt att fi i sig gronsaker dr forpackade, fardigskoljda
salladsblandningar. Dessa produkter har okat lavinartat i popularitet det senaste
artiondet, men tyvérr har dven antalet fall av matforgiftning relaterat till dessa
produkter gjort detsamma. Trots forebyggande atgdrder ar det latt att under
produktionsprocessen fa in odnskade bakterier, fran faltet ddr produkten odlas, samt
vid hantering, tvéttning och packning. Samtidigt dts produkten utan upphettning,
och som det oftast rekommenderas pa férpackningen — utan skoljning.

I detta avhandlingsarbete undersoktes forst huruvida det finns mojlighet for
konsumenten att péverka hur mycket och vilka bakterier vi far i oss fran
bladgronsaker, och om konsumenten kan skdlja bort bakterierna. I den forsta studien
visade det sig vara svért att skolja bort bakterierna fran bladgronsakerna. Endast vid
det hogsta vattenflodet, 8 L/min, som var sa hogt att bladen tog synbar skada,
noterades en minskning. Efter fem upprepade tvittningar minskade bakteriehalten
med 90 %. Det kan tyckas mycket, men med tanke pa de hoga utgédngsvirdena pa
bladgronsakerna, sa innebar en 90 %-ig reduktion att ca 20 miljoner bakterier per
gram fortfarande fanns kvar i produkten.

I den andra studien undersdktes om bakterieinnehallet kan paverkas negativt av
att konsumenten Oppnar och forsluter pasen vid upprepade tillfallen under
hallbarhetstiden, genom att jimfora Oppnade forpackningar med odppnade.
Babyspenat, rucola och salladsmix fran olika producenter analyserades, men det
gick inte att koppla bakteriehalt till varken en viss typ av produkt eller en viss
producent. Bakterierna verkade inte heller paverkas ndmnvirt av om pasen var
Oppnad eller inte, oavsett om produkten innehdll skyddande atmosfar.

E. coli tillsattes till produkterna och tillvixten f6ljdes under lagring fram till bést-
fore datum. Olika stammar av E. coli visade pé olika tillvixtmonster och det kunde
observeras att stammarna som hittats pa sallat fran borjan kunde véxa i kyl, i motsats
till typiska E. coli.

Resultaten visar att det dr svart for konsumenten att gdra nagot at situationen med
de hoga bakterietalen pé fardigforpackade bladgronsaker. Bakteriehalterna
varierar mycket mellan likvdrdiga produkter och far man in bakterier i
produktionen sa dr de svara att fa bort. Desto viktigare blir d& de atgdrder som
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gors for att minska risken att f4 in skadliga bakterier i produktionen, som att
anvinda rent vatten och rena maskiner, och tillimpa bra personhygien. Men trots
saddana atgirder fortsitter sjukdomsutbrotten. I ndsta steg av projektet undersoktes
darfor om det gar att gora ndgot at saken pa bakterieniva. Biologisk kontroll ar ett
koncept dir bland annat sd kallade “goda” mikroorganismer anvidnds for att
motverka “elaka”, sjukdomsframkallande mikroorganismer. Konceptet anvinds
framst for att skydda vixande groda. Att anvidnda biologisk kontroll pa gronsaker
for att skydda ménniskor fran sjukdomsframkallande bakterier ar ett relativt
outforskat omréde. I den tredje studien isolerades mikroorganismer som kan
motverka E. coli, en av de vanligaste bakterierna pa bladgronsaker som orsakar
matforgiftning. Manga olika bakterier som kunde hindra tillvixt av E. coli i ett
laboratorietest identifierades, och en handfull av dessa testades under
produktionsforhédllanden for att undersoka om bakteriesammansittningen pa
bladen kunde péaverkas. Nagra bakteriestammar valdes ut och applicerades pa
spenatfron, som sedan saddes i félt. Bakteriesammanséttningen pa bade fron och
plantor fordndrades da till det battre och potentiella sjukdomsframkallande
bakterier byttes ut mot betydligt snillare arter. De fron som naturligt innehdll E.
coli resulterade i plantor som var fria fran E. coli.

Naturligtvis maste bakterier som anvénds i naturen och for matproduktion vara helt
sdkra. Stammar till faltforsoket valdes ut baserat pa att de inte skulle vara kdnda for
att orsaka sjukdom, men for att sdkerstdlla detta designades en studie dér
bakteriernas paverkan pa immunforsvaret och tarmfloran undersoktes i friska mdss.
Djuren behandlades forst med E. coli och antibiotika for att gora tarmfloran mer
homogen och lik ménniskans och darefter fick de bakteriestammarna i dricksvattnet.
Populationerna av immunceller hos grupperna som fick tva av stammarna (Bacillus
coagulans) liknade populationerna hos gruppen som inte fick ndgon behandling alls.
Tva andra stammar (Pseudomonas cendrina och Rhodococcus cerastii) resulterade
a andra sidan i ett inflammatoriskt praglat immunsvar, medan den sista stammen
(Pseudomonas punonensis) inte paverkade immunforsvaret. P. punonensis och B.
coagulans 6kade tarmflorans méangfald, vilket kan anses som en positiv hilsofaktor.
Denna sékerhetsstudie tyder pd att stammarna av B. coagulans och P. punonensis
utan risk borde kunna anvéndas for biologisk kontroll pa bladgronsaker.

Ytterligare sidkerhetstest efter nationella och EU gemensamma riktlinjer behover nu
genomforas for att kunna anvénda dessa stammar kommersiellt. Nésta steg ar att
applicera bakterierna pa ett produktionseffektivt sitt, till exempel pd fron eller i
forpackningsmaterial, sa att bladgronsaker kan goras sékra for konsumtion.
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Introduction

Leafy green vegetables are a great source of vitamins, minerals and fibers, and part
of a healthy diet. Consumer’s surge for fresh, minimally processed vegetables have
raised the production of ready-to-eat (RTE) leafy greens to unimaginable levels
(FAO/WHO, 2008). RTE leafy greens are sold in a convenient package, already
washed and ready to be served, thereby providing an attractive way to add greens to
the plate. Unfortunately, food-borne illness incidents related to these products are
increasing as well (EFSA, 2013). Leafy greens grow close to the soil and are not
peeled or cooked. It can easily be contaminated by for example soil, fertilizers,
irrigation water, wild and domestic animals, harvesting equipment, manual
handling, rinsing water and processing equipment. Once contamination has
occurred, it is very difficult to remove (Allende, Selma, Lopez-Galvez, Villaescusa,
& Gil, 2008).

At present, a well performed risk analysis, regular testing, and good manufacturing
practice (GMP) are the best tools at hand to prevent unwanted microorganisms from
entering the produce. However, due to its susceptibility to contamination, leafy
greens continue to be vectors for serious pathogens, such as Salmonella enterica,
Listeria monocytogenes and Enterohaemorrhagic Escherichia coli O157:H7
(EHEC). These are the pathogens that create big headlines, but leafy greens also
contain bacteria on a normal basis that are well known for being opportunistic
pathogens, and for carrying antibiotics resistance genes (Campos et al., 2013;
Hunter, Hand, Pink, Whipps, & Bending, 2010; Jackson, Randolph, Osborn, &
Tyler, 2013; G. Lopez-Velasco, Carder, Welbaum, & Ponder, 2013). Knowledge on
the survival and growth of potential pathogens originating from these products is
essential to the risk assessment.

There is a strong need for new strategies that can complement existing tools to
improve the microbial hygiene on leafy greens. One attractive approach is biological
control, where antagonistic bacteria can be used to counteract pathogens. Studies
indicate that the background microbiota may be important in deciding the fate of
invading pathogens (Jablasone, Warriner, & Griftiths, 2005; Johnston, Harrison, &
A Morrow, 2009).

This thesis investigates the microbial hygiene of leafy green vegetables from a
consumer’s perspective, and screens its native microbiota to find bacterial strains
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that are able to prevent the growth of E. coli. The antagonistic strains are then
evaluated in the field, and tested for safety in vivo in mice.
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Overview of thesis

An overview how the papers included in this thesis are related can be seen in Figure
1. Paper I and II investigates the microbiological hygiene of leafy green vegetable
products from a consumer’s point of view. Paper I focuses on the effect of household
washing on the culturable part of the microbiota of leafy greens. Paper II
investigates the microbiota changes throughout the expiration time under simulated
household handling. Paper III aims to find a solution by isolating bacteria
antagonistic to E. coli in vitro and evaluating their effect on the microbiota of leafy
greens in the field. Paper IV evaluates the effects of the selected candidates for
biocontrol on the immune system and microbiota in mice.

The study on human monocyte derived dendritic cells in paper IV was contributed
by the department of Immunotechnology at Lund University, and is not included in
this thesis.

washing Paper III Paper IV
Immuno-
Paper IT Bio control logical
effects

Shelf-life

Problem

Figure 1: Overview of papers included in the thesis
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Background

Leafy green vegetables as vectors of food-borne illness

Leafy vegetables, also called leafy greens, are plant leaves eaten as a vegetable,
either cooked or raw. There are over 1000 species of plants with edible leaves, for
example different types of herbs, lettuce, spinach, Swiss chard and kale. Most
species are high in dietary fibre, vitamin C, pro-vitamin A carotenoids, folate,
manganese and vitamin K and considered to contribute to the health benefits of
eating vegetables, such as lowering the risk of cardiovascular diseases and certain
cancers (Hung, Huang, Wu, Hsu, & Wu, 2004; Link & Potter, 2004; Singh,
Kawatra, & Sehgal, 2001). The global production of lettuce and chicory have
increased from 11.6 million tons in 1990 to 26.3 million tons in 2018. Spinach
production has increased even more, from 4.1 million tons to 27.3 million tons
(Figure 2) and it is expected to continue to raise in the future (FAO/WHO, 2008).
The consumption of fresh vegetables in Sweden increase at a steady rate, and has
more than doubled to 45 kg per person and year since 1980 (Agriculture, 2019).
Ready-to-eat leafy greens are very convenient to use and adds nutritional value to
the plate. The number of available ready-to-eat products based on leafy green
vegetables have exploded in recent years. One of the largest retail chains in Sweden
have increased the sales of ready-to-eat bags from 600,000 in 2005 to almost 40
million bags in 2016 (Séderqvist et al., 2019).

30M
o
25M e
-;O/ =
&
20M <
A
9] vt
E15M .
& L
10M
SM
0 - T T T T T
1990 1995 2000 2005 2010 2015
-e- World - World
production production
lettuce and chicory spinach
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Figure 2: World production of lettuce and chicory, and spinach. ((FAO), 2020)

The microbiota of leafy greens

The spermosphere (the area that surrounds a germinating seed) and the phyllosphere
(the above-ground portion of the plant) serves as a rich habitat for microorganisms.
G. Lopez-Velasco et al. (2013) analysed the microbiota of spinach seeds upon
emergence in a soilless environment. Using high-throughput sequencing, they saw
that the spermosphere microbiota consisted of three different phyla; Proteobacteria
(76.4%), Firmicutes (22.5 %) and Actinobacteria (1.8 %). As the seeds germinated
and developed into plants, the relative abundance of Firmicutes decreased to 0.8 %,
and the relative abundance of Proteobacteria increased to 97.1 %. Community
richness markedly increased during the transition from seed to seedling (250
different OTUs on seeds vs 800 OTUs for plants), highlighting the influence of
external sources to shape the microbiota on the plant. In a sterile sprouting
environment, Barret et al. (2015) saw that community richness of different
Brassicaceae members decreased upon emergence. A spatial separation in f3-
diversity between seeds and seedling was also seen, indicating a taxonomically
different microbiota. Also here, the spermosphere microbiota consisted mainly of
Proteobacteria, Firmicutes and Actinobacteria, and upon emergence, the relative
abundance of Proteobacteria increased, mainly represented by the genus
Pseudomonas.

When analysing the microbiota of leafy greens at harvest, Proteobacteria is the most
dominant phyla followed by Bacteroidetes, Firmicutes and Actinobacteria (Dees,
Lysee, Nordskog, & Brurberg, 2015; Gabriela Lopez-Velasco, Welbaum, Boyer,
Mane, & Ponder, 2011; Tatsika, Karamanoli, Karayanni, & Genitsaris, 2019). Dees
et al. (2015) found that the most common genus on lettuce and rocket was
Pseudomonas, followed by Duganella and Pantoea. Previous studies have also
detected differences in the microbiota between plant species due to morphological
and chemical differences (Mogren et al., 2018; Tatsika et al., 2019). Tatsika et al.
(2019) saw substantial differences in the relative abundances of Proteobacterium
and Firmicutes, which was 61.4 and 20.5% respectively on rocket, and 78.3 and
8.4% on spinach. Interspecies variation in microbiota, morphology and production
of bioactive compounds are seen as factors contributing to differences in
susceptibility to E. coli O157:H7 contamination (Darlison et al., 2019). Hunter et
al. (2010) even detected interspecies variations, as Erwinia and Enterobacter
species differed between lettuce (Lactuca sativa) assessions.

Contamination through the production chain

The production process of leafy green vegetables involves many factors that may
influence the microbiota. Systems to produce leafy greens vary widely worldwide,
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with everything from simple open field culturing to advanced protected indoor
culture systems, each with its own food safety challenges. The production site can
be contaminated both directly as a result of domestic animals and wildlife entering
the fields, and indirectly through faecal waste, water, acrosols and dust. Wildlife
may also transfer pathogens from other sites such as landfill or wastewater treatment
sites. Other factors such as prior use of the fields, flooding, seed and crop selection,
fertilizers and irrigation water source are all important factors that need to be
considered. Poor hygiene of farm workers, food handlers, machinery and equipment
may also be sources or vehicles for contamination. Post-harvest operations that
include mechanical injuring of plant tissue constitute additional risks, as pathogens
may be internalized into plant tissue (FAO/WHO, 2008; Solomon & Matthews,
2005). Industrial washing is used to remove soil and other solid particles before
packaging. In fact, a washing step does not reduce bacterial load, but may rather
worsen the microbial hygiene by increasing the load of spoilage microorganisms
and may potentially introduce pathogens. Darlison et al. (2019) analysed the
microbial load of spinach leaf samples from an industrial production facility that
used frequently exchanged potable water for washing. They found that the leaves
were contaminated with E. coli and concluded that the process may be a source of
bacterial contamination, providing an efficient route for microorganisms to travel
within large amounts of produce.

After packaging, the single most important factor contributing to increased
microbial load of the product is storage temperature. However, low temperature
during storage and distribution does not reduce the risk; it only prevents a further
increase in risk (FAO/WHO, 2008).

Pre-washed, pre-cut, ready-to-eat leafy green vegetable products are highly
perceptive to contamination since they are subjected to post-harvest operations at a
higher degree, and often contain cut and damaged leaves. To maintain visual and
sensory quality and create a long shelf-life of these popular products, modified
atmosphere packaging (MAP) is often used by adding CO; or nitrogen gas (N2)
(Mogren et al., 2018). However, MAP can be associated with food safety risks as it
may decrease growth of spoilage microorganisms while most pathogens continue to
grow, therefore giving the consumer no indication that the product may be harmful
to consume (Farber, 1991).

Once the product has been contaminated with pathogens, it is very difficult to
remove (Allende et al., 2008). It is therefore of utmost importance to consider all
hygienic weak points in the production chain, and by all means prevent
contaminating bacteria to enter.

Pathogens on leafy green vegetables
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The most prevalent pathogenic bacteria on leafy green vegetables are E. coli,
Campylobacter spp., Salmonella enterica, Listeria monocytogenes and Yersinia
enterocolitica, where E. coli is the most frequently occurring one (FAO/WHO,
2008). E. coli is a species that commonly inhabits the human gastrointestinal tract,
and most strains are only opportunistic pathogens, however, a few strains have
aggressive invasive abilities and some can produce deleterious toxins. Pathogenic
E. coli can be categorized into groups according to their virulence mechanism, e.g.
enteropathogenic, enterotoxigenic and Shiga toxin-producing E. coli (STEC).
STEC, where the serogroup E. coli O157 is the most common, can exist in the
intestines of cattle and other ruminants without the animals exhibiting any signs of
disease, however it can cause severe disease in humans. Especially in young
children and elderly people, STEC can cause haemorrhagic enteric disease (bloody
diarrhoea), and sometimes haemolytic uremic syndrome (low red blood cells and
acute kidney failure) and death (WHO, 2017).

Analysis of ready-to-eat leafy green vegetables in Finland have shown that the
quality and safety is often insufficient; £. coli was found in 15 % of the samples,
and Shiga toxin-producing E. coli (STEC), Yersinia enterocolitica and Listeria
monocytogenes were also detected in a few samples (Nousiainen, Joutsen, Lundén,
Hénninen, & Fredriksson-Ahomaa, 2016). In a big survey conducted in the USA, a
total of 14,183 samples of leafy greens were analysed for pathogens, and STEC was
found in 0.01 %, and non-STEC in 0.07 % of the samples (G. Zhang et al., 2018).
A Swedish national survey of imported leafy greens (90 % originated from
Thailand) revealed that of 493 samples, 3.7 % were positive for Salmonella, 0.2 %
for Campylobacter, and 30 % contained E. coli. Basil, coriander and mint were more
often contaminated with E. coli than other products (Karnehed & Lindblad, 2010).
In 2014, another survey revealed that E. coli was found in 68 (39 %) out of 176
imported leafy green samples, and in 14 (30 %) out of 46 Swedish samples
(Egervarn & Flink, 2014).

Food illness outbreaks related to leafy green vegetables

Centres for Disease Control and Prevention (CDC) in the USA has estimated that
approximately one in six Americans may experience some form of foodborne illness
each year (Centers for Disease Control and Prevention, 2020). In Sweden, the
estimated number is one in 20 (Norling, 1994; Toljander & Karnehed, 2010).

Leafy vegetables are produced and exported in large volumes, and have been
associated with high numbers of large food illness outbreaks around the world
(FAO/WHO, 2008). Between 2014 and 2018, 51 major food illness outbreaks in the
Unites States were linked to leafy green vegetables. Five of them were multistate
outbreaks that led to public warnings being issued by CDC ((CDC), 2020). CDC
attributes food illness outbreak data from the US to 17 different food categories on
a continuous basis. When reviewing data from year 1998 to 2007, leafy vegetables
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were the single most common vehicle for food borne illness outbreaks, represented
by 22 % (2.2 million) of total annual illnesses (Painter et al., 2013). The most recent
report includes data from year 1998 to 2017 and shows that vegetable row crops
such as leafy vegetables were connected to 47.7 % of all E. coli O157 outbreaks.
This was also significantly higher than any other food category (Interagency Food
Safety Analytics Collaboration, 2019).

Shiga toxin-producing E. coli (STEC) cases are increasingly being reported and
causes more than 150 000 illnesses yearly in the WHO European region,
representing the 7™ of 10 most common causes of illness (WHO, 2017). Also in
Sweden, the trend is increasing, with 230-890 cases being reported yearly since
2005 ((SVA), 2019).

Vegetable consumption —
effects on microbiota and immune system

Besides the risk that pathogens entail, consumption of leafy green vegetables may
also affect the human body by its nutritional content and the intake of plant
commensal bacteria. These are factors that affect the human gut microbiota, which
shapes host physiology and maintains immune system homeostasis.

Recent metagenome-assembled genomes from human gut microbiomes show that
the most common phyla in descending order are Firmicutes, Actinobacteria,
Bacteriodetes, Tenericutes and Proteobacteria (Almeida et al., 2019). The healthy
human gut microbiota may be divided into two parts, the core communities that are
typically stable, and the highly individual and variable communities, referred to as
the transient microbiota. Ingested bacteria from fresh produce can be regarded as
part of the transient microbiome, as they are sometimes capable of integrating into
our resident microbial communities and impact their composition and activity
temporarily (David et al., 2014; Derrien & van Hylckama Vlieg, 2015). Ingested
bacteria may survive a few days in the gastrointestinal tract, but they are rarely
detected after one week (Firmesse, Mogenet, Bresson, Corthier, & Furet, 2008;
Fujimoto, Matsuki, Sasamoto, Tomii, & Watanabe, 2008).

Apart from ingested bacteria, dietary components have a profound effect on the
composition of the microbiota and its functions (David et al., 2014; De Filippo et
al., 2010). Fruit and vegetable consumption has in numerous epidemiological
studies been shown to lower the risk of developing cardiovascular diseases and
cancers (Bazzano et al., 2002; Joshipura et al., 2001; S. Liu et al., 2001). This
correlation is mostly explained by protective effects from the interaction of plant
fibres and flavonoids with the gut microbiota (Klinder et al., 2016).
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Commensal bacteria of the gut microbiota have developed mechanisms to control
invading pathogens. For example, production of short-chain fatty acids alters the
local pH to inhibit the growth of pathogens (Cherrington, Hinton, Pearson, &
Chopra, 1991). The indigenous microbiota may also provide protection by
competing for physical space, and by metabolizing the same nutrients, such as
amino acids and organic acids (Kamada, Chen, Inohara, & Nufez, 2013). By
production of specific metabolites, such as butyrate, that supresses pathogen
virulence factors, commensal bacteria may also directly influence pathogen growth
(Gantois et al., 20006).

Pathogen colonization is also prevented by the gut microbiota through indirect
mechanisms, such as promoting the function of the epithelial barrier. For example,
germ-free mice have a decreased production of antimicrobial peptides, resulting in
an impaired epithelial barrier function (Vaishnava, Behrendt, Ismail, Eckmann, &
Hooper, 2009). Bacterial signalling in epithelial cells also induce the production of
IgA, further supporting the epithelial barrier integrity (Fagarasan, Kawamoto,
Kanagawa, & Suzuki, 2010).

Bacterial interactions with the immune response

The gut microbiota is in close and constant communication with the immune system,
and its homeostasis a determinant to health or susceptibility to disease. Bacterial
populations in the gut may interact with the immune system mainly through gut-
associated lymphoid tissues (GALT), such as the Payer’s patches (PPs) and the
mesenteric lymph nodes (MLNSs). Bacterial antigens may enter the lymphoid tissues
in a process called antigen sampling. Once inside, antigen presenting cells, such as
dendritic cells (DCs), macrophages, and B cells will engulf the antigen by
endocytosis and then present it to naive CD4+ and CD8+ T cells (Murphy, Travers,
& Walport, 2008). If a response is triggered, naive T cells become activated and
start expressing activation markers such as the membrane receptors CD69 and CD44
(Budd et al., 1987). Upon activation, CD4+ T cells produce the cytokine IL-2,
stimulating their proliferation into T helper cells and memory T cells (W. Liao, Lin,
& Leonard, 2011). T helper cells are also needed for activation and differentiation
of B cells to plasma cells and CD8+ T cells to activated cytotoxic T cells. T cells
also start to express gut homing receptor CCR9, and migrate to the lamina propria
at the site of infection, where they may exert their functions (Murphy et al., 2008).

At the site of infection in the gut, the presence of bacterial antigens also triggers
innate immune system cells such as macrophages, neutrophils and natural killer
cells to produce the cytokine IL-1f. IL-1p increases the expression of adhesion
molecules in blood vessels, attracting more immune cells to the site. This further
activates immune cells that produce more IL-1B and TNF-a (Voronov & Apte,
2015). TNF-a activates phagocytes and induces apoptosis of epithelial cells
(Andrews, McLean, & Durum, 2018; Lee et al., 2017). Bacterial antigens may also
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induce the cytokine IL-8 (or the mouse homologue CXCL1-2/KC), a potent
chemoattractant for neutrophils (Fan et al., 2007).

The cytokine IL-6 regulates the inflammatory response by controlling the balance
between activated T and B cells and regulatory T cells. (Mendes, Galvao, & Vieira,
2019). IL-10 also promotes mucosal immune system balance by controlling chronic
stimulation of the intestinal microbiota and food antigens. IL-10 limits the
expression of pro-inflammatory cytokines and controls the differentiation and
proliferation of macrophages, T and B cells (de Waal Malefyt, Abrams, Bennett,
Figdor, & de Vries, 1991; de Waal Malefyt, Haanen, et al., 1991).

Biological control to increase food safety

Approaches to increase food safety often involve exposing the product to more
drastic physical treatments, such as pressure, irradiation and heat or application of
more efficient chemical preservatives. These types of solutions come with many
disadvantages, such as alteration of organoleptic properties, loss of nutrients and
proven toxicity of preservatives, such as nitrite. Chemical additives, such as
chlorine, have consequently been banned in some countries in Europe, for example
Sweden, Germany, and Switzerland (Ananou, Maqueda, Martinez-Bueno, &
Valdivia, 2019; Gil, Selma, Lopez-Galvez, & Allende, 2009; Parish et al., 2003). At
the same time, growing consumer trends demand for safe but minimally processed
products without additives (Ananou et al., 2019).

Biological control, or biopreservation, means inhibiting harmful organisms by the
use of beneficial ones, so called antagonists. In a microbial ecosystem, the constant
battle of survival encourages the formation of strategies to antagonize other species.
Strategies include the ability to bind essential nutrients, such as iron (siderophores),
production of antimicrobial compounds (such as acids or antibiotics), or competition
for physical space. These treats have been used traditionally for centuries in the form
of food fermentation, in order to increase shelf-life and safety. The more modern
approach is to find antagonistic microorganisms that can be applied to inhibit or
reduce the load of pathogens (Ananou et al., 2019; G. Lopez-Velasco, Tydings,
Boyer, Falkinham, & Ponder, 2012).

Biological control is widely applied with regards to plant pathogens, where
bacteriophages, fungal or bacterial strains isolated from the endosphere or the
rhizosphere are used. Common commercial biocontrol agents in commercial use are
species of the fungal genus 7richoderma or bacterial species of the genera Bacillus
and Pseudomonas (O’Brien, 2017). To be efficient, biocontrol agents must be
applied uniformly and precisely, close to the target organism. The most common
delivery systems are through seed treatments, soil amendments or irrigation systems
(Boari, Zuccari, & Vurro, 2008; Lewis, 1991).
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On leafy greens, where traditional ways to improve safety are limited, biological
control could be an ecological part of the solution. Bacteriophages against Listeria,
Salmonella and E. coli O157:H7 are commercially available for decontamination of
foods through spray or dip inoculation. However, a major drawback with phage
treatments is the emergence of phage-resistance in the target bacteria (Sabouri,
Sepehrizadeh, Amirpour-Rostami, & Skurnik, 2017).

Live bacteria from the background microbiota of fresh vegetables have also been
shown to influence the survival of human pathogens. C. H. Liao and Fett (2001) saw
that strains from fresh produce were able to prevent the growth of Salmonella
chester and Listeria monocytogenes on green pepper discs. L. monocytogenes was
also inhibited by strains isolated from the native microbiota of the endive (Carlin,
Nguyen-The, & Morris, 1996). Bacteria from five different genera originating from
fresh-cut vegetables were shown to inhibit the growth of S. enterica on lettuce discs
(Oliveira, Abadias, Colas-Meda, Usall, & Vinas, 2015). Also on lettuce, a strain of
Enterobacter cloacae reduced E. coli O157:H7 by 1 log10 CFU/g (Jablasone et al.,
2005). G. Lopez-Velasco et al. (2012) found a range of bacteria that inhibited the
growth of E. coli O157:H7 on sterile spinach leaves. The genera Pantoea,
Pseudomonas, Klebsiella, Enterobacter, Aeromonas and Burkholderia isolated
from both iceberg lettuce and spinach were shown to inhibit £. coli O157:H7
(Johnston et al., 2009).

However, to be able to apply strains as biocontrol agents, is it important to focus on
antagonistic bacteria that are non-pathogenic, concerning both humans and plants.
Additionally, information on how antagonistic effects found in the laboratory should
be transferred to live plants is lacking, but this is crucial information in order to be
able to evaluate the potential for commercial use.
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A1ms

The general objectives of this thesis is to evaluate the microbial hygiene of ready-
to-eat (RTE) leafy green products from a consumer’s perspective, and to apply and
evaluate the use of biological control in order to modify the microbiota on leafy
greens towards a more beneficial direction for human consumption. The specific
aims of the four publications included in this thesis are to:

— evaluate the efficacy of household washing on the bacterial load and
removal of E. coli on leafy green vegetables (Study I).

— investigate the microbial hygiene on RTE leafy green vegetable products
under simulated household conditions, with and without inoculation with £.
coli (Study II).

— isolate E. coli antagonistic bacterial strains and evaluate their effect on the
microbiota of spinach leaves in an industrial field production setting (Study
III).

— use a healthy mouse model to study immunomodulating effects and
microbiota changes upon administration of the selected test strains to be
used for biological control (Study IV).
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Methodology

Viable count

Cultivation on nutrient agar is the traditional way to assess microbial habitats.
Samples are prepared, diluted and added to agar plates that are composed either to
capture the general microbial habitat, for example tryptic soy agar (TSA) or to select
certain groups of bacteria, for example violet red bile dextrose agar (VRBD) that is
composed to favour growth of Enterobacteriaceae. Chromogenic agars are
designed to detect certain bacterial species in a sample, for example, Brilliance™
E. coli/coliform Selective Agar (ECBA). ECBA contains X-Glu, that can be cleaved
by B-glucuronidase in E. coli, giving the colonies a distinct purple colour. In paper
I of this thesis, viable count of Romaine lettuce and mixed ready-to-eat (RTE) leafy
greens was measured on TSA, VRBD and ECBA before and after washing. In paper
II, RTE products were analysed by their TSA, VRBD and ECBA counts throughout
the expiration period.

DNA 1solation

To be able to analyse DNA from pure bacterial cultures or environmental samples,
it must be pure and in high concentration. DNA isolation can be performed in many
ways depending on the complexity of the starting material. In the case of a pure
bacterial culture, a simple bead beating and centrifuge step can be used to lyse cells
and remove debris. For more complex matrices, commercially available kits can be
used. In paper II and 11, a silica-based spin column kit was used (Nucleiospin® Soil
Kit, Macherey-Nagel, Diiren, Germany) to isolate DNA from the microbiota of
spinach leaves. In paper IV, an automated system was used (Biorobot EZ1
workstation and EZ1 DNA tissue kit, Qiagen, Sollentuna, Sweden) to isolate DNA
from intestinal content samples.
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Polymerase chain reaction

Polymerase chain reaction (PCR) is utilized to amplify specific regions of DNA,
a step needed prior to many downstream applications. The reaction is performed
in a thermocycler, heating the sample in cycles by time intervals at precise
temperatures. One cycle starts with heating the sample to about 95°C to separate
DNA strands, then the temperature is lowered to about 50°C to allow forward and
reverse primers (short DNA or RNA molecules) to bind to the target sequence.
This creates a short sequence of double stranded DNA, which once the
temperature is raised to about 72°C, allows polymerase to bind and extend the
DNA strand. Thereafter, the cycle is repeated, and after each cycle, the number of
DNA copies double, creating 2" copies for n numbers of cycles. A 25-cycle PCR
generates over 33 million copies of double stranded DNA.

DNA purification and quality control

Purification of DNA is usually performed after a PCR run, prior to other applications
such as sequencing, to remove excess nucleotides, salts, and primers. In paper II and
111, solid phase reversible immobilization (SPRI) paramagnetic beads were used for
purification (AMPure XP beads, Beckman Coulter Genomics, Brea, CA, USA). The
beads bind nucleic acids and are taken out of solution by a magnetic field, leaving
contaminants in solution. The DNA fragments are thereafter eluted from the beads
in an aqueous solution (Beckman Coulter Life Sciences, 2020).

Gel electrophoresis

To visualize the result after a PCR run, gel electrophoresis can be performed. DNA
or RNA fragments are added to the gel and separated according to size by electric
current. By adding a reference standard composed of DNA fragments of known
sizes, it is possible to identify that the correct sequence has been amplified.

Capillary gel electrophoresis is an adaption of the traditional gel electrophoresis,
where nucleotide fragments are separated in small gel filled capillaries. This method
provides fast and efficient separation and is commonly used for sequencing.
Nucleotides are then labelled with several fluorescent tags and detected with laser
induced fluorescence (Kemp, 1998). Capillary gel electrophoresis was used for
Sanger sequencing in paper I and II.

Microfluidics-based automated gel electrophoresis, or gel electrophoresis on a
chip, is used for quality control of DNA. It allows for faster analysis time and less
sample and reagent consumption than conventional gel electrophoresis (Agilent
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Bioanalyzer instrument, 2020). In paper II and III, automated gel electrophoresis
was used prior to sample loading in Illumina Miseq, to ensure correct amplicon
length and quality (Agilent 2100 Bioanalyzer, Agilent Technologies, Waldbrunn,
Germany).

DNA quantification and qualification

The concentration of DNA can be measured with various methods, where UV
absorbance-based methods are the most common. An UV spectrophotometer
estimates the concentration of DNA based on the natural absorbance of the sample
at 260 nm. The ratio 260/280 is used as a measure of purity, and a value lower than
1.8 is generally accepted as “pure” DNA. A high 260/280 ratio is usually caused by
carryover chemicals from the extraction protocol (Thermo Fischer Scientific,
2020a). UV absorbance measurements were used in paper I, III and IV (Nanodrop
1000, Thermo Scientific, Wilmington, DE, USA) to make sure that the DNA
isolation was successful and to check for impurities before proceeding to PCR. It
was also used in paper IV to dilute samples for PCR prior to digestion with
restriction endonuclease for T-RFLP.

However, other molecules such as RNA, free amino acids, proteins or free
nucleotides may also absorb light at 260 nm, making the UV absorbance method
imprecise for delicate applications (Nielsen et al., 2008). Fluorescence based
quantification is a more accurate method, as a fluorescent dye that binds specifically
to DNA is used (Thermo Fischer Scientific, 2020b). In paper II and III, a
fluorometer (Qubit ™, 1x ds DNA HS Assay Kit (Life Technologies Corporation,
Eugene, OR, USA)) was used to measure the concentration of DNA prior to the
final dilution step before sample loading for sequencing.

Terminal restriction fragment length polymorphism

Terminal restriction fragment length polymorphism (T-RFLP) is a method used to
determine microbial community structures (Hayashi, Sakamoto, & Benno, 2002;
Jernberg, Lofmark, Edlund, & Jansson, 2007). It uses PCR with a fluorescently
labelled primer to amplify the 16S rRNA gene. The PCR products are then digested
by a restriction endonuclease, to create terminal restriction fragments (T-RFs).
Since restriction sites differ between bacterial groups, T-RFs differ in size and can
be separated by capillary gel electrophoresis. The result is an electropherogram
showing T-RFs as peaks with fragment length on the x-axis and fluorescence
intensity on the y-axis. A size standard is included in the analysis, enabling
calculation of peak height and area, which is the basis of diversity index
calculations. In this thesis, T-RFLP was used in paper IV to analyse the microbiota
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of mice after administration of bacteria. Shannon diversity index was analysed, as
well as the frequency of individual peaks within treatment groups.

Sequencing

Sequencing targeting the 16S rRNA gene is widely used to characterize microbial
habitats. The 16S rRNA gene is coding for the small subunit of the ribosome in
prokaryotic cells and is therefore essential for the survival of the cell. The function
of the gene has not changed, so changes in the sequence can be considered a measure
of evolution. This gene is therefore generally accepted for bacterial identification
and classification (Patel, 2001).

Sanger sequencing

Sanger sequencing was developed by Frederick Sanger and colleagues in 1975 and
has been the most widely used sequencing method for 40 years (Sanger & Coulson,
1975). Sanger sequencing can be used to sequence large parts of the 16S rRNA gene
of pure isolates, enabling identification commonly at species level. A PCR including
fluorescently labelled, chain-terminating nucleotides (ddNTPs) is run, and the
products are analysed by for example capillary gel electrophoresis to obtain the
sequence. In this thesis, Sanger sequencing was used in paper I and paper II to
identify the dominant culturable microbiota of leafy greens.

Next Generation Sequencing

While Sanger sequencing can only sequence one DNA fragment at a time, next
generation sequencing (NGS) uses massive parallel sequencing. [llumina sequencing
(Illumina, San Diego, CA, USA) is currently the most widely used system, and the
Illumina MiSeq platform is used in paper II and III. MiSeq uses sequencing by
synthesis chemistry to generate about 15-25 million paired-end sequence reads up to
300 bp long, providing in-depth characterization and identification of microbial
communities. Using PCR, the target nucleotide sequence is amplified, and barcodes
and adaptors are attached. The DNA is loaded onto a flowcell with nanocells
containing nucleotides for the adapters to attach. Bridge amplification PCR is then
performed, creating about a thousand copies of each fragment. Next, modified
nucleotides containing a reversible blocker is added so that the polymerase can only
add one nucleotide at the time. These nucleotides are fluorescently labelled with
different wavelengths, and detected after each synthesis round (Illumina, 2020).

NGS methods produce noise and erroneous sequences that are important to filter and
process in order to avoid misleading results. Several pipelines for demultiplexing
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(assigning sequences to samples), filtering and clustering of the sequences exist,
where Qiime (Bolyen et al., 2019), mothur (Schloss et al., 2009) and packages in R
(R Team, 2006) are the most commonly used. Taxonomic classification is performed
by using databases such as RDP, SILVA and Greengenes (Kim et al., 2013).

Microbial diversity

To estimate ecological patterns in bacterial communities, diversity measures can be
used. High microbial diversity generally means high pathogen invasion resistance,
including the microbiota on leafy greens (Jousset, Schulz, Scheu, & Eisenhauer,
2011; Mallon, Elsas, & Salles, 2015; van Elsas et al., 2012). Diversity can be divided
into o and B-diversity. a-diversity is used to calculate richness (number of species)
and evenness (distribution of species) within individual samples. In paper 1V,
microbial diversity was estimated from the T-RFLP data through calculation of
Shannon index (H'= -Z p;In p;), taking into account both richness and evenness. In
paper II and III, the Chaol index was used in addition to Shannon index to estimate
species richness from the NGS data. B-diversity is used to compare differences
between samples from different groups to identify differences in the overall
community composition and structure. The unique fraction metric (UniFrac)
method is a measure of P-diversity and also calculated to take the relative
relatedness of species into account. It can be used both as weighted (quantitative) or
unweighted (qualitative) (Lozupone, Hamady, Kelley, & Knight, 2007). Weighted
UniFrac was used for the NGS data in paper II and paper II1.

Flow cytometry

Information on the morphology of cells and their components can be retrieved in a
flow cytometer. A suspension of cells is injected in a single cell flow through one
or several laser beams, and the light scattered at different angles is analysed. Cells
are often stained with fluorescent chemicals, either by staining cell components such
as DNA directly, or by using fluorochrome-conjugated antibodies that bind to
specific cellular proteins. By detection of the emitted light, cells may be sorted
according to phenotype for further downstream applications, or alternatively the
population sizes may be analysed directly (Ormerod, 2008). Flow cytometry can be
used to create a cytometric fingerprint of the microbiome, which has the potential
to be used as a rapid diagnostic tool of microbiome-related diseases (Rubbens,
Props, Kerckhof, Boon, & Waegeman, 2021). It is also a very efficient technique to
study immune system responses by analysing changes in specific immune cell
population sizes upon infections and disease states (McKinnon, 2018). The effect
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of probiotics supplements on the immune system has also previously been evaluated
using flow cytometry (Groeger et al., 2013; Y. Liu, Fatheree, Mangalat, & Rhoads,
2010; M. Zhang, Zhang, Hua, & Zou, 2017). In paper IV, flow cytometry was used
to analyse immune system responses in gut lymphoid tissues in mice upon
administration of bacterial candidates for biological control.

Cytokine/chemokine multiplex assay

Pro-inflammatory cytokines and chemokines were measured in serum of animals in
study IV with a multiplex analysis (MSD Sector S 600 plate reader, V-plex
Proinflammatory Panel 1 (mouse) plate, Meso Scale Diagnostics, LLC). Multiplex
analysis enables multiple analytes to be quantified for the same sample. Each well
on a 96-well plate is divided into multiple sections, where each section contains
antibodies that bind a specific analyte. The plate is flushed with detection antibodies
that are electrochemiluminescently tagged, which means that when electricity is
applied, chemical reactions of the tags are initiated, resulting in light emission. The
intensity of the emitted light is detected and the analytes can be quantified (Meso
Scale Discovery, 2020).

Myeloperoxidase measurement

High levels of myeloperoxidase (MPO), an enzyme in neutrophils, is correlated with
local inflammation (Kristjansson, Venge, Wanders, Lo6f, & Hallgren, 2004). It may
be analysed by dissolving the enzyme in Hexadecyltrimethylammonium bromide
(HTAB), incubation with 3,3', 5,5' tetramethylbenzidine (TMB) substrate (BD Opt
EIA™, BD Biosciences, San Diego, CA, USA) and measured
spectrophotometrically at 450 nm (Bradley, Priebat, Christensen, & Rothstein,
1982; Khan & al-Awadi, 1997). In paper IV, MPO levels were measured in the small
and large intestinal tissue.

Statistical evaluation of data

Data not normally distributed, such as viable counts in paper I and II, and animal
weights in paper [V, was evaluated non-parametrically by Kruskal-Wallis one-way
analysis of variance on ranks. To reveal differences between two study groups,
Mann-Whitney rank sum test was performed. Fisher’s exact test was used in paper
IV to reveal differences in the incidence of T-RFs between treatment groups and
control. For all univariate analysis, a p-value <0.05 was considered statistically
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significant. For NGS data in paper II and III, B-diversity was compared by
permutational multivariate analysis of variance (PERMANOVA). The differential
abundance between groups were analysed on genus level by DEseq2 with a p-value
cut-off at 0.001 (Anders & Huber, 2010).

Methodological considerations

It is important to consider both advantages and limitations of methods when planning
experiments, and when interpreting and comparing results. In this thesis, to provide
different perspectives of the microbiota, a combination of bacterial culturing and
culture-independent techniques was used.

Bacterial cultivation

Before the development of culture-independent methods, cultivation was the only
way to find out the identities of microbes in a sample. The major problem with using
culture methods to characterize microbial communities is that less than 2 % of
environmental species are estimated to be culturable, due to unknown or difficult
growth conditions (Wilson, Weightman, & Wade, 1997). Cultivation can instead
generate other types of information. Identification of cultivated isolates from a
mixed sample as performed in paper I and II gives quantifiable information on the
culturable fraction of the microbiota, with possibilities to identify single strains to
species level. Cultivation is also necessary to be able to isolate and use a strain for
probiotics, or for biocontrol, as was performed in paper II1.

DNA isolation

The DNA isolation step, prior to performing any DNA analysis, entails important
aspects in need of consideration. The isolation protocol must be adapted to the
sample matrix. Environmental samples, like soil and plant samples, are known to
contain strong PCR inhibitors such as humic acids, tannic acids and complex
polysaccharides. In paper II and III, a DNA extraction kit especially designed to
remove those molecules was used (Macherey-Nagel, 2020). For DNA extraction of
intestinal content in paper IV, a biorobot was used to minimize workload and
contamination by a closed automatic system (Qiagen, 2020).

Another aspect of DNA isolation in need of consideration is the fact that cell
membranes vary in toughness according to their composition. All cells, including
Gram-positive bacteria with tough cell membranes, must be broken up sufficiently
to free the DNA into solution. Cells can be lysed both chemically and physically.
Bead beating was shown to yield better results than the surfactant Triton X-100
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(Zoetendal, Ben-Amor, Akkermans, Abee, & de Vos, 2001), and therefore bead
beating was the method chosen in all papers of this thesis.

Bias associated with PCR and sequencing

All techniques based on PCR, including 16S rRNA gene sequencing and T-RFLP,
are subject to PCR bias, which is inherent to the method and may occur for several
reasons. Exponential amplification changes the abundance of amplicons relative to
the original sample (Robin, Ludlow, LaRanger, Wright, & Shay, 2016). Moreover,
overamplification of short sequences and bias due to GC:AT content has also been
documented (Mamedov et al., 2008). This phenomenon distorts the proportions
between sequences and causes loss of rare taxa, allowing only for identification of
dominant taxa at relative proportions.

When characterizing a microbial community, it is important to use primers that cover
as many of the 16S rRNA variants as possible in the sample. To cover all species is
difficult, but the conserved regions of 16S where primers attach are similar for most
species. This results in insufficient amplification of certain organisms (Parada,
Needham, & Fuhrman, 2016). In paper I and II, primers ENV-1 (5-AGA GTT TGA
T TGG CTC AG-3") and ENV-2 (5-CGG ITA CCTTGT TAC GAC TT-3") were
used. This primer pair results in an almost complete copy of the 16S rRNA gene,
increasing the possibilities of performing correct identification. ENV1 and ENV2 were
designed after the 16S rRNA gene in E. coli, but since 16S genes may differ between
bacterial taxa, the primers also contain inosine (), facilitating binding to many versions
of the 16S rRNA gene (Pettersson et al., 2003). For Illumina sequencing applied in
paper 1l and III, primers B969F (ACG CGH NRA ACC TTA CC) and BA1406R
(ACG GGC RGT GWG TRC AA) were used to amplify the V6-V8 region with
[lumina Miseq. These primers have successfully been used for 16S amplification of
the microbiota on leafy greens in a previous study (Tatsika et al., 2019) and they
amplify the major bacterial taxonomic groups (Comeau, Li, Tremblay, Carmack, &
Lovejoy, 2011).

T-RFLP

Since PCR bias causes insufficient amplification of rare taxa, diversity calculated
with T-RFLP data may not represent the total diversity of the sample, but is more
suitable for comparison between samples (Osborn, Moore, & Timmis, 2000). A
variation between sequence determined T-RF length and observed T-RF length is
called T-RF drift (Kaplan & Kitts, 2003). For example, the choice of sizecalling
method may affect T-RF sizes. The local southern algorithm, using the standard
closest to the unknown T-RF, was seen to generate the smallest T-RF drift (Osborn
et al., 2000), and was the algorithm chosen for paper IV in this thesis.
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The migration time of T-RFs is dependent on the molecular weight of the T-RF,
which depends not only on its size, but also on its content of purine (the molecular
basis of adenine and guanidine), and the molecular weight of the fluorescent dye
which is attached (Kaplan & Kitts, 2003). The weight of the dye affects the
mass/charge ratio for individual T-RFs, thus affecting its migration time (Pandey,
Ganesan, & Jain, 2007). As a consequence, this effect is not linear, but becomes
more pronounced with short fragments. In this thesis, the influence of the dye weight
was minimized by using carboxyfluorescein (FAM), a dye with low molecular
weight compared to other alternatives such as carboxytetramethylrhodamine
(TAMRA) and hexa-chloro derivative (HEX).

Due to the variations in the above mentioned factors, T-RFLP can mainly be
considered as a method to compare microbial community patterns between samples
in the same project. For the same reason, identification of T-RFs by comparison in
a database is difficult, instead a clone library may be used for the purpose.
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Microbiological hygiene of leafy
green vegetables

In this thesis, the bacterial content of different types of Ready-to-eat (RTE) leafy green
vegetable products have been analysed under household conditions to assess their
microbiological hygiene. E. coli inoculation has also been performed to simulate a
contamination event and study its development and effect on the background
microbiota during the shelf life period of these products.

Characterization of the microbiota using culturing and
next generation sequencing

In paper I and II, the total aerobic count was measured on the first day of the
expiration period in a total of 66 bags of ready-to-eat leafy green vegetable products,
and revealed high concentrations of bacteria, between 6.0 and 8.3 logl0 CFU/g. In
general, bacterial levels increased at most the first three days, to stabilize on a high
level for the rest of the shelf-life time (Figure 3). Thus, if the shelf life should be
determined after bacterial levels on these products, it should not be kept at more
than three days.

The bacterial levels in one portion (15-20 g) of ready-to-eat (RTE) leafy green
products are similar to probiotic doses, but Sanger sequencing in paper I and II
revealed that the bacteria present on these products are far from probiotic. The
majority of the culturable microbiota consisted of Gram-negative bacteria,
belonging to a- and y-proteobacteria, with a dominating fraction of Pseudomonas.
A few Gram-positive bacteria were found, such as Bacillus and Actinobacteria.
Several species of opportunistic pathogens were identified, such as Enterobacter
homaechei, Hafnia paralvei and Pantoea agglomerans. The dominance of Gram-
negative bacteria and presence of opportunistic pathogens have also been found by
others (Hunter et al., 2010; Jackson et al., 2013; G. Lopez-Velasco et al., 2013).

The amounts of culturable Enterobacteriaceae on RTE products were high; between
2.0 and 5.7 log10 CFU/g (paper I and II) on VRBD agar. The Enterobacteriaceae
family contains pathogenic species, such as E. coli and Salmonella spp., and is a
measure of hygiene in heat-treated products (European Commission, 2005). In
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paper I and 11, the Enterobacteriaceae count may be considered to be overestimated,
since some isolates found on VRBD plates belonged to the Bacillus, Pseudomonas,
and Staphylococcus genera. However, it should be kept in mind that those genera
also include pathogenic species.

The negative impact of such high concentrations of unwanted bacteria is larger for
vulnerable parts of the population, such as hospitalized, immunocompromised, and
elderly. Factors such as aging and antibiotics treatments may affect the stability of
the microbiota and susceptibility to infections by opportunistic pathogens (Claesson
etal., 2012).
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Figure 3: Total aerobic count throughout the whole shelf-life time of ready-to-eat leafy green mix (Mix), rocket, organic
rocket and spinach from different companies, indicated by superscripted letters A-D. On the first day of the expiration
period, 18 packages of ready-to-eat leafy greens were purchased. Six packages were opened on the first day, and the
packages were then resealed, stored at 8 “C and sampled again the next two days. On day 4 or 5, depending on
stated expiration time, 6 unopened packages were sampled and resampled the next two days (day 5 or 6 and on day
6 or 7). On the expiration date (day 7 or 9), the last six packages were sampled. Sampling days differ according to the
shelf-life time of the product. x: outlier (value outside 1.5*interquartile range).

Culture-independent analysis revealed large groups of Flavobacteriaceae,
Pseudomonadaceae and Oxalobacteriaceae over all product types, families which
were previously identified with next generation sequencing on leafy greens (Dees
et al., 2015; Tatsika et al., 2019). Previous studies show that the microbiota of
leaves is specific for different plant species (Dees et al., 2015; Izhaki, Fridman,
Gerchman, & Halpern, 2013), and in paper I, higher relative abundance of
Shewanellaceae was found in the mixed LGV product, whereas rocket contained a
large fraction of Xanthomonadaceae and Weeksellaceae. The microbiota taxa in
all samples shifted over time, indicated by a change in B-diversity. The largest
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changes seen over the course of the shelf life time were higher relative abundances
of Flavobacteriaceae and lower relative abundances of Pseudomonas. Previous
studies have observed a decrease in evenness and richness during storage, and
these changes are probably an effect of cold storage and the deterioration process
(Gabriela Lopez-Velasco et al., 2011; Soderqvist et al., 2017).

Large amounts of data from both culture-dependent and culture-independent
techniques were included in paper II, enabling the opportunity to compare the results
of traditional culturing and next generation amplicon sequencing. It is approximated
that only 2 % of the total microbiota may be detected by culturing (Wilson et al.,
1997). Naturally, the inherent difference between the two techniques is that
culturing only detects live bacteria, while 16S amplicon sequencing detects all DNA
present in the sample. Using TSA and VRBD to target the total culturable
microbiota, and specifically Enterobacteriaceae, culturing matched 18 of 30 (37.5
%) of the genera also detected by next generation sequencing (NGS). However,
culturing identified 16 genera that were not detected by NGS. Half of the genera
detected by NGS could not be identified with culturing. It is important however, to
consider that different batches of leafy greens were analysed with the two different
techniques, allowing for identification of unique taxa in both cases. Despite of that,
culturing still covered 7 out of the 10 most common genera from NGS analysis.
These results are in line with the comparison of culturing and 454 pyrosequencing
made by (Jackson et al., 2013) and indicate that the microbial community of leafy
greens are relatively easy to cultivate compared to other environmental
communities.

Differences in product types and packaging companies

Several types of ready-to-eat products were tested from four different companies.
Neither type (spinach, rocket, leafy green mix), nor company could be related to
certain levels of total aerobic count. Instead, the levels were rather individual for
each product batch (Figure 4). It could however be seen that the concentrations were
lower for whole-head Romaine lettuce than for ready-to-eat (RTE) products. This
difference is probably a result of the sensitive nature of RTE products, containing
fragile, often damaged leaves, circumstances that are ideal for microbial growth
(FAO/WHO, 2008; Solomon & Matthews, 2005).
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Figure 4: PCA biplot of viable counts (total aerobic count and Enterobacteriaceae count) of ready-to-eat leafy green
vegetables from different companies, indicated by subscripted letter A-D. ¢ = mixed leafy greens, ® = rocket, and A =
spinach. Sampling occasions are presented as vectors. Ellipse: Hotelling T2 confidence interval 0.95. Vectors
represent sampling point.

Effects of consumer practices

Commonly, the whole content of a package of ready-to-eat leafy green vegetables
might not be eaten at once. Consumers might take out a portion for a meal and store
the rest in the fridge until later. Opening a package changes its atmospheric
composition, but when a number of leafy green products were analysed in Paper I,
it was not possible to see a clear link between bacterial content and opened or
unopened bags (Figure 1). Also when a product contained modified atmosphere
(MAP) its bacterial levels did not seem to change after opening, which is in line
with previous results (Barriga, Trachy, Willemot, & Simard, 1991). Modified
atmosphere (MAP) is often used in ready-to-eat leafy green vegetables to reduce
oxidation and prolong shelf-life. It makes the product look fresh longer, however
pathogens may still continue to grow, creating a concealed risk for the consumer
(Farber, 1991; Luo, He, & McEvoy, 2010).

RTE leafy green products are labelled with “already washed, ready to eat”. Even so,
a common consumer practice is to wash the produce before a meal. RTE leafy green
vegetable products are often subjected to industrial washing before packaging. It
has previously been seen that this process step may actually result in increased
viable counts, and contamination of E. coli (Rosberg, Darlison, Mogren, &
Alsanius, 2021). Paper | investigated whether household washing could improve the
microbial hygiene of these products by affecting the bacterial load. By rinsing leafy
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greens in a colander, statistically significant reductions of the bacterial counts were
only achieved with a very high water speed, 8 L/min, which resulted in damaged
leaves. Washing through immersion in a water bath did not change the viable counts
at all. Immersion in water was also not a successful method to reduce E. coli after
inoculation of Romaine lettuce. In a previous study, Tatsika et al. (2019) used next
generation sequencing instead of culturing, and reached the same conclusion.
Household washing methods seem to be insufficient in reducing the bacterial load,
and it seems like there is little the consumer can do to affect the microbial hygiene
of these products.

In conclusion, the analysis of the microbiota on leafy greens in paper I and II,
showed high levels of culturable bacteria, with the dominating part consisting of
Gram-negative bacteria, among them Enterobacteriaceae, a family including
several pathogenic taxa. These bacteria are known for being carriers of antibiotic
resistance and may pose a risk to consumers, especially to children, elderly and
immunocompromised individuals (Hormozi, Vasei, Aminianfar, Darvishi, &
Saeedi, 2018; Li, Plésiat, & Nikaido, 2015). Paper I showed that many of these
bacteria cannot be washed away with conventional household methods.

Growth patterns of different E. coli strains and their
effect on the native microbiota

In typical pathogen growth evaluation studies, type strains are used (Gleeson &
O’Beirne, 2005; Luo et al., 2010; Soderqvist et al., 2017; Williams, Moyne, Harris,
& Marco, 2013). The growth behaviour of potentially pathogenic strains originating
from leafy green products have been poorly studied. In paper 11, the survival of the
E. coli CCUG 29300" with human origin, as well as two wild E. coli strains
previously isolated from romaine lettuce was investigated by inoculation of a RTE
product containing rocket. It could be seen that the concentration of viable E. coli
CCUG 29300" did not change inside the bags over the whole shelf-life period, while
E. coli 921 and 731 from romaine lettuce exhibited a different growth pattern
(Figure 5). E. coli 921 concentrations increased during the first three days, while the
concentration of £. coli 731 was able to grow during the last three days of shelf-life,
indicating an adaption to their environment and cold conditions. Even though the
pathogenicity of these strains is not known, the results are concerning, and
underlines the importance of studying environmental strains, which de facto are the
strains consumers are exposed to.
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Figure 5: E. coli count of inoculated rocket from throughout the whole shelf-life time. E. coli 731 and E. coli 921 are
wild strains originating from leafy greens. On the first day of the expiration period, 18 packages of ready-to-eat leafy
greens were purchased. Six packages were opened on the first day, and the packages were then resealed, stored at
8 °C and sampled again the next two days. On day 5, six unopened packages were sampled and resampled the next
two days (day 6 and on day 7). On the expiration date (day 9), the last six packages were sampled. *: outlier (value
outside 1.5%interquartile range).

When analyzing the microbiota with next generation sequencing after inoculation
of E. coli in paper 11, it was observed that the product types (rocket, leafy green
mix and spinach) were differently susceptible to E. coli inoculation. The E. coli
inoculation of rocket and spinach induced no changes in the native microbiota on
genus level, while in mixed leafy greens, multiple changes were observed. This
effect was seen for inoculation with both E. coli CCUG 29300" and E. coli 731. In
addition, rocket had a smaller relative abundance of Escherichia than spinach and
mix after inoculation with the type strain (0.6 % compared to 4.8 and 1.0
respectively), suggesting a more invasion resistant microbiota. However, it is
important to keep in mind that the levels of Enterobacteriaceae found on
uninoculated rocket samples are in the higher range of the analyzed products in the
study.

The results of the characterization of the microbiota and E. coli inoculation of leafy
greens are concerning for the food safety of leafy green products, and new strategies
are called for, such as biological control, to steer the microbiota in a healthier
direction for the consumer.
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Biological control of
leafy green vegetables

As a response to the hygiene situation of leafy green vegetables evaluated by paper
I and II — in paper III we aimed to isolate antagonistic bacteria from leafy greens
that can be used for biological control. In a rich microbial habitat, such as the
phyllosphere of plants or the human gut, bacteria constantly promote and antagonize
each other. When looking for bacteria to be used as biocontrol agents, it is beneficial
to start searching in the environment where it will be applied, as chances for survival
are optimal. By using E. coli antagonistic bacteria, the microbiota of leafy greens
can be modified in a healthier direction for the consumer. £. coli is one of the most
serious and prevalent human pathogens on leafy greens (Harris et al., 2006; Long,
Adak, O'Brien, & Gillespie, 2002; Parish et al., 2003), yet, only a few studies have
been performed to prevent its growth through biological control. Enterobacter
cloacae has been shown to reduce E. coli O157:H7 by 1 logl0 CFU/g on lettuce
(Jablasone et al., 2005), and Johnston et al. (2009) saw that bacteria belonging to
the genera Pantoea, Pseudomonas, Klebsiella, Enterobacter, Aeromonas and
Burkholderia were able to inhibit E. coli O157:H7. In biological control, it is
important however, to focus on antagonistic bacteria that are non-pathogenic, both
concerning humans and plants. Moreover, up to the present time, no study has been
performed that evaluates antagonistic bacteria aimed to reduce human pathogens on
live plants, a step which is crucial to evaluate the potential for commercial use.

In study II1, the first screening for antagonists was performed using a simple in vitro
model with E. coli. Out of 295 isolates from different agar types, 37 were able to
inhibit the type strain of E. coli. The identified strains belonged primarily to the
Bacillaceae and Pseudomonadaceae families, and members of these families have
shown antagonistic properties against human pathogens on leafy greens before
(Dufty, Whiting, & Sheridan, 1999; Janisiewicz, Conway, & Leverentz, 1999; C.
H. Liao & Fett, 2001; Shafi, Tian, & Ji, 2017). A few isolates that were easy to
cultivate and not known as plant or human pathogens were then selected and
evaluated in a field study; Pseudomonas cedrina LMG P-32207, Pseudomonas
punonensis LMG P-32204, Bacillus coagulans LMG P-32205 and Bacillus
coagulans LMG P-32206. The effects on the seed and leaf microbiota after seed
inoculation of the antagonistic strains were evaluated, and indications of a less
pathogenic bacterial composition were observed. Furthermore, seeds inoculated
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with B. coagulans raised the relative abundance of Lactobacillaceae and decreased
the relative abundance of Pantoea.

Special attention was drawn towards the relative abundance of E. coli on seeds and
leaves. Seeds coated with P. cedrina and P. punonensis, contained Escherichia-
Shigella (3.3 % and 5.6 % respectively), but when analysing the resulting leaves,
the relative abundance was below the detection limit (0.001 %). It is not possible to
state that the antagonistic bacteria were the cause of the reduction of Escherichia-
Shigella, since the genus was absent on untreated seeds. This is the first study that
has evaluated the effects of human pathogenic antagonists on live plants in a field
setting, and these results motivate further studies to prove that seed coating with P.
cedrina and P. punonensis may prevent the propagation of Escherichia-Shigella to
the leaves.
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Microbiota change and
immunomodulatory effects of
bacteria for biocontrol

Bacteria used for biological control will likely be consumed in high concentrations,
and it is vital to verify that they are safe for consumption. Immunological response
and microbiota studies are often made to evaluate the effects of probiotics and
microbiota-related diseases in the gut (Galdeano & Perdigén, 2006; Osman et al.,
2006; Pavan, Desreumaux, & Mercenier, 2003). To our knowledge, no such study
has been conducted with bacterial strains to be used as biological control agents. In
paper IV, in order to assess the safety of the biocontrol candidates, we evaluated the
immunological response upon administration of the test strains in healthy mice. P.
cedrina LMGP-322007, P. punonensis LMG P-32204, Bacillus coagulans LMG P-
32205 and Bacillus coagulans LMG P-32206 strains from the field trial were
evaluated together with R. cerastii MR5x, another strain that gave positive results
in the in vitro tests in paper I1I. The mice were given a pre-treatment with E. coli
and antibiotics to normalize the gut microbiota prior to receiving the test strains in
the drinking water for 16 days (Linninge, Ahrné, & Molin, 2014).

The animals were in good general health condition during the whole experimental
time, and body weight and spleen weights did not differ from untreated mice,
indicating that the administrated bacterial strains did not cause acute disease or
systemic inflammation.

The gut microbiota community structure was analysed by T-RFLP, and characteristic
patterns were found for each group. The Shannon-Wiener diversity index also
increased by P. punonensis in the small intestine, and for B. coagulans in the large
intestine. The occurrence of many different T-RFs depended on the bacterial strain
that was administrated. The T-RF patterns of the groups receiving the two B.
coagulans strains were similar, but substantial differences were observed between the
other groups.

Any local inflammation by MPO measurement in the intestinal mucosa could not
be found for any of the treatment groups. To further evaluate if the test strains would
induce inflammatory responses in the animals, 10 pro-inflammatory cytokines and
chemokines from a commercial kit were quantified in serum (IFN-y, IL1-B, IL-2,
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IL-4, IL-5, IL-6, KC/GRO, IL10, IL12p70, TNF-a). The only markers yielding
statistical differences were IFN-y, and KC/GRO. IFN-y increased in mice receiving
P. cedrina and B. coagulans strains. IFN-y supresses type-2 immune response, and
the health-beneficial species L. pentosus has been observed to increase levels
(Koizumi et al., 2008). In paper IV, levels of the neutrophil activator KC/GRO
increased in groups receiving R. cerastii and B. coagulans strains. It has previously
been observed that probiotic strains activate neutrophils and polarize the immune
system towards Thl (Cai et al., 2016; Kapila et al., 2013), which is also coherent
with the raise of IFN-y.

The flow cytometry results indicate different immune responses for the different test
strains. The levels of activated CD4+ and CD8+ cells were lower in the treatment
control compared to untreated mice, which is probably caused by the antibiotics in
the pre-treatment (Ekmekciu et al., 2017). In animals receiving B. coagulans, the
levels were similar to the ones of untreated individuals, while animals receiving P.
cedrina and R. cerastii had lower levels, similar to the treatment-control. The
dissimilar induced immune reactions are probably due to different interactions
between the microbiota and the immune system, supported by variations in the T-
RF patterns between the treatment groups.

Toll-like receptor 2 (TLR2) recognizes Gram-positive bacteria, but also plays a role
in Gram-negative infections (Spiller et al., 2008), explaining the higher levels of
dendritic cells and macrophages expressing TLR2 in the treatment control compared
to untreated animals. Levels were restored to normal in all treatment groups, except
for animals receiving R. cerastii, were levels rose, indicating an increase in
inflammatory status.

Toll like receptor 4 (TLR4) signals the presence of lipopolysaccharides that are
present in the cell membrane of Gram-negative bacteria (Munford & Varley, 2006).
Levels were raised by the pre-treatment with £. coli and decreased by administration
of all the test strains, except P. cedrina.

Lastly, all test strains, especially B. coagulans, raised the levels of regulatory T cells,
which is connected to the observed raise in IFN-y (Wood & Sawitzki, 2006),
indicating a stronger downregulation of the immune response. This is an anti-
inflammatory effect that has been observed for probiotics before (Groeger et al.,
2013; Y. Liu et al., 2010; M. Zhang et al., 2017)

In conclusion, the B. coagulans strains consistently emulate the immune response
of the normal control with untreated mice. P. cendrina and R. cerastii on the other
hand seem to generate the opposite effect, while the immune response seemed
largely unaffected by P. punonensis. Together with the results from paper III, it can
be concluded that strains that show potential as biological control agents on leaves
might not necessarily be beneficial to consume. A strain to be chosen for biological
control must pass both tests. According to the results of paper IV, mainly B.
coagulans LMG P-32205 and B. coagulans LMG P-32206 should be qualified to be
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included in additional regulatory safety tests according to national guidelines
(Ferreira, Soares, & Soares, 2019; Laulund, Wind, Derkx, & Zuliani, 2017). The
results encourage further development for B. coagulans to be used as biocontrol
agents on leafy green vegetables and increase their safety upon consumption.
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Conclusions

The major conclusions from the findings of the studies in this thesis are:

Ready-to-eat leafy green vegetables contain high numbers of viable
bacteria, among them Enterobacteriaceae, a family containing several
pathogenic taxa. Opportunistic pathogens such as Enterobacter homaechei,
Hafnia paralvei, Micrococcus luteus and Pantoea agglomerans were
detected and alive in the microbiota of leafy greens, constituting an obvious
hazard for the consumer. The found microbial hazards of leafy green
vegetables is universal, and independent of producing company and product

type.

Simulated household washing was inefficient and reduced aerobic counts
significantly only after 5 consecutive washes at high water velocity. This
treatment left the produce with damaged leaves and it still contained high
concentrations of culturable bacteria, 7 logl0 CFU/g. Washing could not
reduce numbers of E. coli after a simulated contamination.

Upon inoculation with E. coli, the microbiota composition of spinach and
mixed leafy greens changed, in contrast to the stable microbiota of rocket.
Rocket contained less E. coli after inoculation and storage, possibly making
this produce more resistant to pathogen invasion. However, it should be
noted that the Enterobacteriaceae levels of uninoculated rocket samples
were in the higher range among the products tested.

Wild E. coli strains of isolated from Romaine lettuce are able to grow at
different time-points during the shelf-life period, as opposed to the type
strain, underlining the importance to study product specific pathogens, in
contrary to type strains from other origins.

Bacterial strains isolated from leafy greens possess abilities to counteract
the growth of E. coli and modify the microbiota of spinach in a healthier
direction for the consumer in an industrial field production setting. These
results open up for biological control to be used to counteract food-borne
illness related to leafy greens.

The biological control candidates induce different immunological and
microbiota changes in healthy mice, highlighting the need of profound
safety testing prior to commercial application. The results of B. coagulans
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and P. punonensis strains are promising for further testing in order to
enhance the safety of leafy green vegetables.



Future outlook

Future investigations should be designed to evaluate the performance of the
antagonistic strains on pathogenic E. coli strains, and others such as Listeria and
Salmonella species. But as of the results from paper II, it can be seen that it is not
enough to just test against one strain, but several, preferably the ones that have been
isolated from outbreaks on leafy greens.

Before the appointed strains for biocontrol can be legally used in commercial food
production, they need to be subjected to safety tests according to national guidelines
involving antibiotic susceptibility tests, biogenic amine production and toxin
production.

Additionally, to be able to apply these antagonistic bacteria in large scale industrial
settings, the strains need to be incorporated in a formula that guarantees high
viability and long storage times. A wide range of applications is possible for these
bacteria, such as seed coatings, packaging material incorporation and irrigation
water additives, just to mention a few. One of the promising candidates, B.
coagulans, produce tolerant spores that should be easy to handle in commercial
production systems. The effort towards producing safe leafy green vegetables
through biological control has merely just started, but the results in this thesis are
promising for future development.
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