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As the human population grows and living standards improve, the demand for safe and nutritious
food is increasing. Fresh produce provides essential nutrients and lowers the risks of chronic
diseases, including cancer. Increased consumption of fresh produce, especially raw leafy greens,
IS suggested as a restorative practice to maintain and optimize human health. However, leafy
greens and raw produce are frequently associated with foodborne pathogens, causing foodborne
illnesses and economic loss. Contamination of foodborne pathogens could happen at any stage

from the farm to fork continuum, becoming impossible to remove completely once



contaminated. An in-depth understanding of the association between leafy greens and foodborne
pathogens could provide insights into this complex association and allow the more efficient
restriction of foodborne pathogens on leafy greens. This study investigated the Salmonella and
human pathogen association from the plant nutrient connection using lettuce and kale as plant
material. The impact of plant cultivar, drought, and plant development on Salmonella association
on leaf surface was evaluated. Our results identified that red loose-leaf lettuce ‘Mascara’ with
high contents of secondary metabolites were less favorable to Salmonella compared to green
Romaine lettuce. Drought restricted the Salmonella association on surfaces of ‘Mascara’ lettuce
and caused a more prolonged lag phase of Salmonella in lettuce washes. Leaf and wash
phytochemical profiles of ‘Mascara’ lettuce diverged from Romaine lettuce and shifted in
response to drought. The decline of Salmonella was positively associated with total flavonoids,
phenolics and anthocyanins levels in lettuce tissues. Kale plants from 20 days (baby kale) to 59
days (ready-to-harvest mature kale) post-germination were recruited in this study to identify the
impact of drought and plant development on Salmonella association. Drought impaired the
Salmonella association on the baby kale surface and in washes, and shifted the phytochemical
profiles, but not on mature kale plants. Baby kale plants supported higher levels of Salmonella
than mature kale plants. Accumulation of flavonoids, possibly phenolics, but not glucosinolates
in kale tissues, are of future interest as Salmonella restrictive compounds. To ensure food
security under climate change, the impact of two strains of plant growth-promoting rhizobacteria
(PGPR) - Pseudomonas spp., on plant growth promotion under environmental stresses and
epiphytic Salmonella restriction were studied. For 26 days old kale plants, root inoculation of
Pseudomonas spp. showed no growth-promoting effects but limited the Salmonella population

on kale surface without changing the contents of secondary metabolites under regular watering



condition. Salinity reduced kale plant biomass accumulation and limited Salmonella growth on
surfaces, with higher antioxidant capacity detected in kale tissues. For both 20 days (baby) and
59 days (mature) kale, the inoculation of Pseudomonas spp. protected plants from biomass
reduction due to drought and limited the surface survival of Salmonella under regular watering
condition, with limited changes in overall phytochemical profiles and no changes in secondary
metabolites detected. In summary, this study advanced our understanding of the impact of
phytochemicals and plant growth-promoting rhizobacteria on the Salmonella and leafy green
association. Our data suggested that the selection of specific cultivars, regulated abiotic
elicitation of secondary metabolites and application of beneficial rhizobacteria are promising
strategies to maintain plant growth and enhance food safety and nutritional quality under the

great challenge of climate change.
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Chapter 1: Introduction

Salmonella, the leading bacteria that causes the most foodborne illness in the United States, is
a primary public health concern and economic burden (Scallan et al., 2011b). Food safety
incidents cost over $15.5 billion annually in the USA with non-typhoidal Salmonella enterica
subsp. enterica incurring the highest economic burden compared to all other 14 human
foodborne pathogens considered (Hoffman et al., 2015). According to the Centers for Disease
Control and Prevention (CDC), 1 in 6 Americans are affected by foodborne illness annually,
and 3,000 of those illnesses lead to death (Scallan et al., 2011a; Scallan et al., 2011b). In the
USA, from 1998 to 2008, leafy greens were associated with 46% of foodborne diseases
(Painter et al., 2013), and from 1973 to 2012, 11% of foodborne illness outbreaks associated
with leafy greens were caused by Salmonella enterica (Herman et al., 2015). The growth in
foodborne disease outbreaks associated with fresh fruit and vegetables (Callejon et al., 2015b;
Lynch et al., 2009) may be attributed to the rise in fresh produce consumption, more
centralized product processing and distribution, climate change, and pathogen adaptation. The
growing consumption of fresh and raw leafy greens requires an in-depth project to study the

interaction of leafy greens and human pathogens, thus ensuring the safety of fresh produce.

Under the influence of climate fluctuation, a higher frequency of drought and other abiotic
stresses have dramatically reduced crop yield and affected plant physiological traits (Bechtold
etal., 2021; Skirycz et al., 2010; Urano et al., 2009; Verslues and Juenger, 2011). Drought is
considered the primary threat among abiotic stresses and is predicted to worsen (Cominelli et
al., 2009). Moreover, salinity stress is an emerging issue in coastal regions due to sea-level

rise and seawater intrusion (White and Kaplan, 2017). Plants display a range of mechanisms
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to adapt abiotic stresses such as drought and salinity stress, including stomatal closure to
reduce water loss (Azevedo Neto et al., 2004; Flexas and Medrano, 2002; Robinson et al.,
1997), accumulation of low-molecular weight osmoprotectants to lower water potential
(Singh et al., 1972; Streeter et al., 2001) and antioxidant compounds to cope with oxidative
stresses (Eek and Zhang, 2017). Simultaneously, plant growth-promoting rhizobacteria
(PGPR), one kind of biotic factor, can colonize plant roots and provide beneficial services to
plants (Loper and Henkels, 1999; Upadhyay et al., 2011). PGPR can also alter plant
metabolomes (Upadhyay et al., 2012) and the composition of phyllosphere microbial
community structures (Ghorbanpour et al., 2013; Massoni et al., 2021), thus impacting the

plant-microbe association.

Salmonella is able to colonize plant surfaces under relatively high humidity and survive under
dry conditions (Brandl and Mandrell, 2002). The availability of phytonutrients on plant
surfaces determined the successful epiphytic growth and population size (Brandl and
Amundson, 2008; Goudeau et al., 2013; Hirano and Upper, 1990a; Mercier and Lindow,
2000). Most phytonutrients readily available to S. enterica were leached and exuded from
plant surfaces (Mercier and Lindow, 2000). Leaf age, plant genotype, and abiotic stresses
could impact the composition and abundance of phytonutrients and affect bacterial
populations, including enteric pathogens (Han and Micallef, 2016; Hunter et al., 2010; Ryffel
et al., 2016). Studies aiming to illustrate plant phytocompound profile changes in response to
various conditions and the influence of those changes on enteric pathogen-leafy green
associations can provide direction for enhancing food safety from the plant perspective

(George and Brandl, 2021; Melotto et al., 2020), albeit little is investigated.



Human pathogens, such as Salmonella enterica, could be introduced to produce at any stage
of the farm to fork continuum and survive the production, processing, and harvest (Bennett et
al., 2015; Harris et al., 2003; Olaimat and Holley, 2012). It is rather complex to reduce and
eliminate human pathogens once they establish on the plant surface (Goodburn and Wallace,
2013; Parish et al., 2003). To enhance food safety and reduce its collateral economic losses,
Good Agricultural Practices (GAPs) and Produce Safety Rule (PSR) under the Food Safety
Modernization Act (FSMA) have been established to offer guidance and recommendations
for growers to prevent foodborne outbreaks. Nevertheless, a more thorough understanding of
leafy green — foodborne pathogen interaction is required to reduce foodborne outbreaks. The
goal of this project is to explore the relationships between the survival of foodborne
pathogens on leafy greens and the plant metabolome and surface metabolome that change
during development or as affected by abiotic stress (drought and salinity), and in the presence
of PGPR, and under the combination of abiotic stress and PGPR. Results from this project
can fill current knowledge gaps, then provide solutions to control foodborne illnesses such as
salmonellosis caused by S. enterica. Furthermore, agricultural practices that can enhance the
accumulation of foodborne pathogen growth-limiting compounds or recruit more enteric
pathogen growth-limiting microbial organisms will be introduced to growers under the

significant challenges caused by climate change.

The central hypotheses of this study were listed below:

Hypothesis 1: The accumulation of antioxidant compounds and phytochemical profile
changes in response to plant cultivar, drought stress, or as plants develop restrict the survival

of Salmonella enterica on the leafy green surface.



Hypothesis 2: Root inoculation of Pseudomonas spp. S2 and S4 could alleviate the
detrimental effects of drought and salinity stress on kale plants with enhanced resilience

against Salmonella establishment.

The objectives and specific aims of the study were as follows:

Objective 1: Investigate the epiphytic association of Salmonella enterica on leafy greens as

influenced by plant cultivar, drought, and plant developmental stage

Objective 1.1: Determine if drought stress and lettuce cultivar affect the serotype-

dependent lettuce- Salmonella association.

Objective 1.2: Evaluate the impact of drought stress and plant developmental stage

on the survival of Salmonella on the kale plant surface and in leaf surface washes.

Objective 2: Integrate metabolomic approaches to understand the association of Salmonella

enterica on surfaces of leafy greens as influenced by drought and plant developmental stage

Objective 2.1: Determine if drought stress and lettuce cultivar affect the

phytochemical profiles of lettuce leaves and leaf surfaces.

Objective 2.2: Evaluate the impact of drought stress and plant developmental stage

on kale leaf and leaf surface phytochemical profiles.

Objective 3: Assess the influence of plant growth-promoting rhizobacteria (PGPR) on the
Salmonella — kale association under the influence of abiotic stresses and with plant

development.



Objective 3.1: Determine the impact of drought stress and plant developmental stage

on the Salmonella—kale association with PGPR application.

Objective 3.2: Evaluate the influence of salinity stress on the survival of Salmonella

on kale plants inoculated with PGPR.

Objective 4: Assess physiological impacts of PGPR on kale plants under the influence of

abiotic stresses and plant developmental stage

Objective 4.1: Determine growth and phytochemical profile changes of kale plants

inoculated by PGPR under drought stress.

Objective 4.2: Evaluate the impact of salinity stress on growth and phytochemical

profiles of PGPR-inoculated kale.



Chapter 2: Literature Review

2.1 Salmonella enterica and leafy greens

According to the Produce for Better Health Foundation in 2015, with the advocating of
healthy lifestyles, the consumption of fresh vegetables, has vastly increased and expected to
grow by 8% over the next 5 years. An epidemiological study reported that the consumption of
vegetables is negatively associated with the risk of chronic diseases such as cardiovascular
disease (Rosner et al., 2004) and oral cancer (Nobile et al., 2006). However, the incidence of
foodborne outbreaks associated with fresh fruits and vegetables increases as they are often

eaten raw.

Green leaf lettuce (Lactuca sativa) is one of the most popular vegetables among American
consumers, with its consumption being mostly fresh and raw. Lettuce is a good source of
iron, folate, fiber, vitamin C and bioactive compounds including carotenoids and phenolic
compounds, and is low in calories, sodium and fat (Kim et al., 2016). However, lettuce has
been highly associated with foodborne disease outbreaks. According to the Centers for
Disease Control and Prevention (CDC), 354 outbreaks, 9,105 illnesses, 524 hospitalizations
and 5 deaths were caused by consumption of contaminated lettuce from 1998 to 2017. A
recent lettuce recall due to pathogenic E. coil in 2018 was reported to affect at least seven
states in the US, Mexico and Canada, which caused 62 people to fall ill and 25 to be

hospitalized in the US (FDA, 2019).

Kale (Brassica oleracea) is one of the ten most economically important vegetables in the

global agriculture markets (Francisco et al., 2017). It is also one of the most frequently
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consumed leafy greens all over the world (Kim Moo et al., 2017). Higher consumption of
Brassica vegetables is reported to associate with lower rates of cardiovascular disease and
cancers due to the abundant bioactive substances in Brassica plants such as phenolics and
flavonoids. However, conventional cooking remarkably affects the phytonutrient content of
Brassica plants such as kale (Jones et al., 2006; Lopez-Berenguer et al., 2007). To obtain
higher concentrations of bioactive phytonutrients, consuming fresh juvenile kale is
recommended (Francisco et al., 2017). However, fresh juvenile kale is also easily
contaminated by pathogens and causes foodborne disease. A recent kale recall caused by
Listeria monocytogenes in 2018 was reported to affect 11 states in the US and five states in
Canada (Desk, 2019), which caused a billion dollars loss. Kale, as an increasingly popular
leafy vegetable, has caused 4 outbreaks, 19 illnesses and 5 hospitalizations from 1998 to 2017

recorded by CDC.

Salmonella, the bacteria that cause the most foodborne illness in the United States, is a major
public concern and economic burden (Scallan et al., 2011b). From 1979 — 2010, Salmonella
was the most common etiologic agent in multistate outbreak-associated illnesses, with 26% of
implicated vehicles being produce commodities, higher than any other commaodity
classification (Nguyen et al., 2015). This increasing outbreak trend with fresh produce may
be due to several reasons, such as the increased consumption of fresh produce with 94%
growth in global million tons of production from 1980-2004, more centralized processing and
distribution, climate change, and pathogen adaptation (Olaimat and Holley, 2012). Also, a
few studies have elucidated details about the mechanisms of the survival of human pathogen
S. enterica on the surface of leafy greens. The numbers of bacteria on plant surfaces can

reach 10° to10” CFU per gram of leaf under favorable environmental conditions, such as
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when high relative humidity or free water is present (Hirano and Upper, 1990b; Obrien and
Lindow, 1989). This indicates that nutrients leached from the plant surface could be adequate
for bacteria to survive (Han and Micallef, 2016; Hirano and Upper, 1990b; Mercier and
Lindow, 2000). Molecules leached from plant leaves include a variety of organic and
inorganic compounds, such as sugars, organic acids, amino acids, methanol, and various salts
whose abundance can vary with plant species, age of leaves, and growing conditions (Corpe
and Rheem, 1989; Purnell and Preece, 1971; Tukey Jr, 1970). Plants capable of supporting
high bacterial population sizes were proportionally more depleted of leaf surface nutrients
than plants with low epiphytic population (Mercier and Lindow, 2000). In addition, sugar,
sugar alcohols and organic acids promote the growth of Salmonella enterica, whereas fatty
acids inhibit the growth of S. enterica (Dev Kumar et al., 2019; Dev Kumar and Micallef,
2017; Han and Micallef, 2016). Plant secondary metabolites might also have a negative

impact on S. enterica growth and colonization (Han and Micallef, 2016).

2.2 The impact of drought, salinity, and other abiotic stresses due to climate change

in Maryland and the USA

According to the National Center for environmental information (NOAA), southern and
western parts of the country were influenced by drought in 2018. Moreover, drought in much
of the southwest was severe and persistent. Even though drought does not impair human life
and kill plants immediately, it is a huge economic burden. NOAA reported that, in the past
three decades, drought ranks second regarding phenomena associated with billion-dollar
weather disasters. Drought is a serious hazard cost nearing $9 billion per year in the US

(NOAA). Drought affects our lives in multiple ways. Farmers spend more money to water



their plants and feed all animals. The decrease in agricultural production then results in a
higher price of daily supplies such as dairy products. Soil could turn unfarmable due to severe
drought. A long period of drought intensifies the harshness of wildfire, which impacts the
environment, society, and economy. Besides drought, increased levels of greenhouse gases
are evident to cause the Earth to global warming in response. Reported by National
Aeronautics and Space Administration (NASA), the planet’s average surface temperature has
risen about 0.9 °C since the late 19th century. Most of the warming occurred in the past 35
years. In the meantime, the Antarctic and Greenland ice sheets have decreased dramatically
along with a 0.2 °C increase with the top 700 meters of oceans. Global sea level rose about 8
inches in the last century. However, the rate doubles in the last two decades and is
accelerating slightly every year (Nerem et al., 2018). Climate change is increasing the

number and severity of winter storms, hurricanes, flood, and other extreme weather events.

Maryland is one of the most vulnerable states to climate change. Climate change has already
impacted the state of Maryland in many ways, such as the rising sea level, more frequent and
violent thunderstorms, and summer heat waves. Growers in Maryland are facing costly losses
due to extreme heat waves and drought. A 0.6 to 1.1°C rise in temperature and intensive
drought stress were observed in the last century in Maryland (Maryland.gov). Long-term
temperature data show that the average temperature will continue to rise in the future. Rising
temperature increases evaporation, which increases average rainfall, frequency of heavy
storms in many places. However, it contributes to a severe drought in others (Maryland.gov).
Even though the annual precipitation in Maryland increased by about 5 percent in the last
century, precipitation from extremely heavy storms has increased in the eastern United States

by more than 25 percent since 1958 (Maryland.gov). Increased precipitation in spring results
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in higher evaporation in the soil, which dries the soil during summer and fall. As a result,
intensive floods are more likely to occur in winter and spring, and severe droughts take place
in summer and fall (Maryland.gov). Sea level rising is a huge challenge in Maryland. Sea
levels have risen about one foot during the last 100 years and are expected to continue to rise,
then reach another one-foot rise by 2050 (EPA, 2016; Maryland.gov). Furthermore, higher
water levels are exacerbating coastal flooding, submerging low lands, eroding beaches and
increasing the salinity of estuaries and aquifers. Most importantly, one of Maryland’s most
important agricultural regions, the Eastern Shore, is experiencing high sea level rise and
coupled with subsidence and groundwater extraction, is exacerbating saltwater intrusion into
aquifers and soil that is affecting agriculture (Rebecca Epanchin-Niell and Miller, 2018). The
ecosystems in Maryland has become more vulnerable, with less grass species surviving in the

warmer season and less food for predators (EPA, 2016).

2.3 Plant physiology and metabolome changes due to drought and salinity stresses

Drought, salt and temperature stresses are major environmental factors that affect the
geographical distribution of plants in nature, limit plant productivity and threaten food
security (Zhu, 2016). The increasing temperature and other extreme weather conditions
caused by climate warming have greatly changed the environments of plants. To cope with
drought, plants are found to biosynthesize specialized metabolites, which characteristically
exhibit antioxidant activity in vitro (Nakabayashi and Saito, 2015). As one of the major
constraints limiting crop production worldwide, drought impairs plant growth and reduces
water use efficiency in plants. Plants display a range of mechanisms to withstand drought,

such as reduced water loss by increased diffusive resistance, increased water uptake, and
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smaller and succulent leaves to reduce transpiration loss (Farooq et al., 2012). Low-
molecular-weight osmolytes, including glycine betaine, proline, and other amino acids,
organic acids, and polyols also play vital roles in sustaining cellular functions under drought.
Many abiotic stresses directly or indirectly affect the synthesis, concentration, metabolism,
transport, and storage of sugars. Soluble sugars act as potential signals interacting with light,
nitrogen and abiotic stress to regulate plant growth and development (Kang et al., 2010;
Obertello et al., 2010; Osuna et al., 2007). Mutant analysis has revealed that sugar signaling
interacts with ethylene (Zhou et al., 1998), ABA (Arenas-Huertero et al., 2000; Finkelstein
and Gibson, 2002), cytokinins (Franco-Zorrilla et al., 2005), and light (Mita et al., 1995;
Thum et al., 2003). Lettuce has high water content (~95%) (Kim et al., 2016), which makes it
susceptible to drought stress. Drought impaired lettuce growth and pushed plants to reallocate
resources to achieve maturity quickly (Eriksen et al., 2016). Drought significantly decreased
the fresh weight of green leaf lettuce cultivar ‘Slobolt’, ‘Grand Rapids’, ‘Western Green’ and
‘Australian’ (Eriksen et al., 2016). Drought stress adversely affected the leaf area and fresh
and dry weight of kale plants (Issarakraisila et al., 2007). Physiological changes including
thickening and whitening of the cuticle and closure of stomata limits the photosynthesis and
accumulation of bioactive substances in kale plants under drought stress (Issarakraisila et al.,

2007).

Salinity indicates the amount of salt present in soil and water. Saline soil and water is rich in
several salts (Na*, Mg?, Ca?*, CI-, HCOs", and SO4>"), and excess amount of salt has caused
a negative impact on phytochemical and morphological functions of plants. Salinity inhibits
germination of seed, plant growth, development, and yield, and it is one of the major abiotic

stresses that harm agriculture by decreasing productivity (Zhang and Dai, 2019). Salinity
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would impact photosynthetic machinery, transpiration, and gaseous exchange by decreasing
chlorophyll and carotenoids content (Pan et al., 2021). Soil salinity lowers could disturb plant
water relations by influencing soil water potential and leaf water potential, which may
ultimately lead to osmotic stress of plant cells (Navada et al., 2020). Too much salts taken by
plants from the saline soil via transporters may also create ion toxicity and disturb mineral
uptake of plants. Over-accumulation of ions including Na* and CI~ from saline soil or water
would inhibit other ions intake such as K* and Ca?* uptake an lead to ionic imbalance (Arif et
al., 2020). Salinity also triggers more reactive oxygen species (ROS) and creates oxidative
stress in plant cells, which may lead to DNA and protein damage (El Ghazali, 2020). Salinity
limited the biomass accumulation of lettuce (Lactuca sativa L. cv. ‘Paris Islands Cos’) (Al-
Maskri et al., 2010). Lettuce (Lactuca sativa L. cv. ‘Tafalla’) growth was inhibited under
salinity stress even with the help of plant growth-promoting rhizobacterium ad an arbuscular
mycorrhizal fungus (Kohler et al., 2009). Higher levels of oxidative stress, decreased plant
growth and induced plant death were reported due to salinity (Shannon and Grieve, 1998;
Shannon et al., 2000). Reduced fresh and dry weight and leaf area of lettuce (Xu and Mou,
2015) and kale (Shannon et al., 2000) in response to high salinity was identified. Salinity
induced the stomatal closure and enhanced antioxidant enzyme activities were observed for

lettuce (Eraslan et al., 2007) and kale (Tayebimeigooni et al., 2012).

Stresses such as drought, salt, ultraviolet radiation, and air pollutants can disrupt the cellular
homeostasis of cells and enhance the production of reactive oxygen species (ROS) in plants
(Muittler, 2002). The production of ROS during stress results from pathways such as
photorespiration, from the photosynthetic apparatus and from mitochondrial respiration.

Studies have shown that the production of ROS due to pathogens, wounding or
12



environmental stresses was triggered by NADPH oxidases (nicotinamide adenine
dinucleotide phosphate-oxidase). The enhanced production of ROS during stress can pose a
threat to cells which potentially induce DNA, RNA, protein and membrane oxidation and
damage, but it is also thought that ROS act as signals for the activation of stress-response and
defense pathways (Desikan et al., 2001; Knight and Knight, 2001). Thus, to mitigate ROS in
cells, plants either recruit detoxifying proteins such as superoxide dismutase (SOD),
ascorbate peroxidase (APX), or antioxidants such as ascorbic acid and glutathione (GSH),
sugars, quinic acid derivatives. Flavonoids that are common in the plant kingdom are
responsive to almost all abiotic stresses. Experiments conducted on Arabidopsis have proved
that the over-accumulation of flavonoids enhanced the plants’ oxidative-stress and drought-
stress tolerance (Nakabayashi et al., 2014a). Flavonoid accumulation in accordance with
abiotic stress exposure was reported as a late response implemented to protect plants (Kusano

etal., 2011).

2.4 Drought and salinity stress affects pathogens infection:

Abiotic stresses elicit complex plant responses and can, in turn, impact plant responses to
pathogens. Drought stress could make plants more susceptible to pathogens. Drought-treated
Parthenocissus quinguefolia plants were more susceptible to Xylella fastidiosa, the agent of
bacterial leaf scorch (McElrone et al., 2001). Cankers caused by Septoria musiva, a damaging
fungal pathogen, were significantly larger on drought-stressed hybrid poplar trees than those
on regularly watered trees (Maxwell et al., 1997). Red pines under moderate drought stress
were reported to be more susceptible to various isolates of Sphaeropsis sapinea that cause

blight (Blodgett et al., 1997). Similarly, common bean under both simultaneous drought
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stress and Macrophomina phaseolina that cause charcoal rot and seedling blight showed
higher leaf temperature and transpiration rate than only drought-treated bean plants (Mayek-
PErez et al., 2002). It was hypothesized that the protection mechanism is weakened by
drought stress intensifying the infection of pathogens and causing further damage to the

plants.

In contrast, the application of abiotic stresses activated the plant stress signal transduction
network and prepared them for subsequent stresses, including pathogens. Drought stress
could help plants to cope with pathogens that prefer humid or wet conditions (Ramegowda
and Senthil-Kumar, 2015). Drought stress reduced 50% of the Botrytis cinerea infection,
suppressed the spread of Oidium neolycopersici and increased the endogenous ABA level on
tomato cv ‘Moneymaker’(Achuo et al., 2006). Compared to regularly watered infected plants,
drought-acclimated Nicotiana benthamiana plants showed resilience to the necrotrophic
fungus Sclerotinia sclerotiorum that causes white mold and the hemi-biotrophic bacterial
pathogen Pseudomonas syringae that causes bacterial speck (Ramegowda et al., 2013).
Increased ROS levels and pathogenesis-related protein expression were observed in drought-
acclimated Nicotiana benthamiana plants, which indicated that accumulated ROS during
drought acclimation played a role in tolerance against pathogens (Ramegowda et al., 2013).
The accumulation of ABA caused by drought stress proved to increase the plants' resistance
to pathogens due to callose deposition (Mauch-Mani and Mauch, 2005). Salinity stress

primed wheat plant to wheat blast disease (Cabot et al., 2018).

Less data is available regarding the association of enteropathogens with plants under drought

stress. A study reported that when iceberg lettuce plants were under severe drought, levels of
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Salmonella Typhimurium retrieved from soil was significantly higher than from regularly
watered plants (Zhang et al., 2016). Moreover, the internalization of Salmonella
Typhimurium through roots in Iceberg lettuce leaves increased significantly when lettuce
plants were under severe drought stress (Zhang et al., 2016). Similarly, drought stress was
reported to increase the detection frequency and the level of internalization of Salmonella
Infantis in leafy lettuce cultivar ‘Green Salad Bowl’ leaves (Ge et al., 2012). However,
drought and heat stress did not promote internalization of Escherichia coil 0157 :H7 in
Iceberg lettuce leaves (Zhang et al., 2009). Fresh-cut lettuce exposure to increased salinity

showed a decrease in mesophilic bacteria in soilless production system (Scuderi et al., 2011).

2.5 Developmental changes in plant metabolome

Besides abiotic stresses such as drought, plant metabolome and exo-metabolome change as
plants develop and mature, and in response to biotic stresses caused by plant pathogens. Leaf
development is a complicated process that involves various factors (Van Lijsebettens and
Clarke, 1998). The photosynthesis rate of leaf changes as plants age, where it increases until
the leaf fully expands, then decreases near abscission (Hardwick et al., 1968; Miller et al.,
2000; Noodén, 2012). Leaf death occurs when all the nutrients are removed and recycled
(Buchanan-Wollaston et al., 2003). Leaf senescence is a well-regulated process that usually
starts from the chloroplast (Cabello et al., 2006). Protein and RNA start degradation along
with the chloroplast (Cabello et al., 2006). The degradation of mitochondria and the nucleus
happens at the final stages (Gan and Amasino, 1997; Nam, 1997). Nutrients such as sulfur,
phosphorus, minerals, and metal ions are also transferred out of the leaves (Himelblau and

Amasino, 2001). The structure and function of cellular membranes are impaired due to the
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accelerated metabolisms of membrane lipids. The membranes of thylakoids are abundant
sources of carbon that can be used as an energy source during senescence (Diaz et al., 2005).
Rubisco is the major nitrogen source for mobilization (Diaz et al., 2005). During the
development of sunflower (Helianthus annuus), the degradation of leaf pigments and
decreased photosynthetic activity were observed along with lower content of chlorophyll
(Cabello et al., 2006). Soluble protein, starch, and total RNA levels also decreased during
aging (Cabello et al., 2006). However, the soluble sugar content increased (Cabello et al.,
2006). Nitrogen-rich amino acids were suggested to be accumulated and transported from
senescent leaves (Cabello et al., 2006). The photosynthesis rate in the third pair of leaves of
Perilla frutescens started a gradual decline from full expansion to abscission (Hardwick et al.,
1968). Most of the studies, nowadays, focus more on monitoring chlorophyll content and
gene expression patterns shifting during leaf senescence. Understanding the nutrient
mobilization during leaf senescence is vital, however, analyses of the metabolite profiles

during aging still need more in-depth studies.

Higher sugar content is observed during leaf senescence in several plant species, while the
amino acid content decreases (Jongebloed et al., 2004; Masclaux et al., 2000). In Arabidopsis,
the content of glucose and fructose increased, while sucrose stayed stable in senescing leaves
(Diaz et al., 2005; Pourtau et al., 2006; Quirino et al., 2001). Ethylene and cytokinin are
highly related to the inducing or delaying leaf senescence (Guiboileau et al., 2010).
Moreover, cytokinin is reported to have the strongest effect on leaf senescence delaying
(Schippers et al., 2007). Gibberellin acid and auxin are capable of promoting plant growth.
However, ethylene, salicylic acid (SA), jasmonic acid (JA) and abscisic acid (ABA) are

reported to induce leaf senescence (Guiboileau et al., 2010). Plant metabolism changes along
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with aging, however, all plant species and genotypes do not senesce at the same time nor in a
similar way. Plant senescence can happen naturally or induced by stress. All these factors
should be included when considering the interaction between plant aging and the survival of

pathogens.

2.6 Plant growth promoting rhizobacteria and abiotic stresses

Bacteria colonizing the rhizosphere that can enhance the growth of plants through various
mechanisms are called plant growth promoting rhizobacteria (PGPR). PGPR have been
widely recognized as biofertilizers (Khan et al., 2018). Higher yields have been recorded in
potatoes, radishes, rice, tomato, and apples as a result of PGPR inoculation(Almaghrabi et al.,
2013; Bhattacharyya and Jha, 2012; Han and Lee, 2005; Khalid et al., 2004). According to
the interaction of PGPR with plants, they can be classified into two types as extracellular
plant growth promoting rhizobacteria (ePGPR), which mainly inhabit between the cells of the
root cortex in the rhizosphere and intracellular plant growth promoting rhizobacteria
(iPGPR), which exists inside the plant specialized structure such as nodules of plant root cells
(Martinez-Viveros et al., 2010). Pseudomonas, Arthrobacter, Chromobacterium,
Micrococcus Serratia, Azospirillum, Bacillus, Caulobacter, Erwinia, Flavobacterium, and
Burkholderia are major genera included in the ePGPR group; whereas, Rhizobium,
Bradyrhizobium, Mesorhizobium, and Allorhizobium belong to iPGPR group (Bhattacharyya
and Jha, 2012; Hurek and Reinhold-Hurek, 2003; Sevilla et al., 2001; Steenhoudt and
Vanderleyden, 2000). PGPR play plant-host dependent growth promoting roles through direct
and indirect mechanisms, which includes nutrient fixation, producing volatile organic

compounds (VOCs) and enzymes to prevent diseases, and neutralizing biotic and abiotic
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stress (Garcia-Fraile et al., 2015). Several compounds such as siderophores and antibiotics
produced by antagonistic PGPR showed pathogen control effects and were linked to indirect
growth promoting (Beneduzi et al., 2012). PGPR are highly impacted by both biotic and
abiotic factors. Plant development stages, plant defense mechanisms, plant genotypes, and
plant existing microbial community could affect the role of PGPR as well as climatic
conditions, soil composition, and soil management (Vacheron et al., 2013). PGPR can affect
the plant metabolome. The inoculation of PGPR strain Serratia marcescens NBI1231
increased the content of phenolics including gallic acid, caffeine acid, chlorogenic and ferulic
acids in Betel vines (Lavania et al., 2006). Increased activity of polyphenol oxidase (PPO)
and phenylalanine ammonia lyase (PAL) was suggested to explain the increased levels of

phenolics under the presence of PGPR (Mabrouk et al., 2007).

Abiotic stresses such as drought, UV radiation, extreme temperature, salinity, and floods
harm the survival of plants and their development, thus affecting the biomass and
productivity. To help plant host to cope with abiotic stresses, mechanisms such as the
reduction in oxidative damage, increase water-use efficiency and osmotic adjustment were
reported from PGPR studies. PGPR could help plants survive under drought through
accumulating exopolysaccharides, producing metabolites associated with stress and biofilm
(Sandhya et al., 2010). Paenibacillus polymyxa was reported capable of colonizing plant root
tips, then forming biofilm-like structure and manipulating the mRNA transcriptions of a
drought-response gene ERD15, thus protecting the plants from drought stress (Timmusk et
al., 2005; Timmusk and Wagner, 1999). Phyllobacterium brassicacearum was reported to
induce a delay in flowering time, thus increasing biomass accumulation under drought stress

(Bresson et al., 2013). The growth and yield of Chinese kale (Brassica oleracea var.
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alboglabra) were promoted with the inoculation of Pseudomonas (Issarakraisila et al., 2007).
P. putida promoted the shoot and root growth, increased the leaf numbers, leaf relative water
content, proline accumulation, and alkaloid content, and induced the activities of antioxidant
enzymes when Hyoscyamus niger (medicinal plant) were under drought stress (Ghorbanpour

etal., 2013).
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Chapter 3: Drought-induced responses in loose-leaf lettuce,
but not Romaine lettuce, limited Salmonella enterica

association on leaf surfaces

3.1 Introduction

As the leading enteric bacterial pathogen, Salmonella enterica subsp. enterica causes the
highest monetary cost of foodborne illness among other foodborne pathogens (Morris Jr et
al., 2011). Fresh produce accounted for 46% of all reported foodborne illness in the US from
1998 to 2008 (Painter et al., 2013). In 2021, more than 1/3 of multistate outbreaks were
associated with fresh produce (CDC) and it was projected to reach a higher proportion of all
foodborne outbreaks in the USA (Bennett et al., 2018). The Salmonella — Produce pair
ranked 8" with regards to the average impacts to cost of illness and quality adjusted life years
(Morris Jr et al., 2011). Of these produce, lettuce (Lactuca sativa) is one of the most popular
vegetables among American consumers, with its consumption being mostly fresh and raw.
Simultaneously, lettuce is the most commonly implicated vegetable associated with
foodborne outbreaks in the U.S. (Sivapalasingam et al., 2004). Among foodborne pathogens,
Salmonella Newport was identified the leading serovar in illnesses associated with salads,
lettuce and tomatoes in the European Union (Callejon et al., 2015a). Despite the huge
economic loss and public health concerns caused by Salmonella on fresh produce, the

interaction between Salmonella and plants remains unclear.

The contamination of human pathogens to produce can happen at any stage from preharvest

to postharvest (Bennett et al., 2015; Harris et al., 2003). Once established on the plant
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surface, reducing or eliminating human pathogens is complex (Goodburn and Wallace, 2013;
Parish et al., 2003). At least 20% of contamination takes place during the preharvest stage
and enteric pathogens are capable of associating with plants to persist from farm to
postharvest stages, potentially leading to foodborne illness and outbreaks (Brandl and
Mandrell, 2002; Yaron, 2014). Excluding introduction of pathogens from field and controlled
environment agriculture is the principal way by which contamination is controlled at the pre-
harvest stage, since no effective strategies exist to control foodborne pathogens at the
production level, once established in the plant niche. Salmonella enterica serovars exhibit a
differential ability to colonize and grow on fruit and leaf surfaces, which can be partially
explained by diversity in traits linked to attachment and biofilm formation (Berger et al.,
2009; Beuchat, 2002; Patel and Sharma, 2010). Exploring the traits and drivers that favor
Salmonella association with leaf vegetables could be helpful in devising solutions to control

this human pathogen at the pre-harvest level.

Phytonutrients are crucial for successful bacterial colonization of plants and epiphytes depend
on nutrients released to the plant surface (Hirano and Upper, 1990a; Hirano and Upper, 2000;
Mercier and Lindow, 2000). Under favorable environments, bacteria could reach up to 107
CFU/qg of leaf (Hirano and Upper, 1990a; O'brien and Lindow, 1989). Specifically,
Salmonella can utilize sugars and amino acids as carbon and nitrogen resources to thrive on
plant surfaces (de Moraes et al., 2017; Kroger and Fuchs, 2009; Kwan et al., 2015; Megias-
Pérez et al., 2020). Plant age, plant anatomical structure and cultivar impact the composition
and levels of phytochemicals present and have been shown to mediate Salmonella association
on produce surfaces (Brandl and Amundson, 2008; Han and Micallef, 2016; Quilliam et al.,

2012). Simultaneously, plants deal with adverse conditions by accumulating secondary
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metabolites which provide defense against pathogens and herbivores and protect against
oxidative damage generated by abiotic stresses. Controlled elicitation of secondary
metabolites is a new approach being explored for enhanced medicinal and beneficial value of
crops (Thakur et al., 2021). This approach should also be explored to enhance food safety
(George and Brandl, 2021; Liu et al., submitted). Drought is one of the most severe stresses
plants encounters. Lettuce responds to this stress by accumulating proline (amino acid) and
polyphenols (secondary metabolites) (Rajabbeigi et al., 2013). How these phytochemical
changes influence the lettuce — Salmonella association has not been explored. Thus, in this
study, we aimed to investigate the impact of drought stress on two common lettuce cultivars
and how drought responses related to the surface survival of two Salmonella enterica

serovars.

3.2 Material and Methods

3.2.1 Lettuce growth and drought treatment condition

Lactuca sativa L. var. longifolia cv. ‘Parris Island Cos’ (Romaine) and cv. ‘Mascara’ (loose-
leaf, red oak-leaf type) were used in this study. Lettuce seeds (Territorial, OR, USA) were
germinated in the potting mix soil (Sunshine LC1, Sungro Horticulture, Canada) at the
Research Greenhouse Complex, University of Maryland, and grown under controlled light
and temperature conditions (16 h light: 8 h dark photoperiod at 23°C day and 18°C night
temperature). Four-week-old lettuce plants were subjected to water stress by restricting
irrigation for 6 days or watered regularly (control) prior to experimentation. At the end of the

watering treatment, lettuce plants were all 34 days old for subsequent analyses.
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3.2.2 Lettuce leaf tissue extract and surface wash sample preparation

Whole lettuce leaves from both cultivars were flash frozen using liquid nitrogen and then
ground into powders using a pestle and mortar. Plant powder was ready for proline and
anthocyanin measurements. For phytochemical analyses, 200 mg of plant powder were
accurately weighed and extracted with 1.5 ml 70% methanol (Sigma-Aldrich, MO, USA)
with 0.5% formic acid (VWR, PA, USA). Each extract was fully vortexed before it was
centrifuged at 3,000 rpm for 10 min. The supernatants were frozen at -20°C until further
analysis. Whole plant washes were collected by placing whole lettuce plants in Whirl-pak
bags (Nasco, Wi, USA) immersed in 30 ml 5% methanol/water solution while leaving the
root ball out of the bag and shaken at 150 rpm for 24 h at room temperature. Surface
compound solutions were filter-sterilized through 0.2 um cellulose acetate syringe filters
(VWR) and then aliquoted to 2 ml as the wash for Salmonella growth evaluation and

phytochemical profiling.

3.2.3 Salmonella enterica inoculum preparation

Salmonella enterica serovar Newport, an environmental isolate collected from an irrigation
pond that matched a recurring tomato outbreak strain (Greene et al., 2008) and S.
Typhimurium, an isolate recovered from river water in Maryland (Callahan et al., 2019), were
used in this study. Both S. Newport and S. Typhimurium had been adapted to rifampicin (rif)
(MilliporeSigma, MA, USA) and were maintained at -80°C in Brucella broth (BD, MD, USA)
containing 15% glycerol (VWR) and 80 pg/ml rifampicin and revived by streaking onto
Trypticase Soy Agar (TSA, BD) plates amended with 50 pg/ml rifampicin (TSA-rif)

overnight at 35°C. Inocula of S. Newport or S. Typhimurium were made by suspending fresh
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bacterial colonies in 0.1% peptone water (PW, BD) to an ODsy=0.5, to obtain a cell density
of ~10° CFU/ml. The growth of Salmonella in plant washes was only evaluated using
Salmonella Newport. Actual inoculum level for S. Newport or S. Typhimurium was
determined by plating serial dilutions onto TSA-rif plates for direct quantification prior to

plant or wash inoculation.

3.2.4 Lettuce surface inoculation with S. enterica

The third or fourth true leaf of either Romaine or ‘Mascara’ lettuce under both watering
conditions were gently marked on the stalk with a black marker. An aliquot of 100 ul of S.
Newport or Typhimurium were pipetted on the abaxial side of each marked leaf. An
estimated total inoculum dose of 10° CFU was inoculated per leaf. Inoculated lettuce leaves
were harvested 24 hours post-inoculation (hpi). Each leaf was clipped off the stem aseptically
with scissors and placed in a sterile Whirl-pak bag. Inoculated leaves were then immersed in
30 ml 0.1% PW, hand massaged for 30 s and sonicated in a Branson Ultrasonic Cleaner
(Branson Ultrasonics Corporation, CT, USA) for 1 min at maximum speed to dislodge
Salmonella cells from the lettuce leaf surfaces, then shaken at 150 rpm for 10 min. Serial
dilutions from each leaf rinsate were plated on TSA-rif plates for S. Newport or Typhimurium

enumeration after 24 h of incubation at 35°C.

3.2.5 Evaluation of S. Newport growth in lettuce surface washes

Twenty microliters of S. Newport (~106) were added to 2 ml sterile lettuce leaf washes to
achieve an initial concentration of Salmonella at ~10* CFU/ml and incubated at 35°C at 150
rpm in a shaking incubator. S. Newport cell counts were recorded at 0, 2, 4, 6 and 24 hpi. At

each time point, serial dilutions were plated on TSA-rif plates for enumeration. Two
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milliliters of sterile 5% methanol inoculated with 20 ul of 10° CFU/mI S. Newport served as

negative control.

3.2.6 Phytochemical profiling of lettuce leaf extracts and washes using electrospray

ionization-mass spectrometry (ESI-MS)

Phytochemical profiling using lettuce leaf and wash samples were conducted as previously
described (Liu et al., submitted). One ml aliquots of lettuce leaf extracts and 30 ml filter-
sterilized leaf wash solutions were lyophilized into powder and resuspended in 100 ul 70%
methanol and 0.5% formic acid. To ensure all compounds were fully dissolved in the
extraction liquid, all tubes were sonicated in a water bath for 2 h at maximum intensity and

then transferred into vial inserts for ESI-MS analysis.

A Time-of-Flight mass spectrometer (AccuTOF, JEOL, USA, Inc.) equipped with an ESI ion
source for mass spectrometric analysis of the lettuce tissue extracts. Mass spectra were
acquired in positive and negative modes at a rate of one spectrum/s (m/z range of 50-800
Da), averaging mass spectra over ~1 min. The AccuTOF MS settings were as follows: needle
voltage = 2100 V, orifice 1 temperature = 100_C, orifice 1 = 30 V, orifice 2=5V, ring = 10
V. The desolvating chamber temperature was set at 250_C, and the flow rates of the
nebulizing and desolvating gases were 0.6 and 3.0 I/min, respectively. The sample injection
volume was 10 pl with a flow rate of 0.25 ml/min. Ten pl methanol were injected prior to and
following the analysis of each sample and measurement taken to monitor possible
contaminants or carryover. Calibration for exact mass measurements was accomplished using
5 mM cesium iodide as the internal standard. For all samples, measurements were repeated at
least twice to ensure reproducibility.
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3.2.7 Proline measurement using lettuce leaf powder

Lettuce plant powder (200 mg) was mixed with 1.5 ml of 3% aqueous sulfosalicylic acid
(Avantor, PA, USA) in a 2 ml microcentrifuge reaction tube. Samples were fully vortexed
and centrifuged at 11,000 rpm for 30 min at 4 °C. Extract supernatant (300 pl) were mixed
with 300 ul ninhydrin (Avantor) and 300 ul glacial acetic acid (VWR Chemicals, BDH) in 2
ml reaction tubes, vortexed thoroughly, incubated at 90°C on a digital heat block (VWR, PA,
USA) for 1 h then placed on ice for 5 min. Toluene (VWR Chemicals, BDH) (900 pl) were
added to the reaction tube and thoroughly mixed before going through centrifugation at
10,000 rpm for 5 min and 200 pl of supernatant transferred to a microplate reader (Synergy
HTX; Biotek, VT, USA) for absorption measurements at 520 nm. Pure proline (Avantor) was
used to make a standard curve and results were expressed as mg proline/g of leaf fresh weight

according to the standard curve (Bates et al., 1973).

3.2.8 Phytochemical analyses of lettuce leaf extracts

Antioxidant capacity, and total phenolic and flavonoid content were conducted as previously

described (Liu et al., submitted). The methods are described briefly below:

Antioxidant capacity: Modifications were made according to methods previously described
by Stratil et al., (Stratil et al., 2006), ABTS solution was prepared by dissolving 31.7 mg 2,2’-
azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) (TCI, OR, USA) and 8.6 mg K;S,0s
(potassium persulfate; (Aldon Corp SE, NY, USA)) in 10 ml water and allowed to stand at
room temperature in the dark for 16 h to form a stable radical. The solution was diluted to an
absorption of ~1.3 at 734 nm and 100 pl aliquots prepared, to which 20 pl sample extracts

were added and allowed to stand for 15 min. Absorption was measured at 734 nm using a
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microplate reader. A standard curve from the blank-corrected absorption at 734 nm of Trolox
(TCI, OR, USA) was plotted and antioxidant capacity of lettuce leaves was calculated as

Trolox equivalent.

Total flavonoids: Adapted from published method (Zhishen et al., 1999), aliquots of 100 pl
leaf extracts were added to 20 ul 5% NaNO; (Avantor, PA, USA). After 5 min, 20 ul 10%
AICl; (Alfa Aesar, MA, USA) were added, followed by 100 ul 1M NaOH (VWR, PA, USA)
1 min later. Absorption of the mixture was measured at 510 nm on the microplate reader. A
standard curve from the blank-corrected absorption at 510 nm of the catechin standard (Enzo
Life Sciences, NY, USA) was plotted and total flavonoid content was calculated as catechin

equivalent (Ketnawa et al., 2020) using the standard curve.

Total phenolic content: Using a method adapted from previous publications (Kao et al., 2014;
Singleton and Rossi, 1965), 80 pl lettuce leaf extracts were mixed in a 96-well plate with 90
ul 10% Folin Ciocalteu reagent (MP Biomedicals, CA, USA), then 40 pl 700 mM NaxCOs
(VWR Chemical, PA, USA) added. Samples were vortexed in the microplate reader and
allowed to stand for 1 h prior to absorption measurements at 765 nm. A standard curve from
the blank-corrected absorption values at 765 nm of the gallic acid (Acros, Organic Fair Lawn,

NJ, USA) standard was plotted and total phenolics were calculated as gallic acid equivalents.

3.2.9 Anthocyanin measurement of lettuce leaf powder

This method was modified based on Neff and Chory (Neff and Chory, 1998). Lettuce tissue
powder (200 mg) was mixed with 300 pl methanol (VWR Chemicals) with 1% (v/v) HCI

(VWR Chemicals) and incubated overnight at 4°C in the dark. To each lettuce sample tube,
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200 pl of water and 500 pl of chloroform (VWR Chemicals) were added and tubes
centrifuged at 11,000 rpm for 5 min at room temperature. The supernatant was transferred
into a new tube, volume adjusted to 800 ul with 60% methanol containing 1% HCL (v/v) and
200 pl transferred to 96-well plates for absorption measurements at 530 nm and 657 nm using

60% methanol-1% HCI as blank. Anthocyanins were calculated based on the following

equation:
Anthocyanins = (Absz — Abgs;) * 1000 * powder weight (mg) ~*

3.2.10 Statistical analysis

Each experiment was repeated with each treatment tested in triplicate or more replicates and
data were pooled for statistical analysis. The retrieval of S. enterica Newport and
Typhimurium count data on lettuce leaf surface in CFU/plant and S. enterica Newport data in
lettuce washes in CFU/mI were log transformed prior to statistical analyses. One-way
analysis of variance (ANOVA) and Tukey’s HSD and Student’s t-test for pairwise

comparisons were conducted using JMP Pro 15.2.0 (SAS Institute Inc., Cary, NC).

To explore relationships among lettuce samples, ordination of the phytochemical profiles
acquired from ESI-MS was performed using multidimensional scaling (MDS). Briefly, ESI-
MS data consisting of the m/z ratio and relative signal intensity of each compound were
imported into RStudio (version 1.3.1093). Distance matrices were generated using the Bray-
Curtis dissimilarity coefficient using relative peak with the vegan package (version 2.5-7) and
MDS analysis was performed in JMP ver. 15.2.0. For significance testing of sample data,

analysis of similarity (ANOSIM) was conducted in PRIMER 6 (Plymouth Routines in
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Multivariate Ecological Research version 6.1.15; PRIMER-E-Ltd., Plymouth, United
Kingdom) using Bray-Curtis or Jaccard (based on presence/absence of peaks) distance
matrices. The R statistic in ANOSIM ranges from 0-1, with a value closer to 0 when samples
from different treatments are similar and a value closer to 1 when replicates within a

treatment are more similar to each other than to samples from other treatments.

3.3 Results

3.3.1 Epiphytic persistence of Salmonella on leaf surfaces of regularly watered

lettuce was dependent on cultivar

Decline of S. Newport and S. Typhimurium populations after 24 h compared to inoculum was
measured for both cultivars under regular watering condition. A larger S. Newport log
reduction of 2.0 log CFU/plant was detected on ‘Mascara’ compared to 0.7 log CFU/plant
reduction on Romaine (p < 0.003). The discrepancy was also apparent for S. Typhimurium,
which decreased by 2.5 log CFU/plant on ‘Mascara’ compared to 1.4 log CFU/plant on
Romaine lettuce (p = 0.07, Table 1). On each cultivar under regular watering condition, S.
Newport exhibited lower decline on both Romaine and loose-leaf than S. Typhimurium,

however, the differences were not statistically significant.

3.3.2 Salmonella enterica persistence on lettuce leaf surfaces was influenced by

drought

Within the same cultivar, the reduction of Salmonella Newport and Salmonella Typhimurium
population after 24 h compared to the inoculum was measured under both watering

conditions. The population of S. Newport reduced more from drought-subjected Romaine
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lettuce leaf surfaces than from regularly watered Romaine, with a 0.7 log CFU/plant
difference in log reduction (p=0.06) (Table 1). The reduction of S. Newport was also lower
on drought-exposed ‘Mascara’ lettuce than on control plants and a 0.7 log CFU/plant
difference in log reduction was measured between the two watering conditions (p < 0.002).
No statistical difference was found between the log reduction of S. Typhimurium on Romaine
lettuce grown under different watering conditions (Table 1). By contrast, drought-exposed
‘Mascara’ lettuce supported lower population of S. Typhimurium than regularly watered

plants with a discrepancy in log reduction of 0.9 log CFU/plant (p < 0.02) (Table 1).

Table 1. Counts of Salmonella enterica on Romaine and loose-leaf ‘Mascara’ lettuce leaf
surfaces grown under regular watering (CON) and irrigation withholding (DR) conditions,
retrieved after 24 h of bacterial inoculation.

S. Newport (log CFU/plant) S. Typhimurium (log CFU/plant)

Watering

L Inoculum i Inoculum i
condition Declinet Declinet

Romaine lettuce ‘Parris Island Cos’

CON 0.7+034a A 14+05a A
5.7-5.9 6.0-6.5

DR 144+ 04a* A 19+05a A

Loose-leaf lettuce ‘Mascara’

CON 20+ 0.243,B 25+ 044, A*
5.7-6.0 6.0-6.5

DR 27+0.2b,B, 1 34+0.2hb,B, i

Statistically significant differences in Salmonella counts are denoted by letters; small letters indicate differences
by treatment within the same cultivar (Student’s t-test, p < 0.05), capital letters denote differences by cultivar
within the same watering treatment (Student’s t-test, p < 0.05). Values are means of replicates + standard error
(SE), with units of log CFU/ plant. 1 Data represent the average log CFU/plant reduction between initial inoculum
and 24 h retrieval [log (inoculum count/retrieval count)] in at least four independent experiments with at least four
replicates. * denotes p<0.1 for this comparison. The log decline on loose-leaf ‘Mascara’ plants under water
restriction was higher for S. Typhimurium than S. Newport (denoted by 1).
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3.3.3 Cultivar-specific and serotype-dependent effects detected on Salmonella

persistence on drought-treated lettuce leaf surfaces

Cultivar comparison for plants grown under water restriction showed the same trends as for
regularly watered plants in regard to Salmonella surface persistence. After 24 h, the
population of both serotypes showed less decline on drought-treated Romaine lettuce than on
loose-leaf ‘Mascara’ lettuce, with a 1.3 and 1.5 log CFU/plant discrepancy in log reduction
between the two cultivars for S. Newport (p < 0.002) and Typhimurium (p < 0.02),

respectively (Table 1).

Comparing serotype behaviour on the same cultivar under drought treatment, no statistical
difference in population decline between the 2 serotypes was noted on Romaine lettuce. By
contrast, a discrepancy of 0.7 log CFU/plant reduction was measured between S.
Typhimurium and S. Newport on ‘Mascara’ lettuce under drought, with greater log decline

observed for S. Typhimurium (p < 0.02) (Table 1).

3.3.4 Growth of Salmonella Newport in leaf surface washes was affected by cultivar

and drought

Growth data of Salmonella Newport in plant surface washes at 2, 4, 6 and 24 h were collected
from samples under the same watering condition for each cultivar and pooled for calculation.
The growth of Salmonella was calculated based on the population level change in relation to
the corresponding 0 h samples. Wash samples collected from both ‘Mascara’ and Romaine
lettuce were able to support the growth of Salmonella Newport over 24 h under both watering
conditions, with lower levels of Salmonella reported in “Mascara’ lettuce washes (both p <

0.05; Table 2). A cultivar-dependent effect was detected in Salmonella Newport growth
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curve progression. In washes from control plants, Salmonella growth was noted after 2 hours
in ‘Mascara’ washes, but after 4 hours in Romaine washes. At the 24-hour time point,
population level change was higher in Romaine than ‘Mascara’ by 1.4 log CFU (p < 0.05;

Table 2).

Subjecting plants to drought had an impact on Salmonella growth in loose-leaf ‘Mascara’ leaf
washes, but less so on Romaine lettuce. Little growth was detected in washes from drought-
subjected ‘Mascara’ before the 24 h timepoint and Salmonella population levels differed from
controls at all timepoints (p<0.05 for 2, 4 and 6 h and p=0.09 at 24 h). This longer lag phase
was also apparent in Romaine washes, with a weak difference at 2 h (p=0.08), but the lag did

not result in a difference in population levels compared to controls at 24 h (Table 2).

Table 2. Counts of Salmonella enterica Newport in Romaine and loose-leaf lettuce ‘Mascara’
leaf surface washes grown under regular (CON) and restricted (DR) watering conditions
taken 2-, 4-, 6- and 24-hours post-inoculation and reported as change from 0 h.

Salmonella Newport log changet

Timepoint/h 2 4 6 24
Romaine lettuce ‘Parris Island Cos’

Control -0.01+0.124a, A 0.20+0.10a, A 055+0.214a A 3.71+0304a A
Drought -0.25+0.114a, A 0.09+0.11a, A 0.30+0.204a, A 3.64+0.27a, A
Loose-leaf lettuce ‘Mascara’

Control 0.11+ 0.034, A 0.31+0.07a, A 0.61+0.18a, A 230+ 0.22a,B
Drought 0.02+0.04b,B 0.14 +0.04 b, A 0.02+0.10 b, A 1.80+0.294a,B

Statistically significant differences in Salmonella Newport counts are denoted by letters. Small letters indicate
differences by treatment within same cultivar and timepoint (Student’s t-test, p < 0.05). Capital letters denoted
differences by cultivar within same watering treatment (Student’s t-test, p < 0.05). Values are means of replicates
+ standard error (SE), with units of log CFU/ ml exudate. T Data represents the average log CFU/ml difference
from count at 0 h in at least three independent experiments with at least four replicates. Bold type denotes counts
that are significantly different from 0 h count for that treatment.
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3.3.5 Proline, phytochemical compounds and antioxidant capacity varied by lettuce

cultivar and were induced by drought treatment in loose-leaf lettuce

We measured proline and various phytochemical in leaf tissue extracts to try to explain the
differential lettuce-Salmonella associations detected. Proline and phytochemical levels varied
by cultivar. Proline content was significantly higher in loose-leaf ‘Mascara’ lettuce than in
Romaine lettuce grown under both regular and restricted watering (p < 0.001) (Figure 1A).
‘Mascara’ lettuce under regular watering condition also accumulated more flavonoids (p <
0.003) and phenolics (p = 0.05) (Figures 1C and 1D) and showed significantly higher
antioxidant capacity than Romaine lettuce (Figure 1B; p < 0.005). Drought-treated ‘Mascara’
lettuce showed higher levels of antioxidant capacity, total flavonoids and total phenolics than

Romaine lettuce (Figure 1B-1D, all p < 0.001).

Water restriction only had an impact on the phytochemical content and proline accumulation
of loose-leaf ‘Mascara’ lettuce. The accumulation of proline increased markedly under
restricted watering (p < 0.05) (Figure 1A), as did total flavonoid, phenolic and anthocyanin
levels (Figures 1C-E; all p < 0.02). Antioxidant capacity of ‘Mascara’ however, showed no
difference in response to drought treatment (Figure 1B). Total flavonoid and phenolic levels
of Romaine lettuce tissue were unaffected by drought treatment, resulting in a much-
enhanced difference in phytochemical levels between Romaine and ‘Mascara’ lettuce when

grown under restricted watering.
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3.3.6 Population decline of Salmonella Newport and Typhimurium was positively

associated with phytochemical levels in lettuce leaf samples

Drought and cultivar showed influence on bacterial population decline and plant
phytochemical compounds levels. Pearson correlation analyses were conducted between
Salmonella reduction and phytochemical data. For both serotypes, levels of antioxidant
capacity, total flavonoids and phenolics and anthocyanins in lettuce tissues were positively
correlated with Salmonella population decline (Table 3, all p < 0.001), indicating that decline
of Salmonella population was due to increased contents of photochemical with antioxidant

capacity elicited by cultivar or drought.

3.3.7 Phytochemical profiles of lettuce leaf tissue and surface wash were distinct

Both Romaine and loose-leaf lettuce tissue and wash samples were subjected to untargeted
phytochemical profiling to reveal any impact of lettuce cultivar and drought stress on leaf
tissue and leaf surface metabolomes. Altogether, 1,008 peaks were detected in positive mode
and 469 peaks were detected in negative mode (Table 4). Tissue samples yielded 245 and 239
peaks under positive and negative modes, respectively, while wash samples yielded a higher
number of peaks under positive mode. In Romaine lettuce, more peaks were found to be in
common between tissue and wash samples than for loose-leaf ‘Mascara’ lettuce (81 versus
53). A much higher number of peaks were shared between the same sample type from plants
grown under different watering regimes (Table 4). However, unique peaks by watering

treatment (detected only in control or water restricted plants) were also abundant.
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Table 3. Correlation analysis between phytochemical measurements (antioxidant capacity,
total flavonoids, total phenolics and anthocyanins) in leaf tissues, and against decline of S.
Newport (SN) or S. typhimurium (ST) counts from Romaine and ‘Mascara’ leaf surfaces
under both regular and restricted watering regimes. NS means not significant at a=0.05.

. Correlation coefficient
Pearson correlation r p

Salmonella Newport Decline (log CFU/plant)

Antioxidant capacity 0.41 <0.001
Total flavonoids 0.46 <0.001
Total phenolics 0.38 <0.001
Anthocyanins 0.44 <0.001
Salmonella Typhimurium Decline (log CFU/plant)
Antioxidant capacity 0.33 <0.001
Total flavonoids 0.38 <0.001
Total phenolics 0.33 <0.001
Anthocyanins 0.36 <0.001
Pearson correlation Correlatior; coefficient D
Salmonella Newport Decline (log CFU/plant)
Antioxidant capacity 0.41 <0.001
Total flavonoids 0.46 <0.001
Total phenolics 0.38 <0.001
Anthocyanins 0.44 <0.001
Salmonella Typhimurium Decline (log CFU/plant)
Antioxidant capacity 0.33 <0.001
Total flavonoids 0.38 <0.001
Total phenolics 0.33 <0.001
Anthocyanins 0.36 <0.001
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The most distinct divergence was detected between tissue and surface phytochemical profiles,
regardless of cultivar (Figure 2). The global R statistics acquired from ANOSIM for sample
type (leaf tissues versus leaf surface) were 0.26 for positive and 0.35 for negative mode (both

p < 0.001), respectively (Table 5).

Table 4. Number of metabolite peaks acquired from leaf tissue and wash samples from
Romaine and loose-leaf ‘Mascara’ lettuce plants grown under regular (CON) or restricted
(DR) watering regimes based on phytochemical profiling with ESI-MS under positive and
negative modes.

Total
peaks Shared peaks
detected

Sample
type

Treatment/
unique peaks

Leaf-wash CON-DR CON DR

Peaks detected in positive ionization mode

Romaine  Leaf 125 15 71 35 19
Romaine ~ Wash 353 287 55 13
‘Mascara’ Leaf 120 46 56 28 36
‘Mascara’  Wash 410 220 122 68

Peaks detected in negative ionization mode

Romaine Leaf 129 66 122 7 0
Romaine =~ Wash 147 118 20 9
‘Mascara’ Leaf 110 7 55 35 20
‘Mascara’  Wash 83 44 24 15
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Figure 2. Multidimensional scaling (MDS) plots of phytochemical profiles of lettuce leaf tissue
(LF) and leaf surface washes (WA) for both Romaine (RE) and ‘Mascara’ (MA) based on ESI-
TOF-MS under both (A) positive and (B) negative modes. Stress for plots was 0.19 (A) and 0.19

(B).
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3.3.8 Leaf and leaf surface metabolomes were affected by lettuce cultivar

For leaf tissue samples, phytochemical profiles of Romaine lettuce differed from loose-leaf
‘Mascara’ lettuce plants, regardless of watering regime (p <0.05; Table 5, Figure 2). Leaf
tissue profiles of Romaine under positive mode were the least related to profiles from
‘Mascara’ lettuce plants under both regular and restricted watering (both R=1, p < 0.01;
Figure 2A), sharing only 12 peaks combined. Under negative mode, the profiles of Romaine
lettuce were closer to ‘Mascara’ lettuce under either watering condition, sharing 39 peaks, but

they were still highly divergent overall (both R=1, p < 0.01; Table 5, Figure 2B).

Differences in leaf surface phytochemical profiles obtained from Romaine and ‘Mascara’
lettuce surface analysis were also detected in positive and negative modes (both R=1, p <
0.01; Table 5; Figure 2). Romaine and ‘Mascara’ lettuce yielded 353 and 410 peaks in
positive mode, respectively, and 20 peaks were shared between the cultivars, while 27 out of

230 peaks were shared between Romaine and ‘Mascara’ lettuce under negative mode.
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Table 5. ANOSIM pairwise comparison of Romaine and loose-leaf ‘Mascara’ lettuce leaf
extracts and leaf surfaces washes based on phytochemical profiling with ESI-MS under
positive and negative modes. Plants were 34 days old at time of experimentation and
subjected to regular (CON) or restricted (DR) watering. The R statistic spans 0-1, with 0
indicating no relationship and 1 indicating highest relatedness between sample profiles. Two
distance measures were used to construct the distance matrix for ANOMSIM analysis, Bray-
Curtis dissimilarity coefficient which uses relative peak height data and Jaccard Index which
considers only the presence or absence of peak.

Watering

Lettuce Type . ition

Positive mode Negative mode

R (p value)

Bray-Curtis Jaccard Bray-Curtis Jaccard

Leaf tissue extracts

Romaine CON vs. DR

‘Mascara’ CON vs. DR

Romaine vs.
) , CON
Mascara

Romaine vs.
‘ , DR
Mascara

0.26 (<0.05)  0.44 (<0.05) 0.42 (<0.05) 0.13 (NS)

0.27 (<0.05)  0.04(NS)  0.2(NS)  0.31(<0.05)

1 (<0.01) 1(<0.01)  1(<0.01)  1(<0.01)

1 (<0.01) 1 (<0.01) 1(<0.01)  1(<0.01)

Leaf surface washes

Romaine CON vs. DR

‘Mascara’ CON vs. DR

Romaine vs.

‘Mascara’ CON
Romaine vs.
‘Mascara’ DR

0.38 (<0.05) 0.54(<0.01) 0.24(<0.1) 0.24 (<0.1)

0.58 (<0.05)  0.41(<0.05) 0.21 (<0.05) 0.26 (<0.05)

1 (<0.01) 1(<0.01)  1(<0.01)  1(<0.01)

1 (<0.05) 1 (<0.05) 1(<0.01) 1(<0.01)
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3.3.9 Drought induced shifts in leaf and leaf surface metabolomes

When plants from the same cultivar were subjected to regular or restricted watering, distinct
metabolome shifts were detected that could be attributed to watering condition. ANOSIM
analysis supported phytochemical profile shifts in Romaine and loose-leaf lettuce tissue in
response to water deficit under both positive and negative modes (Figure 2A). Leaf tissues of
Romaine lettuce under positive mode yielded 125 peaks and while 71 of these were detected
in samples under both regular watering and drought-subjected plants, 19 were detected only
in plants under restricted watering (Table 4). No new peaks were detected under negative
mode as a result of restricted watering, but 7 peaks were unique to samples under regular
watering condition (Table 4). Nonetheless, ANOSIM based on the presence or absence of
peaks was not significant for Romaine leaf tissue under negative mode and the difference
between the treatments was attributed to variations in levels of shared compounds (Table 5).
Similarly, under positive mode detection, the response of ‘Mascara’ tissue profile to drought
was also likely driven by changes in levels of compounds, since no significant difference to
control plants was detected using the Jaccard similarity coefficient. By contrast, in negative
mode, changes in the presence or absence of peaks between treatments contributed to leaf

tissue profile divergence (R=0.31, p<0.05) (Table 5).

Surface metabolite profiles of Romaine lettuce plants under different watering conditions
diverged most prominently under positive (R= 0.38, p < 0.05; Figure 2A) compared to
negative mode ((R=0.24, p = 0.07; Table 5, Figure 2B). Under positive mode, 55 and 13
peaks were detected under regular watering or irrigation withholding conditions, compared to

20 and 9 peaks with negative mode ionization (Table 4). Phytochemical profiles of wash
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samples from drought-exposed ‘Mascara’ lettuce were markedly different to profiles from
regularly watered lettuce under both positive (R= 0.59, p < 0.05) and negative (R=0.21, p
<0.01; Table 5) modes, and in both cases, both relative amounts and presence/absence of

peaks contributed to the profile shifts detected.

Taken together, results suggest that phytochemical profiles differences between the two
lettuce cultivars was greater than the variations induced by drought within the same cultivar.
ESI-MS in positive mode was more sensitive in identifying changes in phytochemical
profiles in lettuce. Importantly, phytochemical profile shifts were identified in both leaf tissue
and on leaf surfaces. Drought had a pronounced impact on phytochemical profiles of lettuce
leaf tissues. The surface metabolome (in leaf wash) of ‘Mascara’ was more strongly

influenced by drought compared to Romaine lettuce.

3.4 Discussion

In this project, we studied the impact of cultivar and drought effects on the Salmonella and
lettuce association. Romaine and loose-leaf ‘Mascara’ lettuce and Salmonella serotypes
Newport and Typhimurium were included. Specific phytochemical compounds and overall
phytochemical profiles were detected. Phytochemical data together with Salmonella survival
collected from both lettuce cultivars were analyzed to test the hypothesis whether alteration
of phytochemicals impacted Salmonella and lettuce association. Our results showed that
Romaine lettuce under regular watering condition accumulated least phytocompounds of
antioxidant capacity, with least decline of Salmonella population on surface and no lagged
growth in washes. On the other hand, restricted Salmonella population and higher levels of

phytochemicals of ‘Mascara’ lettuce in response to drought was recorded. Taken together,
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these results suggested that Romaine lettuce, the most popular green, was at high risk of
foodborne outbreaks. ‘Mascara’ lettuce supported less Salmonella possibly due to naturally
accumulated or drought-induced higher levels of phytochemicals. Results from this research
could provide suggestions to farmers and produce industry to cultivate cultivars of low food

safety risk and regulate irrigation for enhance food safety.

Population of Salmonella Newport and Typhimurium declined after 24 hours of the initial
inoculation, indicating reduced fitness of Salmonella on lettuce surfaces under regular
irrigation and watering withholding conditions. Cultivar-dependent changes of Salmonella
survival were noted. A larger S. Newport population reduction was detected on ‘Mascara’
lettuce under both watering conditions compared to on Romaine. S. Typhimurium showed
less population decline on drought-treated Romaine lettuce surface than ‘Mascara’.
Salmonella Newport growth in Mascara washes was limited. Higher levels of total
flavonoids, total phenolics, anthocyanins and antioxidant capacity were detected in ‘Mascara’
leaf tissues than Romaine, consistent with divergence in overall phytochemical profiles of
leaf tissues and leaf washes between two lettuce cultivars. Drought significantly restricted
Salmonella Newport but not Typhimurium on Romaine. Drought-treated ‘Mascara’ lettuce
showed higher reduction of both S. Newport and Typhimurium population compared to
‘Mascara’ under regular irrigation. Growth of Salmonella Newport in washes collected from
drought-treated lettuce plants showed a prolonged lag phase. Phytochemical compounds were
not altered by drought for Romaine lettuce. However, increased accumulation of total
flavonoids, total phenolics and anthocyanins were identified in ‘Mascara’ lettuce in response
to drought. Drought significantly impacted the phytochemical profiles of leaf tissue and wash

profiles of both Romaine and ‘Mascara’ lettuce. Strong positive correlations between
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phytochemical measurements and Salmonella epiphytic decline were noted, indicating
increased phytochemicals in response to cultivar variation and drought stress play a role in
epiphytic Salmonella restriction on lettuce surface. Overall, as the most popular raw green
among American consumers, Romaine lettuce is interestingly more implicated with
Salmonella. Our results also suggested more restricted actions for Romaine are needed to

ensure food safety, especially under well-watered growing condition.

Metabolomic changes due to lettuce cultivar and drought stress were reported in this study.
Phytochemical profiles of Romaine and ‘Mascara’ lettuce diverged for both leaf tissues and
wash samples. Drought significantly induced metabolomic changes of ‘Mascara’ and
Romaine lettuce leaf tissue and wash samples. The metabolomic changes were mainly due to
presence of compounds unique to fully watered or water deficit situations. Phytochemical
analysis of leaf tissue from regularly watered plants revealed that increases in total flavonoid
and phenolics contents might contribute to higher antioxidant capacity and differences in
metabolomic changes between Romaine and ‘Mascara’ lettuce. Levels of total flavonoids,
phenolics and anthocyanins increased markedly in response to drought treatment, which
might associate with the metabolome changes in ‘Mascara’ lettuce leaf tissues. By contrast,
levels of antioxidant capacity, phenolics and flavonoids showed no change after drought for
Romaine lettuce. However, the phytochemical profiles of Romaine lettuce leaf tissues were
altered, which indicating more compounds might be responsible for the drought-driven
metabolome changes. These results could enhance the understanding for lettuce-Salmonella

in a more systemic way and illuminating innovative solution to ensure food safety.
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Decline of Salmonella on both regularly watered Romaine and ‘Mascara’ leaf surface was
reported, probably due to poor in available nutrients and the reduced fitness of enterica
pathogen on leaf surface (Brandl and Mandrell, 2002; Leveau Johan and Lindow Steven,
2001). Reduction of S. Newport and S. Typhimurium on regularly watered Romaine and
‘Mascara’ lettuce showed no difference. Similar results were reported using Romaine leaf
pieces, the retrieval of S. Newport and Typhimurium showed no differences after 2 hours
post-incubation at room temperature (25°C) and 3 days at 30°C (Kroupitski et al., 2009b). The
retrieval of Salmonella Newport or Typhimurium from Romaine lettuce surface was higher
than from ‘Mascara’ lettuce, with highest Salmonella reported from Romaine under regular
watering condition, suggesting for same plant species, the Salmonella population varied
(Lindow and Brandl, 2003). Taken together, these results suggested that Romaine lettuce
might provide more growth-supporting nutrients to Salmonella on the surface than ‘Mascara’
lettuce. In the meantime, carbon- and nitrogen-containing nutrients such as organic acid,
amino acids and carbohydrates leached from plant leaves are critical sources for enterica
pathogen colonization (Brandl and Amundson, 2008; Leveau Johan and Lindow Steven,
2001; Mercier and Lindow, 2000). More specifically, levels of total sugars on the surface of
plants species is positively related to epiphytes population (Mercier and Lindow, 2000). Oak-
leaf lettuce in average showed lower sugar content than Cos lettuce (Missio et al., 2018).
Fructose and glucose and were the major soluble sugars detected in both Oak leaf and
Romaine lettuce (Allende et al., 2006; Lopez et al., 2014). Glucose, a carbon source that can
readily utilized by Salmonella (Gutnick et al., 1969; Nur et al., 2016). Malic and citric acid,
the predominate organic acid found in oak leaf were also found in Romaine lettuce (Allende
et al., 2006; Lopez et al., 2014). These organic acids are vital nutrients for epiphyte and
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possibly Salmonella (Wilson and Lindow, 1994). Moreover, amino acids in leaf tissue could
serve as nutrients for epiphytes (Wilson and Lindow, 1994) and are highly involved in

Salmonella colonization on lettuce surface (Goudeau et al., 2013).

Not only primary metabolites, secondary metabolites, such as phenolics and fatty acids, could
impact the surface colonization of Salmonella (Dev Kumar and Micallef, 2017; Han and
Micallef, 2016). More specifically, fatty acids and phenolics were reported negatively
associated with Salmonella on tomato surface (Han and Micallef, 2016). Our results seconded
with these findings. In our results, under regular watering condition, ‘Mascara’ lettuce
showed higher levels of total phenolics, flavonoids and antioxidant capacity than Romaine
and harbored less Salmonella. The levels of anthocyanins in Romaine lettuce were lower than
the limit of detection, which partially explained the relative low antioxidant capacity of
Romaine leaf tissues. Red lettuce cultivars exhibited higher total phenolics and flavonoids,
antioxidant capacity and anthocyanins levels than green lettuce (Ozgen and Sekerci, 2011;
Tsormpatsidis et al., 2010). Differences in primary and secondary metabolites in leaf tissues
play a major role in the divergence in phytochemical profile between two cultivars under

regular watering condition.

Phytochemical profile of surface washes diverged between Romaine and ‘Mascara’ lettuce,
indicating that phytocompounds that are directly exposed to epiphytic bacteria for potential
utilization altered due to lettuce cultivars under regular watering condition. The growth of
Salmonella in washes of Romaine was enhanced compared to ‘Mascara’ over 24 hours under
regular irrigation. Combined with the phytochemical measurements for lettuce, we

hypothesized that, under regular irrigation, 1) sufficient nutrients were present in Romaine
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washes for supporting Salmonella growth; 2) Salmonella growth-limiting compounds were

abundant in ‘Mascara’ washes.

In addition to cultivar, drought stress restricted the surface survival of Salmonella and shifted
the metabolomic profiles of both Romaine and ‘Mascara’ lettuce. A series of mechanisms
have been developed by plants to cope with drought, including stomatal closure (Flexas and
Medrano, 2002). Stomata is the natural opening for bacteria to enter even invade plants
(Mittal and Davis, 1995). Enterica pathogens have been reported to create aggregates and
form colonies on leaf site sufficient with nutrients such as stomata and glandular trichomes
(Lindow and Brandl, 2003) and reopen stomata on produce surface (Markland et al., 2015).
So far, no evidence has been reported regarding the ability Salmonella, suggesting that the
closed stomata due to drought might negatively affect the nutrients availability to Salmonella
and its surface survival. In regard to metabolomic changes, drought stimulated the
accumulation of osmoprotectants including proline in lettuce plants (Rajabbeigi et al., 2013;
Shin et al., 2021), which could support the growth of epiphytic pathogen and possibly utilized
by Salmonella (Wilson and Lindow, 1994). Simultaneously, lettuce under restricted watering
condition showed increased phenolic accumulation, antioxidant capacity and nutritional
quality (Oh et al., 2010; Paim et al., 2020). These secondary metabolites could, in turn,
negatively affect surface survival of Salmonella (Dev Kumar and Micallef, 2017; Han and
Micallef, 2016). Our results showed increased accumulation of proline and secondary
metabolites in “Mascara’ lettuce in response to drought and an overall phytochemical profile
changes due to drought under positive mode. Interestingly, phytochemical measurements for
Romaine lettuce showed no difference, but the overall phytochemical profile changes were

detected due to drought. Taken together, we may conclude that Salmonella declines on lettuce
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surface due to drought might be associated with stomata closure and photochemical profile

changes including secondary metabolites.

Phytochemical profiles of surface washed showed no convergence after drought treatment for
‘Mascara’ lettuce, whereas overlaps were reported for Romaine washes samples under
negative mode. In addition, these phytochemical profiles changes impacted the growth of
Salmonella in washes. The growth of Salmonella in ‘Mascara’ washes was lower than in
Romaine washes, possibly due to insufficient nutrients or the presence of inhibitory

compounds in response to drought.

This research studied the colonization of Salmonella on lettuce from both the bacteria and
host side. Two Salmonella serovars were included in this study to evaluate the fitness of
serovars on lettuce surfaces. Green and red lettuce cultivars, as hosts to Salmonella, their leaf
tissue and surface wash phytochemical profiles were studied to reveal cultivar impact on
Salmonella. Our results suggested that green Romaine lettuce created a more favorable
environment to Salmonella with less accumulation of secondary metabolites. Impact of
abiotic stress drought on epiphytic Salmonella growth and metabolomic changes of lettuce
was stated in this study. Based on the findings, drought-treated plants restricted Salmonella
with altered the phytochemical profiles reported. ‘Mascara’ was more sensitive to drought
treatment in regard to the accumulation of phytochemical of antioxidant capacity. Plant
surface washes were able to support the growth of Salmonella. Washes from Romaine lettuce
supported a larger population of Salmonella, possibly due to readily nutrients or the absence
of inhibitory compounds. Drought delayed the growth of Salmonella in ‘Mascara’ washes

with higher accumulation of secondary compounds of antioxidant capacity. These results
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suggested the accumulation of antioxidant secondary compounds might contribute the
restriction of Salmonella on surface and in washes. Pairwise comparison of phytochemical
profiles revealed that differences between lettuce cultivars were not affected by drought and
remained in both leaf tissues extract and washes. Significant differences between leaf tissues
and washes were stated. Our results expanded insights into the lettuce-Salmonella
association. Cultivar- and drought-associated Salmonella restriction on leaves could be
advising in breeding produce and farming practices. Elucidating phytonutrients found both on
surfaces and in washes that can be utilized by Salmonella and inhibitory compounds due to
cultivar or drought is required in the future to enhance produce resilience to human

pathogens, thus, enhancing food safety.

3.5 Conclusion

In summary, we focused on the phytochemical profiles of lettuce and their impact on
Salmonella association. As an epiphyte, successful Salmonella colonization on produce
surface is highly associated with their availability to nutrients (Mercier and Lindow, 2000;
Tukey, 1966). Diversity and contents of these nutrients could possibly impact the overall
phytochemical profiles of leaf tissues and washes. Our results demonstrated green Romaine
lettuce, the most popular green among Americans, showed less decline to Salmonella
compared to red ‘Mascara’ and was of lower nutritional quality. Drought stress further
reduced Salmonella population on ‘Mascara’ lettuce surfaces. ‘Mascara’ lettuce after drought
treatment accumulated more phytochemicals and showed higher nutritional quality. Cultivar
and drought treatment influenced Salmonella growth in lettuce washes. Washes from

Romaine lettuce supported higher Salmonella growth. Drought significantly delayed the
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growing activities of Salmonella in ‘Mascara’ washes. Overall, our results further evidenced
that phytochemical profiles changes in response to cultivar and drought impacted the
epiphytic growth of Salmonella on lettuce. It is feasible to manipulate Salmonella population
through environmental interventions and naturally cultivar variances. Future studies are
needed to decipher the metabolomic changes for both leaf tissues and washes in response to
cultivar and drought, thus illustrating Salmonella growth-limiting compounds or factors and

enhancing food safety.
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Chapter 4: Kale leaf surface and tissue metabolomes shift
with plant development and in response to drought, limiting

Salmonella enterica leaf association

4.1 Introduction

The upward trend in the incidence of foodborne disease outbreaks associated with fresh fruit
and vegetables (Callejon et al., 2015b; Lynch et al., 2009) may be attributed to an increase in
fresh produce consumption, more centralized product processing and distribution, climate
change and pathogen adaptation (Olaimat and Holley, 2012). Food safety breaches are not
only a public health concern, but also precipitate enormous economic losses. It is reported
that in the USA, food safety incidents cost over $15.5 billion annually, with non-typhoidal
Salmonella enterica incurring the highest economic burden compared to all other 14 human
foodborne pathogens considered (Hoffman et al., 2015). Salmonella accounts for over half of
the bacterial foodborne disease outbreaks in both the USA and the European Union, with
Salmonella serotype Newport emerging as a predominant serotype in illnesses associated
with tomatoes, salads and lettuce (Callejon et al., 2015b). In the USA, from 1973 to 2012,
11% of foodborne illness outbreaks associated with leafy greens were caused by Salmonella
(Herman et al., 2015) and, using multi-year data, leafy greens were estimated to cause over

4% of the foodborne illnesses caused by Salmonella (IFSAC, 2021).

Kale (Brassica oleracea Acephala group) is one of the ten most economically important
vegetables in the global agriculture market (Francisco et al., 2017). It has a diverse

phytochemistry and is a highly nutritious leafy green(Sikora and Bodziarczyk, 2012; Samec
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etal., 2019), being a good source of minerals, micronutrients, carbohydrates, amino acids and
health-beneficial compounds such as polyphenols and glucosinolates (Sikora and
Bodziarczyk, 2012; Velasco et al., 2007). From 1997 to 2019, kale farming grew rapidly by
215% in the USA as this leafy vegetable gained popularity among American consumers
(ERS, 2020). In 2016, one kale outbreak caused by Salmonella Enteritidis was reported in
Minnesota (Larsen, 2016) and several enteric pathogen-related (including Salmonella)
product recalls containing kale as the major ingredient have been reported in recent years

(Vince. and Staff., 2016).

Salmonella interactions with the leaf surface are still not fully deciphered. Bacteria can attain
10° t010” CFU/g of leaf under favorable environmental conditions, such as under high
relative humidity (Hirano and Upper, 1990a; O'brien and Lindow, 1989). Phytonutrients
available on plant surfaces, including amino acids, sugars and organic acids can provide the
carbon and nitrogen needed for nucleic acid and protein synthesis and bacterial replication
(Brandl and Amundson, 2008; Goudeau et al., 2013; Hirano and Upper, 1990a; Mercier and
Lindow, 2000). The abundance of these nutrients and other phytochemicals such as phenolics
can vary with leaf age, plant genotype, environmental conditions and abiotic stresses, which
in turn can affect bacterial populations, including enteric pathogens (Han and Micallef, 2016;
Hunter et al., 2010; Ryffel et al., 2016). Elucidating phytocompound profiles in plants under
various conditions and investigating how metabolome shifts modulate enteric pathogen-plant
associations can provide insights for enhanced food safety (George and Brandl, 2021;

Melotto et al., 2020), but research in this area remains scant.
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Drought is one of the most taxing abiotic stresses that plants must face and they display a
range of mechanisms to withstand it, including stomatal closure (Flexas and Medrano, 2002) ,
accumulation of osmoprotectants such as amino acids, glycine betaine, sugars and sugar
alcohols (Good and Zaplachinski, 1994; Huang et al., 2000; Singh et al., 1972; Streeter et al.,
2001), and biosynthesis of antioxidant compounds to overcome oxidative damage (Eek and
Zhang, 2017; Oh et al., 2009; Rajabbeigi et al., 2013). In kale, the accumulation of
polyphenols, glucosinolates and overall antioxidant capacity has been shown to increase not
only in response to stress but also with plant development (Korus, 2011; Velasco et al.,
2007). Hence, we sought to use drought stress in kale plants at various stages of development
to investigate how leaf tissue and leaf surface metabolomes influence the Salmonella-kale
interaction. We hypothesized that kale plants under drought or later in development would
accumulate higher levels of secondary metabolites that would in turn contribute to limiting
Salmonella on plants. Data from phytochemical profiling of leaf extracts and leaf surface
washes, kale leaf phytochemical analyses and quantification assays of epiphytic Salmonella
on kale were integrated to gain insight on how plant metabolite profiles may affect

Salmonella-plant associations.

4.2 Material and Methods

4.2.1 Kale growth and drought treatment condition

Brassica oleracea L. var. acephala cv. ‘Improved Dwarf Siberian’ was used in this study.
Kale seeds (Territorial, OR, USA) were germinated in potting mix soil (Sunshine LC1;
Sungro Horticulture, Canada) at the Research Greenhouse Complex, University of Maryland,

and grown under controlled light and temperature conditions (16 h light:8 h dark photoperiod
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at 23°C/18°C day/night temperatures). Kale plants at different stages (2-8 weeks post-
germination) were subjected to water stress by withholding irrigation for 3-6 days (depending
on age, adjusted to maximum number of days before leaf wilting occurred) or regularly
watered (controls) prior to experimentation. Details regarding water withholding treatment
duration and plant age are listed in Table S1. At the end of treatment, kale plants ranged from
20 to 59 days old. Biomass was determined by weighing all above ground tissue after drying
in an oven at 70°C for 48 h or until weight no longer changed. Measurements were repeated
twice for 2-week-old plants and 3 times for 8-week-old plants with a minimum of 5 plants per
treatment in each experiment. For plants of the same age, change in dry shoot weight due to

drought treatment was calculated using the following equation and expressed as a percentage.

dI‘y Weightcontrol - dI‘y Weight drought

% change in biomass = x 100%

dry Weightcontrol

S. Newport assays were conducted on plants at all growth stages. Only 20- and 59-day old
kale plants were selected for phytochemical analyses and leaf and wash phytochemical
profiling. At 20 days old, kale is consumed as a raw salad ingredient (baby kale) and at 59

days old kale is fully mature and marketed for regular consumption.

4.2.2 Preparation of kale leaf extracts and surface washes

Whole kale leaves were flash frozen using liquid nitrogen and then ground into powders
using a pestle and mortar and 200 mg of plant powder accurately weighed and extracted with
1.5 ml 70% methanol (Sigma-Aldrich, MO, USA) with 0.5% formic acid (VWR, PA, USA).
Each extract was fully vortexed before it was centrifuged at 3,000 rpm for 10 min. The
supernatants were frozen at -20°C until further analysis. Whole plant washes were collected
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from a subset of plants (Table S1). Leaving the root ball out of the bag, all kale leaves of each
plant were immersed in 30 ml 5% methanol/water solution and shaken at 150 rpm for 24 h at
room temperature. Surface compound solutions were filter sterilized through 0.2 um cellulose

acetate syringe filters (VWR, PA, USA).

4.2.3 Phytochemical profiling of kale leaf extracts and surface washes using

electrospray ionization-mass spectrometry (ESI-MS)

Aliquots (1 ml) of kale leaf extracts and 30 ml filter-sterilized kale wash solutions were
lyophilized into powder and resuspended in 100 pl 70% methanol with 0.5% formic acid with

at least 4 biological replicates.

To ensure all compounds were fully dissolved in the extraction liquid, all tubes were
sonicated in a water bath for 2 h at maximum intensity. The remaining sample extract was
then transferred into vial inserts for ESI-MS analysis. A Time-of-Flight mass spectrometer
(AccuTOF, JEOL, MA, USA) equipped with an electrospray ionization ion source was used
in the mass spectrometric analysis of the extracts. Mass spectra were acquired in the positive
and negative modes, respectively, at a rate of one spectrum per second with the m/z range of
50-800 Da. Every mass spectrum was averaged over about one minute. The AccuTOF mass
spectrometer settings were as follows: needle voltage = 2100 V, orifice 1 temperature =
100°C, orifice 1 =30V, orifice 2 =5V, ring = 10 V. The desolvating chamber temperature
was set at 250°C and the flow rates of the nebulizing and desolvating gases were 0.6 and 3.0
L/min, respectively. The sample injection volume was 10 pl and the flow rate was set to 0.25
ml/min. Before and after each sample was analyzed, 10 pl methanol were injected and
measured to monitor any possible contaminants or carryover. Calibration for exact mass
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measurements was accomplished using 5 mM cesium iodide as the internal standard.
Measurements were repeated at least twice, and the experimental results showed excellent
reproducibility, hence the second set of mass spectral data per sample was used in statistical

analysis.

4.2.4 Phytochemical analyses of kale leaf extracts
All absorption readings in the following assays were acquired using a microplate reader

(Synergy HTX; Biotek, VT, USA). Each phytochemical analysis was repeated 3 times in

separate experiments with at least 3 biological replicates in each treatment. Data were pooled.

Antioxidant capacity: This method was modified from Stratil et al. (Stratil et al., 2006). To
prepare the reagent, 31.7 mg 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS)
(TCI, OR, USA) and 8.6 mg potassium persulfate (Aldon Corp Avon, NY, USA) were
dissolved in 10 ml water and allowed to stand at room temperature for 16 h in the dark to
form a stable radical. The ABTS solution was diluted to an absorption of ~1.3 at 734 nm and
200 pL aliquots prepared, to which 20 uL sample extracts were added and allowed to stand
for 15 min. Absorption was measured at 734 nm. A standard curve from the blank-corrected
absorption at 734 nm of Trolox (TCI) standards was plotted and antioxidant capacity was

calculated as Trolox equivalent using the standard curve.

Total flavonoids: The method was adapted from Zhishen et al. (Zhishen et al., 1999) by
mixing 100 pL kale leaf extract to 20 puL 5% NaNO; (Avantor, PA, USA). After 5 min, 20 uL
10% AICI; (Alfa Aesar, MA, USA) were added, followed by 100 uL 1 mol/L NaOH (VWR

Chemicals, BDH, Radnor, PA, USA) 1 min later. Absorption of the mixture was measured at
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510 nm on the microplate reader. Antioxidant capacity was calculated as catechin equivalent
using the standard curve plotted from blank-corrected absorption measurements of the

catechin standard at 510 nm (Enzo Life Sciences, NY, USA) (Yoon et al., 2019).

Total phenolic content: Modifications were made to previously published methods (Kao et
al., 2014; Singleton and Rossi, 1965) for measuring total phenolic contact in kale tissue. Kale
leaf extract (80 uL) was mixed with 90 uL 10% Folin Ciocalteu reagent (MP Biomedicals,
CA, USA) and 40 pL 700 mM Na,COs (VWR Chemicals, BDH) in a 96-well plate. Samples
were vortexed and let to stand for 1 h in a microplate reader at 25°C. Absorption
measurements were taken at 765 nm. Total phenolics were calculated as gallic acid
equivalents using the standard curve prepared from blank-corrected absorption values of

gallic acid at 765 nm (Acros Organics Fair Lawn, NJ, USA).

Estimated glucosinolate content: Kale leaf extract (80 uL) was added to 200 uL. 2 mM
sodium tetrachloropalladate (Acros Organics). The samples were incubated at room
temperature for 1 h and absorption measured at 425 nm. Water was then used as a blank.
Total glucosinolate content was calculated by putting the ODazs of each sample into the

predicted formula as follows (Mawlong et al., 2017):

4.2.5 Salmonella enterica inoculum preparation
Kale plants were inoculated with Salmonella enterica serovar Newport, an environmental
isolate collected from an irrigation pond that matched a recurring tomato outbreak stain
(Greene et al., 2008), to investigate drought treatment and age effects on the ability of kale to
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support the enteropathogen. The S. Newport strain had been previously adapted to rifampicin
(rif) (MilliporeSigma, MA, USA) and was maintained at -80°C in Brucella broth (BD, MD,
USA) containing 15% glycerol (VWR Chemicals, BDH) and 50 ug/ml rifampicin and
revived by streaking onto Trypticase Soy Agar (TSA, BD) plates amended with 50 ug/ml
rifampicin (TSA-rif) overnight at 35°C. Single strain assays were conducted to control for the

high variability in the plant/bacterial system.

Single colonies of S. Newport grown overnight were streaked onto fresh TSA-rif plates and
incubated overnight at 35°C. S. Newport inoculum was made by suspending fresh bacterial
colonies in 0.1% peptone water (PW) to an ODgo=0.5 to obtain a cell density of ~10°
CFU/mlL. For leaf inoculation, a 100-fold dilution of this suspension in 0.1% PW was used.
Prior to each experiment, actual inoculum level was determined by plating serial dilutions

onto TSA-rif plates for direct quantification.

4.2.6 Kale leaf surface and leaf wash inoculation with Salmonella Newport

The third or fourth true leaf of each kale plant under different watering regimes were gently
marked on the stalk with a black marker pen. The inoculation methods used were optimized
in our lab to include direct leaf and leaf surface wash inoculations. An aliquot of 100 ul of S.
Newport inoculum was pipetted on the adaxial side of each marked leaf distributed in 10
spots. An estimated total inoculum dose of 108 CFU was inoculated per leaf. Plants were kept
at 18°C and 50% relative humidity and inoculated kale leaves were harvested 24 hours post-
inoculation (hpi). Each leaf was aseptically clipped off the stem with scissors and placed in a
sterile Whirl-pak bag (Nasco, WI, USA). Inoculated leaves were immersed in 30 ml 0.1%

PW, hand-massaged for 30 s and sonicated in a Branson Ultrasonic Cleaner (Branson
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Ultrasonics Corporation, CT, USA) for 1 min at maximum speed to dislodge S. Newport cells
from the kale leaf surfaces. Each leaf was then shaken at 150 rpm for 10 min. Serial dilutions
from each leaf rinsate were plated on TSA-rif plates for S. Newport enumeration after 24 h of

incubation at 35°C.

For leaf washes, 20 pl of S. Newport inoculum were added to 2 ml leaf wash solution at an
initial concentration of ~10°® CFU/ml and incubated at 35°C with shaking at 150 rpm. S.

Newport cell counts were taken at 0, 2, 4, 6 and 24 hpi. At each time point, serial dilutions
were plated on TSA-rif plates for enumeration. Sterile 5% methanol in water served as the

negative control.

4.2.7 Statistical analysis

Ordination of the phytochemical profiles obtained from ESI-MS was conducted using
multidimensional scaling (MDS) to depict relationships among samples. Briefly, data
retrieved from ESI-MS containing information regarding the m/z ratio and signal intensity of
each compound were pre-processed by binning peaks and aligning relative peak intensity data
from different samples. Data were imported into RStudio (v. 1.3.1093). Distance matrices
based on the Bray-Curtis dissimilarity coefficient were generated by the vegan package
(version 2.5-7) and MDS analysis was performed in JMP Pro v. 15.2.0. (SAS Institute Inc.,

Cary, NC, USA).

For significance testing of sample data, analysis of similarity (ANOSIM) was conducted in
PRIMER 6 (Plymouth Routines in Multivariate Ecological Research version 6.1.15;
PRIMER-E-Ltd., Plymouth, United Kingdom). ANOSIM assigns ranks to the similarity

matrix built from distances between samples and combines the ranking similarity with Monte
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Carlo randomization to assess significance (0=0.5) between groups. In ANOSIM, the test
statistic R approaches 0 when samples from different treatments are the same, whereas R
approaches 1 when replicates within one group are more similar to each other than to

replicates from another group.

Volcano plots were used to feature differential peaks detected in samples from two age
groups under different watering regimes. Pairwise comparison by Student’s t-test of relative
signal intensity of each peak was conducted between samples under different watering
regimes (WA 20D CON vs. WA 20D DR, WA59D CON vs. WAL9D DR, LF20D CON vs.
LF20D DR, LF59D CON vs. LF20D DR) and p-values were ranked and corrected for
multiple comparisons using the Storey and Tibshirani method (Storey and Tibshirani, 2003).
The false discovery rate (FDR) adjusted p-values (g-value) were transformed [-log10(Q-
value)] before plotting. The fold change (FC) of each peak between drought-subjected and
regularly watered plant samples was calculated as log, (DR/CON). Volcano plots were
generated by ggplot2 R package (Wickham, 2016). Peaks with a logz(FC) = 1 and a

— logio(g-value) < 1.3 (¢ < 0.05) indicating up-accumulated peaks after drought treatment
and were colored red. Blue symbols denoted down-accumulated peaks after drought

treatment with a logx(FC) < —1 and a — logio(g-value) < 1.3 (g < 0.05).

For phytochemical and bacterial assays, each experiment was repeated at least three times
with each treatment tested in replicates of four to six and data were pooled for statistical
analysis. S. Newport counts in CFU/plant and CFU/ml, retrieved from kale leaves and wash
solutions, respectively, were log transformed prior to analysis. Statistical bootstrapping

(Eforn, 1979) was used to resample log transformed data acquired from the survival of
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Salmonella on leaf surface after 24 h and the retrieval of Salmonella in leaf wash for further
Pearson’s correlation analysis. Salmonella data from either the surface survival or in the leaf
wash were resampled 1,000 times for each age group under each watering regime. ANOVA

was conducted on S. Newport counts and phytochemical measurements in JMP Pro v. 15.2.0.

4.3 Results

4.3.1 Phytochemical profiling of kale leaf tissue extracts and leaf surface compounds
using ESI-MS revealed marked differences between leaf tissue and leaf surface

metabolomes

Untargeted phytochemical profiling of kale leaf tissue extracts and leaf surface washes were
analyzed with ESI-MS to investigate how the leaf tissue and surface metabolomes changed as
plants developed and in response to drought stress. In total, 1,439 peaks were detected in
positive mode and 424 peaks in negative mode. Kale leaf tissue extracts yielded 532 peaks in
positive mode. Of these, 189 were shared between juvenile and mature samples and 315
peaks were shared between samples under different watering regimes. Under negative mode,
217 peaks were detected in tissue extracts, with 88 shared between both growth stages and
153 peaks were found in samples from both regularly watered and drought-subjected kale.
Kale surface wash samples yielded 907 peaks in positive and 207 in negative modes. Of
these, 249 and 39 peaks were detected in both growth stages in positive and negative modes,
respectively, while 382 peaks in positive and 80 peaks in negative modes were shared
between plants under different watering regimes (Table 6). Combined, there were 429 and
313 (in positive mode), and 106 and 85 (in negative mode) unique peaks (detected only in

one watering treatment) in juvenile and mature kale, respectively. Under positive mode, 129
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and 101 peaks were shared between leaf tissue extracts and leaf surface washes for juvenile
and mature kale, respectively. By contrast, in negative mode, fewer shared peaks between
tissue and washes were detected for juvenile (9 peaks) and mature kale (18 peaks). Ordination
of the data showed no overlap between tissue and wash profiles under either mode, indicating
that the differences between leaf tissue and surface metabolite profiles were greater than
differences within groups for juvenile and mature plants subjected to regular (Figure 3A) or
restricted watering regimes (Figure 3B). ANOSIM analysis based on sample type (tissue
versus surface) gave a global R statistic of 0.83 (positive mode) and 0.77 (negative mode;

both p=0.001).

Table 6. Number of metabolite peaks acquired from leaf tissue and wash samples from 20-
day (juvenile) and 59-day old (mature) kale plants under regular watering (CON) or restricted
watering (DR) regimes based on phytochemical profiling with ESI-MS under positive and
negative modes.

Sample  Total peaks Peaks in Treatment/ Peaks of

ID type detected volcano plot unique peaks. interest*

CON DR Up Down

Peaks detected in positive ionization mode

LF20 Leaf 324 160 32 132 33 24
LF59 Leaf 208 155 36 17 0 0
WA20 Wash 432 167 183 82 13 7
WA59  Wash 475 215 125 135 0 0

Peaks detected in negative ionization mode

LF20 Leaf 103 65 17 21 12 9
LF59 Leaf 114 88 17 9 0 0
wA20 Wash 93 25 35 33 8 2
WA59  Wash 114 55 32 27 0 0
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Figure 3. Multidimensional scaling (MDS) plots of phytochemical profiles of kale leaf tissue
(LF) and leaf surface washes (WA) at two growth stages of 20-day (20D) and 59-day (59D) for
plants under regular (CON) or restricted (DR) watering, based on ESI-TOF-MS under (A)

positive and (B) negative modes. Stress for plots was 0.17 (A) and 0.21 (B).
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Table 7. ANOSIM pairwise comparison of kale leaf tissue extracts (LF) and kale leaf
surfaces washes (WA) based on phytochemical profiling with ESI-MS under positive and
negative modes. Juvenile and mature plants were 20 (20D) or 59 (59D) days old at time of
experimentation and subjected to regular (CON) or restricted watering (DR). The R statistic
spans 0-1, with 0 indicating no relationship and 1 indicating highest relatedness between
sample profiles. NS means not significant at a=0.05.

Positive mode Negative mode
Sample comparisons R p value R p value
Leaf tissue extracts
LF20D CON - LF59D CON 0.496 0.032 0.36 0.008
LF20D DR — LF59D DR 0.956 0.016 0.652 0.016
LF20D CON - LF20D DR 0.948 0.008 0.9 0.008
LF59D CON — LF59D DR 0.116 NS 0.016 NS
LF59D DR — LF20D CON 0.908 0.008 0.388 0.008
LF59D CON - LF20D DR 0.944 0.008 0.892 0.008
Leaf surface washes
WA20D CON - WA59D CON 0.698 0.01 1 0.005
WA20D DR - WA59D DR 0.345 0.048 0.694 0.005
WA20D CON - WA20D DR 0.792 0.029 0.802 0.029
WAS9D CON - WA59D DR 0.091 NS 0 NS
WAS59D DR - WA20D CON 0.274 0.076 0.877 0.005
WAS59D CON - WA20D DR 0.96 0.005 0.869 0.005
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4.3.2 Phytochemical profiling of leaf tissue extracts revealed age-related and water

stress-induced shifts

For kale leaf tissue samples, profiles from juvenile plants differed from mature plants,
regardless of watering regime (p<0.05; Table 7, Figure 3). Profiles of regularly watered
juvenile plants were most closely related to profiles from mature plants under the same
watering condition, but these were still significantly different (ANOSIM R=0.50, p<0.05 and
R=0.36, p<0.01, for positive and negative mode separation, respectively; Table 7, Figure 3).
For kale plants subjected to water restriction, leaf profiles of juvenile and mature kale
diverged more markedly (R=0.96 and R=0.65, both p<0.05), for positive and negative mode
separation, respectively). These data indicate a development-dependent shift in leaf

metabolites.

A very distinct separation was detected between regularly watered and drought-subjected
juvenile plants in both positive (R=0.95, p<0.01) and negative (R=0.90, p<0.01) modes
(Tables 6 and 7, Figures 3 and 4). Juvenile plants subjected to water stress exhibited the most
divergent profiles compared to all other samples, with a total of 153 unique peaks detected in
this group (Table 6, Figures 4A and 4B). Among shared peaks in leaf tissue samples, 78
were differentially detected following drought treatment in 20-day old plants (Table 6, Figure
4). Most of these shared peaks were detected under positive mode; 33 and 24 peaks of signal
intensity increased and decreased, respectively, after drought treatment (Table 6, Figure 4A),
with a less marked metabolome shift revealed under negative mode (Table 6, Figure 4B). By
contrast, leaf tissue profiles of regularly watered and water-restricted mature plants

converged and no differential peaks (Table 6) or significant difference (Table 7) were
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detected between these two groups. Despite several peaks being unigue to each group, only 9
(the lowest for any group) were unique to drought-subjected plant profiles (Table 6). All
pairwise comparisons of differing age and watering regime where highly significantly
different for both positive and negative mode data (p<0.01). Taken together, these results
suggest that a water stress-dependent shift in the leaf metabolome is related to age, being

most pronounced in juvenile plants.
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Figure 4. Volcano plots presenting the peaks that were significantly influenced by drought
treatment via the non-targeted ESI-TOF-MS analysis under (A) positive and (B) negative modes.
In each plot, leaf tissue and wash samples of 20-day old kale under regular watering (CON) and
drought-subjected (DR) conditions were included. They were labelled as LF20D (leaf tissues

from 20-day old kale; dots) and WA20D (wash samples from 20-day old kale; triangles).
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4.3.3 Phytochemical profiling of leaf surface washes revealed age-related and water

stress-induced shifts

Metabolome changes were not restricted to leaf tissue but were also apparent for leaf surface
compounds. A very distinct age-dependent difference was revealed between regularly
watered juvenile and mature plants in negative mode separation (R=1, p<0.01; Table 7).
Differences in positive mode were less marked, attributed to some overlap between the two
groups (R=0.70, p=0.01; Figure 3A). In water-restricted plants, mature leaf surface profiles
diverged most markedly when separated in negative mode (R=0.69, p<0.01; Table 7, Figure
3B). In total, 218 and 115 peaks were detected only in the juvenile control or the water-
restricted profiles, respectively. These results provide strong evidence for leaf surface

metabolome shifts occurring in a developmentally programmed manner.

Statistically significant differences in leaf surface metabolomes between regularly watered
and water-stressed juvenile plants were detected in both positive and negative modes (R=0.79
and 0.80, respectively, both p<0.05; Table 7). On the other hand, surface metabolite profiles
of mature plants under different watering conditions converged, indicating similarities
between these metabolite profiles and no age or water-stress dependent effects (Table 7,
Figure 3A and 4). Despite this convergence, 319 peaks were unique to one or the other group
in this comparison, which was higher than for leaf tissue profiles for the same treatment
(Table 6). Taken together, these data suggest that water stress induces surface phytochemical

shifts in juvenile kale plants, but evidence was not strong for mature plants.
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4.3.4 Phytochemical analyses of kale leaves indicated differences due to plant age

and water stress

Plant development was a factor in phytochemical traits of leaf tissue extracts. For regularly
watered plants, the antioxidant capacity (Figure 5A) and total flavonoid content (Figure 5B)
increased with plant age (p<0.05), while the rise in total phenolic content (Figure 5C) was not
significant and estimated glucosinolates (Figure 5D) were unaffected. Antioxidant capacity
correlated strongly with flavonoids and phenolics (r = 0.74 and 0.63, respectively, both p <
0.01) (Table 8) when data from control plants were grouped by age. Plants under water stress
also exhibited some shifts as they matured. The antioxidant capacity of drought-subjected
mature plants was higher than for juveniles under the same watering regime (p<0.05; Figure
5A). Since juvenile plants under water stress were elicited to produce more secondary
metabolites, the age effect on phytochemical levels was less pronounced (Table 8). No
change was recorded for total flavonoid content. A marked decrease in estimated

glucosinolates (p<0.05) was detected as plants matured.
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Figure 5. The chemical measurements for (A) antioxidant capacity, (B) total flavonoid, (C) total
phenolic, and (D) estimated glucosinolate contents in 20- and 59-day old plant tissues under both
watering regimes. Capitalized letters represent significant differences by age under the same

watering condition by Student’s t- test (p <0.05) for a priori comparisons. Small letters represent

significant differences due to treatment within the same age group by Student’s t-test (p < 0.05).

Within each growth stage, watering regime affected phytochemical measurements. Increases
in antioxidant capacity, total flavonoid and estimated glucosinolate contents were detected in
tissues from drought-exposed juvenile kale compared to regularly watered juvenile kale
(p<0.05). Total flavonoids, phenolics, glucosinolates and antioxidant capacity all correlated

positively with each other (Table 8) in juvenile plants under elicitation by drought. On the
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other hand, no further increases in the antioxidant capacity, total flavonoids and phenolics
and estimated glucosinolates were detected in tissue extracts from mature plants that were

subjected to drought compared to regular watering.

Drought treatment affected plant biomass accumulation (p<0.05). Dry weight measurements
of juvenile plants subjected to water restriction accumulated 24% less weight compared to

controls, while mature plants had an 11% discrepancy.

4.3.5 Plant age negatively affected epiphytic S. Newport association with kale

Regularly watered plants at 7 stages, spanning 20 to 59 days post-germination, were
inoculated with S. Newport at a level of 4.4 - 4.8 log CFU/plant. Salmonella populations
declined over a 24 h period. At 24 hpi, the highest S. Newport cell count retrieved from plant
surfaces was 3.9 log CFU/plant, detected on 20-day old regularly watered kale plants (Figure
6). Within this control group, bacterial cell counts steadily declined with plant age such that
counts for 20-day old plants were different from kale at 39-days and onwards (p<0.05), with a
difference of 1.1 log CFU/plant between day 20 and day 59 (Figure 6). These results indicate
that the kale leaf surface becomes less favourable for S. Newport association as plants

mature.

No consistent age effect on S. Newport retrieval was detected in drought-subjected plants.
Although counts from 20-day old water stressed plants (2.9 log CFU/plant) were higher than
those from 59-day old plants (2.4 log CFU/plant), these differences were not significant. The
largest populations of S. Newport cells were retrieved from 39-day old (3.2 log CFU/plant)
plants compared to 26-, 52- and 59-day old plants (p<0.05), with a difference of 0.8, 0.9 and

0.8 log CFU/plant, respectively. The reason for this growth peak at 39 days is not clear. On
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the other hand, 59-day-old regularly watered plants yielded S. Newport counts that were not

significantly different from any other age.

Table 8. Correlation analysis between phytochemical measurements (antioxidant capacity,
AOQOC,; total flavonoids, TFLA; total phenolics, TP; estimated glucosinolates, EG) in leaf

tissues, and against S. enterica counts retrieved from kale leaf surfaces (EPI) for juvenile (20-
day old) and mature (59-day old) plants under both regular (CON) and restricted (DR)

watering regimes. NS means not significant at a=0.05.

Pair Pearson’s r p Pearson’s r p Pearson’s r p Pearson’s r p
20D 59D CON DR
AOC vs. TFLA 0.40 <0.001 0.008 NS 0.74 <0.01 0.05 0.034
AOCvs. TP 0.38 <0.001 -0.02 NS 0.63 <0.01 0.12 <0.001
AOC vs. EG 0.32 <0.001 -0.008 NS 0.05 0.019 -0.19 <0.001
TFLAvs. TP 0.32 <0.001 0.02 NS 0.60 <0.01 0.04 0.045
TFLAvs. EG 0.28 <0.001 -0.02 NS 0.05 0.026 -0.03 NS
TP vs. EG 0.26 <0.001 0.02 NS 0.05 0.023 -0.10 <0.001
20D 59D CON
EPI vs. AOC -0.40 <0.001 -0.02 NS -0.55 <0.001 -0.18 <0.001
EPI vs. TFLA -0.32 <0.001 -0.05 0.04 -0.52 <0.001 -0.05 0.015
EPIvs. TP -0.28 <0.001 -0.06 0.005 -0.45 <0.001 -0.08 <0.001
EPIvs. EG -0.27 <0.001 0.03 NS -0.04 0.057 0.167 <0.001
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Figure 6. Levels of Salmonella Newport on (A) leaf surfaces of regularly watered (green) and
drought-subjected (yellow) kale plants and (B) in plant surface washes, at various stages of
development between 20 and 59 days old. Capital letters denote differences among age groups
under the same watering regime (ANOVA and Tukey HSD; p<0.05). Small letters indicated
statistical differences for pairwise comparisons between drought-subjected and regularly watered

kale plants of the same age (p<0.05).



4.3.6 Drought restricted the survival of S. Newport epiphytic on juvenile kale plants

Drought-exposed kale plants supported lower levels of S. Newport than regularly watered
plants (p<0.05; Figure 6). The retrieval of S. Newport from control plants ranged from 3.9 to
2.8 log CFU/plant. In contrast, S. Newport recovered from water-stressed plants ranged from
3.2't0 2.30 log CFU/plant. The most distinct difference in S. Newport counts between the two
watering treatment groups was detected on day 20, with a 1.0 log CFU/plant difference (p<
0.05) The retrieval of S. Newport from regularly watered plants was ~0.7 log CFU/plant
lower than the initial inoculum level. By contrast, the retrieval of S. Newport on drought-
subjected plants decreased ~1.7 log CFU/plant from the inoculum. For 20-, 26- and 33-day
regularly watered plants, S. Newport counts were higher than for drought-subjected plants
(p<0.05). However, the difference in S. Newport counts due to drought treatment was not
sustained over time, indicating that drought did not cause further restriction of S. Newport as
plants aged. Interestingly, the lower counts on more mature (>46 days), regularly watered
plants approached the lower counts obtained from water-stressed plants of any age. While the
retrieval of S. Newport from 20-day control plants was higher than both control and drought-
subjected 59-day plants, S. Newport counts from water-stressed 20-day plants were not
significantly different from 59-day kale regardless of watering treatment. The findings
suggest that water stress induces changes in the plant that render the leaf surface less
favorable for Salmonella association at the juvenile stage. No further bacteria-limiting effect
could be attributed to drought on mature plants that were inherently less supportive of

Salmonella association than juvenile plants.
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4.3.7 Phytochemical levels in leaf tissue correlated negatively with Salmonella

populations on kale leaf surface

We conducted correlation analysis between the phytochemical data and Salmonella count
data to explore possible effects exerted by phytocompounds on bacterial populations. Strong
negative correlations (p < 0.001) between epiphytic Salmonella counts on kale and all
phytochemical measurements were obtained in juvenile, but not mature plants (Table 8),
possibly explaining Salmonella restriction on juvenile plants subjected to drought. Regularly
watered kale plants exhibited the same inverse relationship between Salmonella counts and
antioxidant capacity, flavonoids and phenolics (p < 0.001), and a weaker relationship with
glucosinolates (p = 0.06), possibly explaining Salmonella decline as plants developed. The
low r values obtained for mature plants (including data from both water treatments) and
plants under drought (including juvenile and mature plants) (Table 8) provide further
evidence that secondary metabolites elicited by drought stress or induced by age have a

limiting effect on Salmonella colonization.

4.3.8 Surface washes collected from regularly watered juvenile kale provided a more

favorable environment for S. Newport than washes from water-stressed plants

Wash solutions from all age groups except 59-day plants were able to support increases in S.
Newport counts over 24 h relative to inoculum (Figure 6B). An age-dependent effect was
noted with regularly watered kale. The largest difference in S. Newport counts between
inoculum and wash solution was recovered from 20-day plants (4.3 log CFU/ml). Counts
from 20-day surface washes were higher than from 26, 33 and 39-day solutions (p<0.05). All

were higher than from 59-day solutions (p<0.05), which were not supportive of bacterial
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growth. By contrast, the growth of S. Newport in washes collected from drought-treated
plants did not present a marked age-dependent pattern. The difference in S. Newport levels
between inoculum and solution from 20-day plants was 1.7 log CFU/ml. S. Newport levels in
solutions from plants 20-39 days of age were similar, though surface washes collected from
26-day drought-subjected plants supported higher S. Newport growth than the 33-day plants
in the same treatment group (p<0.05; Figure 6B). As in the control, 59-day plant washes did

not support bacterial growth.

Comparing watering treatments, the retrieval of S. Newport was significantly higher from
washes collected from control kale than drought-subjected kale at 20 days of age (p<0.05).
Washes collected from 33-day regularly watered plants also yielded more S. Newport than
water-stressed plants (p<0.05) (Figure 6B). No other differences were noted between
watering treatments, especially noteworthy for 59-day samples as both watering treatments
showed a marked decline compared to juvenile plants (p<0.05). Taken together, these results
suggest that surface compounds on juvenile kale leaf surfaces were able to support S.
Newport growth, which was curbed in more mature plants and when plants were under water

stress, regardless of age.

4.3.9 S. Newport counts associating epiphytically correlated positively with growth in

leaf surface washes

Epiphytic association of S. Newport with kale was age- and drought-dependent. The age-
dependent decline in S. Newport retrieved from leaves of regularly watered plants between 20
and 59 days was a trend observed also for S. Newport inoculated in leaf washes. In drought-
subjected plants, S. Newport followed the same trend in wash solutions but not on plant
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surfaces. Middle-aged, drought-subjected plants also exhibited inconsistent patterns. This
prompted us to determine whether a correlation existed between data obtained from these two
systems. An overall positive correlation (r=0.35, p<0.001) was in fact detected between
Salmonella association on plant surface and growth in leaf wash (Table 9). Analyzing
watering groups separately showed that a correlation was present in both regularly watered
(r=0.38, p<0.01) and, to a lesser degree, drought-subjected (r=0.11, p<0.01) plant groups.
Analyzing data by age identified a strong positive correlation in 20-day kale (r=0.53.
p<0.001) and in 33-day kale (r= 0.15, p<0.01) but a negative correlation in mature plants

(59-day r=-0.152, p<0.01).

Taken together with the inverse correlations obtained between Salmonella counts and
phytochemical levels in leaf tissue, the data suggest that the age-dependent differential levels
of S. Newport epiphytic on kale receiving adequate watering may, at least in part, be
explained by leaf surface compounds that varied as plants developed. The same may be
inferred for juvenile plants responding to drought, exhibiting a diminished favorability to

Salmonella association.
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Table 9. Pearson’s correlation coefficient r, between S. enterica counts retrieved from kale
leaf surfaces (EPI) and leaf surface washes (WA) at five different growth stages under both
regular (CON) and restricted (DR) watering regimes. NS means not significant at a=0.05.

Pearson correlation Correlation coefficient r p
Overall EPI vs. WA 0.35 <0.01
CON EPI vs CON WA 0.38 <0.01
DR EPIvs. DR WA 0.11 <0.01
20D EPIvs. 20D WA 0.53 <0.01
26D EPIvs. 26D WA -0.04 0.06
33D EPIvs. 33D WA 0.15 <0.01
39D EPI VS 39D WA -0.01 NS
59D EPI vs. 59D WA -0.15 <0.01

4.4 Discussion

In this study, we investigated the role that plant phytochemicals may play in modulating
Salmonella enterica Newport association with kale leaf surfaces. Salmonella association was
most successful with juvenile plants and diminished as plants matured. This finding has
implications for food safety, since juvenile plants constitute a product known as ‘baby kale’,
which is frequently consumed raw. The enterobacterial interaction was also impaired on kale
suffering water stress. The bacterial dynamics observed were detected in Salmonella
populations associating epiphytically, as well as in populations inoculated into leaf surface
washes containing surface-deposited phytocompounds. Phytocompound measurements were
inversely correlated with bacterial levels, supporting the hypothesis that metabolome shifts in

response to abiotic stress can modulate plant-bacterial interactions.
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We show that both plant development and water stress can induce metabolomic changes,
contributing to the complex network of influences that govern the Salmonella-kale
interaction. Kale phytochemical profiles changed with plant ontogeny under regular watering.
Moreover, at the juvenile stage, but not the mature stage, phytochemical profiles shifted
markedly in response to drought treatment. Both the leaf tissue and surface metabolomes
were altered in this manner. The metabolomic changes were a result of differential up- or
down-accumulation of certain compounds, as well as the detection of compounds unique to
fully watered or water deficit situations. Phytochemical analysis of leaf tissue from regularly
watered plants revealed that increases in total flavonoid contents, but not glucosinolates,
partially explained the age-dependent metabolomic shifts, that also resulted in higher
antioxidant capacity. On the other hand, higher levels of total flavonoid content and
glucosinolates contributed to drought-driven metabolome changes in juvenile, but not mature
kale. Kale surface phytochemicals collected in surface washes were able to support the
growth of Salmonella, although differences were observed based on watering regime. A
strong correlation between Salmonella population levels associating epiphytically and those
growing in surface washes was identified in juvenile plants. The bacterial counts also
correlated negatively with flavonoids and phenolics. These findings suggest that the status of
the kale leaf tissue and leaf surface metabolomes influence epiphytic Salmonella colonization
of this crop, especially at the baby kale stage, providing proof of concept that metabolome
modulation could lead to innovative solutions for controlling Salmonella on vegetable crops
and identifying a possible role for secondary metabolites in controlling Salmonella on baby

kale.
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Baby kale, represented by 20- and 26-day old plants in our study, are increasingly popular as
a functional raw food. Regularly watered juvenile kale was the most vulnerable to
Salmonella establishment. Juvenile kale might release more Salmonella-supporting chemicals
to the leaf surface than mature plants, thus creating a more favorable environment for
Salmonella. The type of carbon source however could also modulate bacterial growth. While
fructose was reported to increase with curly kale development from 28-56 days, glucose (the
most abundant sugar measured in that study) and sucrose were highest in young kale (28
days) and lowest in 56-day old kale (Megias-Pérez et al., 2020). In curly kale, sugar levels
increased with delayed harvest in mature field grown kale, an effect driven by sucrose but not
glucose and fructose (Hagen et al., 2009). Salmonella can readily utilize glucose as a carbon
source, while sucrose is not preferred and can lead to stasis (Gutnick et al., 1969; Nur et al.,
2016). This might explain Salmonella preference for juvenile plants. Modulation of sugar
levels is complex, however, and environmental factors also play a role in sugar regulation.
Decreasing air temperatures have been suggested as a strategy to improve taste for kale
grown in controlled environments (Steindal et al., 2015). Low molecular weight
carbohydrates such as the sugar alcohol sorbitol and raffinose/fructooligosaccharides increase
in certain kale cultivars during water deficits (Pathirana et al., 2017). We did not assess low
molecular weight carbohydrates, however, if they increased with drought stress in our system,
they had no effect on Salmonella. This could be due to the accumulation of non-
metabolizable carbon sources, the presence of inhibitory compounds on the leaf, or possibly
attributable to leaf thickening. Thickening and whitening of cuticle were reported for 34-day
old kale plants under drought for 14 days (Issarakraisila et al., 2007), which may create a
barrier for carbon sources to reach the leaf surface and support bacterial growth. A spike in
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Salmonella levels was detected in middle-aged plants under water stress. This could be the
result of bimodal accumulations of certain compounds. For instance, the sugar alcohol myo-
inositol, a metabolizable carbon source for Salmonella (Kréger and Fuchs, 2009) exhibited
two peaks in 28- and 56-day plants (Megias-Pérez et al., 2020). Finally, although data on
amino acid level changes with kale development are not readily available, evidence of an
essential role for amino acids in the Salmonella-plant interaction has been identified (de
Moraes et al., 2017; Han et al., 2020; Kwan et al., 2015) and fluctuating availability of amino

acids may also play a role in Salmonella colonization of kale.

Concurrent to the availability of carbon and nitrogen sources, the levels of specialized
compounds potentially having restrictive bacterial effects may be lower in the juvenile stage.
Phytochemical profiling of regularly watered kale in our study revealed plant ontogenic shifts
in low molecular weight and bioactive compounds present in leaf tissue. Total phenolics,
total flavonoids and glucosinolates increased per plant in two kale varieties from the
Acephala group measured weekly 14-49 days after transplanting 2-week old seedlings, with
antioxidant capacity following the same trend (Yoon et al., 2019). Korus reported a similar
maturity-dependent rise in phenolics and antioxidant capacity in three kale cultivars and
additionally, an overall increase in vitamin C, although the latter varied by cultivar (Korus,
2011). Kale seedlings had lower antioxidant capacity and flavonoids at seven days than 60
day-old plants (Soengas et al., 2012). More data exist on this age effect in other Brassicas.
During the vegetative growth stage, 30 day-old Brassica oleracea var. italica plants showed
higher levels of antioxidant capacity and accumulation of total phenolics compared to 8 day-
old plants (Bachiega et al., 2016). Analysis of Chinese cabbage (Brassica rapa) plants also

revealed higher levels of secondary metabolites with plant development, whereby two-leaved
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plants had lower levels of total phenolics, hydroxycinnamic acids and flavonols, and L-
ascorbic acid than six-leaved plants (Sola et al., 2020). In our study, phytochemical analysis
in regularly watered kale indicated, however, that total flavonoid content, but not total
phenolic and estimated glucosinolates, increased significantly with plant development and
therefore at least in part, flavonoids could have driven the age-related divergence in
phytochemical profiles of leaf tissue. Moreover, to our knowledge, this is the first study
examining the effects of age-related phytochemical shifts in Brassicas on bacterial

associations.

Variation in phytochemical levels brought about by drought stress overrode conditions
specific to the stage in plant ontogeny with regards to Salmonella association. Drought is a
known elicitor of secondary metabolites in Brassicas. Plants under drought stress accumulate
osmoprotectants and antioxidant compounds to counteract the induced oxidative stress
(Nakabayashi et al., 2014b). Total phenolic acid increased in response to drought in young
Chinese cabbage plants (Sola et al., 2021) and broccoli plants showed significantly higher
phenolic concentrations in response to drought (Barickman et al., 2020). Timed drought stress
has been explored as a strategy to enhance low molecular weight carbohydrates and bioactive
compounds in lettuce and kale including phenolics, tocopherols and flavonoids before harvest
(Kusano et al., 2011; Nakabayashi et al., 2014a; Oh et al., 2009; Pathirana et al., 2017; Podda
etal., 2019). In this study, phytochemical profiles of fully watered and water stressed juvenile
kale were among the most divergent comparisons, indicating a strong response to drought at
this developmental stage. The enhanced induction of secondary metabolites in younger
plants in response to drought may be related to effects on growth since activating the

phytochemical pathways needed comes at a cost to the plant. Chinese cabbage that was
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subjected to drought starting at 40 days of age had fewer leaves and reduced leaf area and
biomass compared to controls (Shawon et al., 2020). In this latter study, phenolic acids and
glucosinolates were induced by drought but flavonoids were not. After a seven-day drought
treatment, 21 day-old broccoli plants had a lower dry weight than control, while kaempferol
accumulation was detected after two weeks of water stress (Khan et al., 2011). We observed
a more pronounced effect of biomass reduction in juvenile than mature plants. Secondary
metabolites profiles are associated with plant biomass accumulation and chlorogenic acid was
negatively associated with biomass accumulation (Turner et al., 2016). Increased
accumulation of chlorogenic acid, total phenolics and flavonoids were induced by drought in
plants (Gharibi et al., 2019). Adverse effects of drought on biomass accumulation have been
reported in Brassicas (Shawon et al., 2020). We therefore hypothesize that the higher levels
of secondary metabolites synthesized in juvenile plants in response to drought could have
come at the expense of plant growth. The longer period of drought needed to reach the pre-
wilting stage would also have had an effect. Despite this biomass reduction, the treatment had
a desirable outcome from a food safety perspective. The dissimilarities in phytochemical
profiles between fully watered and water stressed juvenile kale were observed in both the leaf
tissue and surface metabolomes. We attribute some of this variation to surges in the total
amounts of flavonoids and estimated glucosinolates in leaves. As a result of these
accumulations, the total antioxidant capacity of drought-subjected juvenile kale was higher
compared to regularly watered juvenile kale. Excluding the mature kale plant group, positive
relationships between antioxidant capacity and total phenolics and flavonoids in kale tissues

were observed. Strong positive correlations between antioxidant capacity and total flavonoids
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have been reported in young Chinese cabbage (Sola et al., 2021) and phenolics in 30 plant

extracts (Dudonné et al., 2009).

Taken together, these findings suggest that regulated water stress early in development could
also be an effective strategy to enhance the nutritional quality of baby kale products.
Importantly, we saw a concomitant reduction in the favorability of young water-stressed kale
(20-33 days) to Salmonella. The mechanism for Salmonella restriction is not known.
Drought stress results in a surge of reactive oxygen and nitrogen species (ROS/RNS) (Laxa et
al., 2019) which has been shown to restrict Salmonella on tomato surfaces (Ferelli et al.,
2020). The plant’s stressed state could itself be playing a role. However, this would not be the
case for fully watered mature plants, which were also less favorable for Salmonella
colonization. Alternatively, therefore, certain phenolics and flavonoids might have a direct
antibacterial effect. Nevertheless, the favorability of baby kale to Salmonella association is a
clear food safety risk. The strong induction of antioxidant compounds in response to drought
in baby kale, and the ensuing restrictive effect on Salmonella, support secondary metabolite
elicitation as a strategy not only for health beneficial purposes but also the added benefit of
enhancing food safety of freshly consumed baby kale. Future studies should optimize
regulated abiotic stress to minimize the negative impact on plant growth while achieving

enteric pathogen control.

We detected no further food safety risk reduction between juvenile plants under water stress
(with induced levels of flavonoids and attenuated favorability for Salmonella association) and
mature plants with augmented levels of these traits even under regular watering. Despite

these consistent microbiological outcomes, phytochemical measurements between early and
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late ontogenic stages of drought-subjected plants indicated slightly higher antioxidant levels
but a sharp reduction in glucosinolates. Phytochemical profiling supported these variations in
tissue and surface metabolomes. Although we may partly attribute this divergence in
phytochemical profiles to the drop in glucosinolates in plants at a fully grown, harvestable
stage, glucosinolate accumulations with development (Yoon et al., 2019) and in response to
drought (Podda et al., 2019) have been reported. In fully developed plants that were
inherently less favorable for Salmonella association, drought treatment did not further
enhance Salmonella restriction. Congruently, no differences in antioxidant capacity, total
phenolic and flavonoid content and estimated glucosinolate levels were detected in mature
plants following water stress and only weak negative associations between Salmonella and
phytocompounds were observed. Moreover, pairwise comparisons of phytochemical profiles
from mature kale under different watering regimes were convergent, volcano plots did not
reveal any differential compound accumulation, and the association between Salmonella
growing epiphytically and in leaf wash dissipated, suggesting that drought stress alone did
not substantially shift leaf tissue and surface metabolomes in mature plants. Higher levels of
specialized compounds, especially flavonoids, in fully watered plants at later stages in plant
development might have been sufficient to overcome the abiotic stress brought on by drought

treatment and to limit Salmonella populations.

In this study we evaluated both the metabolome from leaf tissue extracts and from leaf
washes. Although both these components responded similarly to biotic and abiotic factors,
they were revealed to be very different in composition. The study of plant surface
compounds, how they relate to the plant metabolome, and the role they play in epiphytic

bacterial interactions is still scarce. Moreover, the metabolite landscape on the plant surface is
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not only governed by the plant’s physiological response to development and abiotic factors,
but also influenced by microbial interactions. Plant surface compounds are the substrate for
epiphytic bacterial colonization. Alterations to carbohydrates on the plant surface reflected
microbial activity and metabolism of various constituents present, while signs of changes in
phytoalexin biosynthesis suggested a plant response to bacterial epiphytes (Ryffel et al.,
2016). In this study, surface washes collected from juvenile kale under regular watering, a
stage when plants are actively recruiting constituents to their microbiome, were the most
supportive of Salmonella growth. On the other hand, regardless of watering regime, leaf
wash solutions from mature plants were significantly less favorable, possibly due to
insufficient levels of metabolizable substances or the presence of inhibitory compounds.
These observations align with negative correlations between bacterial counts from the leaf
surface and levels of phenolics and flavonoids. It remains to be determined what
phytocompounds are shared between the tissue metabolome and the surface metabolome
under any given condition, however the comparable Salmonella population outcomes on the

plant surface and in surface washes do allude to analogous alterations in composition.

In summary, shifts in plant surface wash phytochemical profiles suggest that a series of
phytocompounds in the surface metabolome, the suite of compounds that epiphytic bacteria
directly interact with on the plant, changed between 20-day old juvenile plants and 59-day old
mature plants. Simultaneously, Salmonella counts in wash solutions from regularly watered
kale markedly declined between day 20 and day 59, suggesting that a similar shift in the
balance of metabolizable carbon sources and restrictive phytocompounds occurs on the leaf
surface as internal to the leaf. This was further supported by a strong negative correlation

between antioxidant compounds in leaves and epiphytic Salmonella counts, and a positive
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correlation between epiphytic Salmonella quantification data and Salmonella growing in leaf
surface solutions. In conclusion, we hypothesize that lower flavonoid levels in juvenile kale,
and potentially on the surface of kale leaves, facilitate Salmonella persistence on baby kale
surfaces. Conversely, accumulating levels of specialized compounds with plant ontogeny
may hamper Salmonella persistence as plants mature. We infer that flavonoids may play an
active role in this dynamic. Future work will focus on identifying specific compounds that

play a role in hampering Salmonella growth, even in the presence of bioavailable nutrients.

4.5 Conclusion

This study provides novel data on kale favorability to Salmonella at different harvestable
stages and presents an innovative avenue to study complex enteropathogen-plant associations
in other systems, as a factor of abiotic stresses. Since a measurable component of these
associations are epiphytic, the nutrient connection is vital and this study indicates that plant
development and drought impact the metabolomic profiles of kale, and in turn modulate
Salmonella colonization. Despite the intensifying cultivation and consumption of kale over
the past decade, the kale-human pathogen association has received next to no attention
(Allard et al., 2019; Shah et al., 2019). We demonstrate that regularly watered juvenile kale, a
commonly used baby leaf salad ingredient, provides a more favorable niche for Salmonella
compared to mature kale, sustaining higher populations. By contrast, mild drought exposure
impaired the Salmonella association in young kale to the same degree as mature kale plants.
As plants matured, drought treatment did not further intensify the constraint on Salmonella
surface survival. As the frequency of extreme weather events increases, and so the likelihood

of periods of drought occurring during a crop cycle, studying the impact of drought on plant
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physiology and its effect on plant microbiota, including Salmonella, will give growers more
guidance for crop management. Simultaneously, since crop contamination can happen at any
time along the production and post-harvest processing line, it is beneficial to understand the
dynamics of Salmonella interaction for various kale and other leafy green products. Decoding
plant metabolic responses to development and stress, and determining which compounds
serve as Salmonella growth-promoting and limiting factors, can serve as the basis for viable
strategies to minimize food safety risks. Regulated cold and drought acclimatization have
already been suggested as strategies to improve crop nutritional quality. Such interventions
could be optimized to have the added benefit of enhancing food safety, especially at the most

vulnerable plant growth stages.

88



Chapter 5: Beneficial Pseudomonas spp. protected kale from
salinity stress and influenced association with Salmonella

enterica

5.1 Introduction

Food safety is not only a public health concern, but also an economic burden. An upward
trend in produce associated foodborne outbreaks in response to increased produce
consumption and climate fluctuation was concerning (Callejon et al., 2015b; Lynch et al.,
2009; Olaimat and Holley, 2012). Salmonella enterica, the leading agent of foodborne
outbreaks in the USA, could be introduced to produce at any stage of the produce
production line, survive since then and potentially cause human infections (Bennett et al.,
2015; Harris et al., 2003; Olaimat and Holley, 2012). Once established on plant surfaces,
it is rather tough to reduce and eliminate human pathogens (Goodburn and Wallace,
2013; Parish et al., 2003). Among all stages during produce production, pre-harvest stage
has been reported to be highly associated with foodborne pathogens and outbreaks
(Greene et al., 2008; Truitt et al., 2018). To enhance food safety and reduce its collateral
economic losses, Good Agricultural Practices (GAPs) and Produce Safety Rule (PSR)
under the Food Safety Modernization Act (FSMA) have been established to offer
guidance and recommendations for growers to prevent foodborne outbreaks. However,
contamination during production lasts (Angelo et al., 2015; CDC, 2008) and effective on-

farm interventions are required to ensure produce safety.
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Salinity stress not only can deteriorate irrigation land and reduced plant yield for decades,
but also impose economic pressures with more than $27 billion annual loss globally
(Qadir et al., 2014). Sea level rises caused by climate fluctuation has severely worsened
sea water intrusion into freshwater system, which, in turn, altered plant physiology and
impaired agricultural production, especially in coastal region (Rebecca Epanchin-Niell
and Miller, 2018; Tully et al., 2019; White and Kaplan, 2017). Along with sea water
intrusion, biogeochemical changes in soil such as increases in sodium and other cations,
ionic strength and alkalinization impose plants under salinity stress (Kaushal et al., 2018;
Weston et al., 2010). Stomatal closure is the immediate and short-term strategy for plants
to cope with salinity (Hasegawa et al., 2000). Plants regulate ion movement and
accumulation of organic osmolytes such as proline and sugars in the long term to adapt to
salinity stress (Hasegawa et al., 2000; Lee et al., 2008; Sanada et al., 1995). Higher levels
of antioxidant capacity and accumulation of antioxidants including phenolics and
flavonoids were noted for salinity-stressed plants (Bistgani et al., 2019; Pérez-Lopez et
al., 2013). Nevertheless, interventions are required to develop potential solutions to

ensure crop yield under salinity stress.

Plant growth-promoting rhizobacteria (PGPR) are bacteria colonizing on plant surface
and mediating promotion of plant growth. PGPR can influence plant phytohormones
synthesis and improve nutrients uptake to encourage plant growth in a direct manner
(Glick, 1995; Khosravi et al., 2018). Pseudomonas spp. is one of the most widely applied
rhizobacteria in the field to promote plant development and health and has been shown to
promote plant growth directly and indirectly. Root inoculation of Pseudomonas was

associated with a higher ratio of Na+/K+ and relative water content of plants to alleviate
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the influence of salinity (Nadeem et al., 2006). The application of PGPR protects plant
from biotic invasion by priming plants through induced systemic resistance (ISR)
indirectly (Loon and Glick, 2004; Meziane et al., 2005). Evident results have shown that
the application of Pseudomonas protects plants from pathogens and fungus via ISR
(Duijff etal., 1997; Van Wees et al., 1997). Root inoculation of Pseudomonas restricted
the epiphytic growth of Salmonella on produce (Hsu and Micallef, 2017). However, the
mechanism of PGPR inoculation on enteric pathogen associated with produce requires

more attention.

This study aims to determine the beneficial effects of PGPR on plant growth and enteric
pathogen reduction on produce surface under salinity stress. Pseudomonas spp. S4
recruited in this study has proven effects on soybean nodulation enhancement (Dashti et
al., 2000; Zhang et al., 1996), growth-promoting effects on spinach, Romaine lettuce and
tomato plants and restriction of Salmonella on spinach and tomato plants (Hsu and
Micallef, 2017). However, plant cultivar and abiotic stresses could impact the
effectiveness of Pseudomonas (Hsu and Micallef, 2017; Tabassum et al., 2017). Hence,
we investigated the growth-promoting effects of Pseudomonas spp. S4 on kale and its

limiting effects on two serovars of Salmonella on kale surface under salinity stress.

5.2 Material and Methods

5.2.1 PGPR preparation and inoculation

Pseudomonas spp. S4 (PS4) were obtained from Dr. Brian Klubek (Southern Illinois

University Carbondale) with rifampicin resistance. Frozen stock of PS4 was maintained at -
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80°C in Brucella broth (BD, MD) containing 15% glycerol (VWR Chemicals, BDH) and 50
ug-mlt rifampicin and revived by streaking onto Trypticase Soy Agar (TSA, BD) plates
amended with 50 pg-ml rifampicin (TSA-rif) at 30°C for 48 hours. Single colony of PS4 was
then streaked onto fresh TSA-rif plates and grown for 48h at 30°C. PS4 inocula were made by
suspending fresh bacterial colonies in 0.1% peptone water (PW) to an ODeg=0.5 to obtain a
cell density of ~10° CFU per ml. Each PS4-treated kale plant received 2 ml of PS4 inocula
suspension and non-PGPR inoculated kale plant received 2 ml of 0.1% PW as negative
control. All inocula were applied directly to the base of stems near soil. Two separate root

inoculations were conducted when kale plants were 2- and 9-days old (post-germination).

5.2.2 Plant preparation and salinity treatment

Brassica oleracea L. var. acephala cv. ‘Improved Dwarf Siberian’ was used in this study.
Kale seeds (Territorial, OR, USA) were germinated in potting mix soil (Sunshine LC1;
Sungro Horticulture, Canada) at the Research Greenhouse Complex, University of Maryland,
and grown under controlled light and temperature conditions (16 h light:8 h dark photoperiod
at 23°C/18°C day/night temperatures). Kale_plants were kept regularly watered after being
inoculated with PS4 or 0.1% PW at 2- and 9- days old until they were 21 days old. Kale plant
then were subjected to 15 g-L* NaCl (high salt, HS), 5 g-L"* NaCl (medium salt, MS) or 0
g-Lt NaCl (no salt or regular water, NS) for continuous 5 days. At the end of treatment, kale

plants were 26 days old for future analyses.

5.2.3 Biomass measurement of kale plants

PS4-inoculated and non-PGPR inoculated kale plants were harvested after salinity treatment

described above. All above-soil biomass of kale was harvested from the base of each plant
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and put in a pre-weighted foil tray and baked in an oven at 70°C for 48 hours for shoot dry

weight (SDW) measurements.

5.2.4 Salmonella enterica inoculum preparation

Salmonella Javiana and Newport were recruited in this study. The S. enterica Javiana strain is
a clinical isolated from a tomato-associated foodborne illness outbreak (Callahan and
Micallef, 2019). S. Newport strain used is a tomato outbreak strain (Greene et al., 2008). Both
Salmonella serovars were adapted for rifampicin resistance. Single colony of each Salmonella
serovar grown on TSA with 50 ug-mL™ rifampin was streaked on fresh TSA-rif plates and
grown at 35°C overnight. Salmonella inocula were made by suspending bacterial colonies in
0.1% PW to an OD600=0.5, to obtain a cell density of ~10° CFU per mL. A 100-fold dilution
of each Salmonella suspension or 0.1%PW (non-Salmonella inoculated control) was used for

leaf surface inoculation.

5.2.5 Kale leaf surface inoculation with Salmonella enterica

An aliquot of 100 pl of Salmonella Newport or Javiana inoculum was pipetted on the adaxial
side of the third or fourth true leaf of kale plants distributed in ~10 spots. An estimated total
inoculum dose of 106 CFU was inoculated per leaf. Inoculated kale leaves were harvested 24
hours post-inoculation (hpi). Each leaf was aseptically clipped off the stem with scissors and
placed in a sterile Whirl-pak bag (Nasco, WI, USA). Inoculated leaves were then immersed in
30 ml 0.1% PW, hand-massaged for 30 s and sonicated in a Branson Ultrasonic Cleaner
(Branson Ultrasonics Corporation, CT, USA) for 1 min at maximum speed to dislodge

Salmonella cells from the kale leaf surfaces. Each leaf was then shaken at 150 rpm for 10
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min. Serial dilutions from each leaf rinsate were plated on TSA-rif plates for Salmonella

enumeration after 24 h of incubation at 35°C.

5.2.6 Phytochemical analyses with kale leaf tissues

After harvesting the inoculated leaf for Salmonella survival test, the rest of kale leaves were
flash-frozen using liquid nitrogen and ground into powders using a pestle and mortar. Two
hundred mg of plant powder was accurately weighed and extracted with 1.5 ml 70%
methanol (Sigma-Aldrich, MO, USA) with 0.5% formic acid (VWR, PA, USA). Each extract
was fully vortexed before it was centrifuged at 4,226 g for 10 min. The supernatants were
frozen at -20°C for phytochemical analyses through photo spectrometer. All absorption
readings in the following assays were acquired using a microplate reader (Synergy HTX;
Biotek, VT, USA). Each phytochemical analysis was repeated at least 2 times in separate

experiments with at least 4 biological replicates in each treatment. Data were pooled.

Antioxidant capacity: To prepare the reagent, 31.7 mg_2,2’-azinobis-(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) (TCI, OR, USA) and 8.6 mg potassium persulfate (Aldon Corp Avon,
NY, USA) were dissolved in 10 ml water and allowed to stand in darkness at room
temperature for 16 h to form a stable radical, then diluted to an absorption of ~1.3 at 734 nm.
Twenty uL sample extracts were added to 200 uL ABTS solution and allowed to stand for 15
min, then absorption was measured at 734 nm. A standard curve from the blank-corrected
absorption at 734 nm of Trolox (TCI) standards was plotted. Antioxidant capacity was

calculated as Trolox equivalent using the standard curve.

Total flavonoids: One hundred pL kale leaf extract were added to 20 uL 5% NaNO;

(Avantor, PA, USA). After 5 min, 20 uL 10% AIClIs (Alfa Aesar, MA, USA) were added,
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followed by 100 pL 1 mol-L* NaOH (VWR Chemicals, BDH, Radnor, PA, USA) 1 min
later. Absorption of the mixture was measured at 510 nm on the microplate reader. A
standard curve from the blank-corrected absorption at 510 nm of the catechin standards (Enzo
Life Sciences, NY, USA) was plotted. Antioxidant capacity was calculated as catechin

equivalent using the standard curve.

Total phenolic content: Eighty uL kale leaf extract were mixed with 90 uL 10% Folin
Ciocalteu reagent (MP Biomedicals, CA, USA) and 40 uL 700 mM Na.CO; (VWR
Chemicals, BDH) were added in a 96-well plate. All samples were fully vortexed and let to
stand for 1 h in a microplate reader at 25°C. Absorption measurements were taken at 765 nm.
A standard curve from the blank-corrected absorption values at 765 nm of the gallic acid
(Acros Organics Fair Lawn, NJ, USA) standards was plotted. Total phenolics were calculated

as gallic acid equivalents using the standard curve.

Estimated glucosinolate content: Kale leaf extract (80 uL) was added to 200 uL. 2 mM
sodium tetrachloropalladate (Acros Organics). The samples were incubated at room
temperature for 1 h and absorption was measured at 425 nm. Water was then used as a blank.
Total glucosinolate content was calculated by putting the OD4zs of each sample into the

predicted formula as follows (Mawlong et al., 2017)

Y = 1.40 + 118.86 * Ayys

5.2.7 Statistical analysis

For biomass measurement were repeated at least twice with each treatment tested in at least 3
replicates. Pooled data were used for analysis. Bacterial growth experiments for Salmonella
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Newport and Javiana were repeated twice with 5 replicates included in each PGPR and
salinity treatment. Bacteria reduction data were log transformed and pooled for data analysis.
Student’s t-test for a priori pairwise comparisons was employed to determine PGPR effects.
ANOVA (Tukey HSD) test was included to illustrate salinity effects. Analyses were

conducted in JMP Pro 14.0.

5.3 Results

5.3.1 Kale Biomass was affected by salinity level but not the inoculation of

Pseudomonas spp. S4

The biomass for each kale plant was measured by drying plant tissue above ground in the
oven until no weight loss was measured. For PGPR-negative group, no biomass difference
was observed due to the salt treatment. By contrast, salt treatment affected the biomass for
PS4-inoculated group. PS4-inoculated plants under medium salt showed higher biomass
accumulation than under high salt treatment (p < 0.05) and showed no difference with plants
from no salt treatment. Biomass accumulation was not affected by PGPR inoculation under

the same salt treatment (Table 10).
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Table 10. Dry biomass accumulation of 26-day kale plants under high salt (HS), medium salt
(MS) and no salt (NS) treated with root inoculation of Pseudomonas spp. S4 (PS4) or 0.1%
peptone water (PW). Statistically significant differences in dry biomass are denoted by
letters. Capital letters denote differences by watering treatment within the same PGPR root
inoculation (ANOVA, Tukey HSD test, p < 0.05). Small letters indicate differences by root
inoculation within same age and watering condition (Student’s t-test, p < 0.05).

Salinity treatment root inoculation Dry biomass g/plant
PW 29+ 03Aa
HS
PS4 27+0.2B,a
PW 31+03Aa
MS
PS4 34+ 01A a
PW 31+ 03Aa
NS
PS4 32+ 0.2AB,a

5.3.2 Decline of Salmonella Newport on kale surface was greater than Salmonella

Javiana

After 24 hours, the log change per plant of Salmonella Newport and Javiana on kale surface
was calculated from subtracting log retrieval per plant from log inoculum per plant. For 0.1%
PW inoculated kale group, the decline of both Salmonella Newport and Javiana were noted
under all salinity treatments. Moreover, a huge reduction of Salmonella Newport was
reported compared to Salmonella Javiana under both medium and high salt conditions with at
least a 0.6 log CFU/plant difference detected (p < 0.05). No difference was detected between
two Salmonella serovars under no salt condition for PGPR-negative kale group. Compared to
Salmonella Javiana, the Salmonella Newport population was greatly reduced on surface of
kale plants under all salinity treatments, with the most noticeable 1 log CFU/plant difference

detected under the medium salinity condition (p < 0.05) (Table 11).
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5.3.3 Surface survival of Salmonella was affected by salinity treatment and root

inoculation of Pseudomonas spp. S4

The change and retrieval of Salmonella Javiana was not affected by salinity treatment for
non-PGPR inoculate kale plants. However, kale plants with no root inoculation of PS4
showed varied preference for Salmonella Newport. Salmonella Newport reduced at a level of
1.4 log CFU/plant on the surface of non-PGPR inoculated kale under medium salinity,
significantly higher than on surface of kale plants under no salt condition (p < 0.05).
Inoculation of PS4 showed no impact on the epiphytic change in Salmonella Javiana growth
under salinity treatment (Table 11). Interestingly, with the root inoculation of PS4, the change
of Salmonella Newport population was no longer affected by salinity treatment, suggesting
that root inoculation of PS4 might alter the surface environment of leaf surface and then

affect the Salmonella — kale surface association.

Change of Salmonella Javiana population 24 hours post-inoculation was not influenced by
root inoculation of PGPR under the same salinity treatment, even though a slightly higher
reduction was detected on PGPR-inoculated kale surface. Epiphytic growth of Salmonella
Newport was not affected by PS4 inoculation when kale plants are treated with salt solution.
However, under no salt condition, kale plants inoculated with PS4 showed a larger
Salmonella Newport population decline at a level of 1.4 log CFU/plant than non-PGPR

inoculated kale (p < 0.05; Table 11).

98



Table 11. Change and retrieval of Salmonella population on surface of 26-day kale plants
under high salt (HS), medium salt (MS) and no salt (NS) treated with root inoculation of
Pseudomonas spp. S4 (PS4) or 0.1% peptone water (PW). Statistically significant differences
in Salmonella population are denoted by letters. Capital letters denote differences by watering
treatment within the same PGPR root inoculation (ANOVA, Tukey HSD test, p < 0.05).
Small letters indicate differences by root inoculation within same age and watering condition
(Student’s t-test, p < 0.05). Values are means of replicates + standard error (SE).

Salmonella Javiana Salmonella Newport
(log CFU/plant) (log CFU/plant)
Root . .
. . Inoculum Changel  Retrieval Inoculum Changel  Retrieval
inoculation

High salinity (HS)

09+

03+02 41+0.2 . 3.7+0.2
PW A a A a 0.2* AB, AB. a
4.4-45 4.4-48 a
PS4 05+02 39+0.2 11+ 35+0.2
A a A, a 0.2* A, a A, a
Medium salinity (MS)
PW 04+02 41+4+0.2 1.4+ 3.2+ 0.2*
A a A a 0.2* A, a B, a
44-45 44-48
PS4 05+02 40+0.2 15+ 3.1+0.2*%
A, a A a 0.3* A, a A, a
No salinity (regular watering, NS)
PW 04+03 41+4+0.2 06+0.2 40+01
A a A a B,b A a
44 -45 44-48
PS4 08+02 37+0.2 14+ 3.2+0.2
A a A, a 0.2* A, a A Db
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5.3.4 Phytochemical measurements of kale plants were affected by salinity treatment

and Pseudomonas spp. S4 inoculation

Proline, antioxidant capacity, total flavonoids and phenolics and estimated glucosinolates
levels were measured using kale leaf tissues left from bacterial growth experiments (Figure
7A- 7E). Proline levels of kale plants under high salinity were significantly higher than under
medium or no salt condition for both non-PGPR and PS4 inoculated kale plants (p < 0.05).
PGPR inoculation did not change proline levels except for medium salt-treated kale plants,
where PS4-inocualted kale plants accumulated more proline (p < 0.05). Antioxidant capacity
was lower on kale plants under no salt condition than non-PGPR inoculated kale plants
treated with salt solution (p < 0.05). No difference in antioxidant capacity was detected under
various salinity treatments when inoculated with PS4. Root inoculation of PS4 lowered the
antioxidant capacity of kale plants under medium salt level (p < 0.05), but not at the other
two salinity treatments. Total flavonoids were not affected by salinity treatment for both 0.1%
PW- and PS4-inoculated kale group. Under medium salt condition, PS4-inoculated plants
showed a lower accumulation of flavonoids (p < 0.05). No differences in flavonoids levels in
kale tissues due to PGPR inoculation were detected. Non-PGPR inoculated kale groups
showed no change in phenolics levels. However, kale plants under high salt increased the
accumulation of phenolics than under no salt condition with the root inoculation of PS4 (p <
0.05). Root inoculation of PS4 had no impact on total phenolics levels in kale tissues under
the same salinity condition. Salinity treatment played no role in glucosinolate levels in kale
tissues with 0.1 % PW inoculation. Kale plants inoculated with PS4 showed significantly

lower levels of glucosinolates under no salt condition than under other two salt conditions (p
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< 0.05). Under high salt treatment, the inoculation of PS4 increased the accumulation of

glucosinolates than non-PGPR inoculated group (p < 0.05).

5.4 Discussion

Salinity stress reduced the crop yield and has affected plant physiologically in every way
including their association with enterica pathogens. This study investigated the impact of
three salinity treatment on plant biomass, phytochemical shifts, and epiphytic growth of
Salmonella with root inoculation of PGPR Pseudomonas spp. High salt treatment reduced the
biomass of PS4-inoculated plants compared to medium salt treatment. The inoculation of PS4
showed no biomass boosting effects under the same salinity treatment. Decline of Salmonella
population was found on kale plant surface. Salmonella Javiana population decline showed
no response to salinity and PGPR treatment and was smaller than the population reduction for
S. Newport. The change of Salmonella Newport on kale surface due to salinity or PGPR root
inoculation was identified. Reduced retrieval of S. Newport was noted on the surface of
PGPR-negative kale under medium salinity treatment compared to under no salt condition,
indicating controlled salinity treatment could restrict epiphytic growth of enteric pathogen.
Striking decline of S. Newport population found on kale surface under no salt condition in
response to PS4 inoculation was noted, suggesting application of PS4 can be a promising
farming strategy to limit enteric pathogen growth. Salinity treatment and root inoculation of
Pseudomonas spp. S4 influenced the proline and antioxidants accumulation in plant tissues.
Proline accumulation and antioxidant capacity of PGPR-negative plants and phenolics and
glucosinolates content in PS4-inoculated kale plants increased after salinity treatment. PGPR

inoculation impacted the proline and antioxidants accumulation in kale tissues. Negative
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associations between Salmonella population change and all phytochemicals were identified,
suggesting proline and antioxidants in leaf tissues could play a role in manipulating

Salmonella population on produce surface. Overall, A huge decline of S. Newport population

was detected compared to S. Javiana under most controlled conditions. For PGPR-negative
kale plants, Salmonella Newport association was most successful (lowest decline) on
regularly watered kale surface with lowest levels of antioxidant capacity and antioxidants
(flavonoids, phenolics and glucosinolates) and proline. Salinity treatment showed no impact
on Salmonella Javiana and Newport decline on PS4-inoculated kale surface but altered
phenolics and glucosinolates content. Root inoculation of PS4 restricted the growth of
Salmonella Newport without changing the levels of antioxidant capacity, antioxidants, and
proline. From these results, we conclude that 1) phytochemical profiles matter for non-PGPR
kale plants. Phytochemical profile changes due to salinity treatment could impact the enterica
pathogen colonization on plant surface; 2) mechanism of Salmonella restriction in response to
root inoculation of PS4 is not solely associated with phytochemical profile changes under
regular watering conditions and induced systemic resistance might be responsible in this
setting. Future experiments will be designed based on these conclusions to illustrate the

survival mechanism of Salmonella on plant surface.
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Figure 7. Phytochemical analyses in (A) proline, (B) antioxidant capacity, (C) total flavonoids,
(D) total phenolics, and (E) estimated glucosinlates using plant tissues from 26 days old of kale
plants under high salt (HS), medium salt (MS) and no salt (regular watering, NS) under the

influence of Pseudomonas spp. S4 (PS4) or 0.1% PW (negative control, PW).
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Salinity treatment (up to 255 mM NacCl) showed no impact on shoot biomass in our study for
plants without PGPR inoculation. Most research reported growth restriction effects of salinity
on shoot biomass under salinity treatment(Ahmadi et al., 2018). As low as 50 mM NaCl
salinity treatment showed growth inhibition effects on Brassica plants (Lini¢ et al., 2019).
However, no decline in Brassica napus dry mass was noted even under 300 mM NaCl
condition (Szymanska et al., 2019). With the inoculation of PS4, the biomass reduced under
high salt treatment compared to medium salt condition and showed no difference compared to
the biomass under no salt condition. The rhizobacteria PS4 we used in this study was isolated
from Canadian soil and showed slight ability to improve emergence and nodulation of
soybean (Dashti et al., 2000; Zhang et al., 1996) and promote biomass accumulation of
spinach, Romaine cv. ‘Parris Island Cos’ and tomato cv. ‘Moneymaker’ and ‘Nyagous’ but
not ‘BHN602’ (Hsu and Micallef, 2017). Based on our research results, root inoculation of
Pseudomonas spp. S4 showed no growth-promoting effects on kale plants, possibly due to the
plant-specific growth-promoting effects of Pseudomonas spp. Several studies reported similar
results when Pseudomonas spp. showed growth-promoting effects to limited cultivar in
various farming systems (Agaras et al., 2014; Jiménez et al., 2020; Long et al., 2008). Studies
also reported the no growth-promoting effects of the application of PGPR under regular
watering condition. However, when salinity stress was present, the biomass of PGPR-
inoculated plants showed higher biomass (Vaishnav et al., 2020). Adverse effects of certain

PGPR on eggplant growth were also reported (Abd El-Azeem et al., 2012).

Salmonella enterica serovars showed varied fitness on kale plant surface. Decline of
Salmonella Javiana was slower than S. Newport on kale surface under most salinity and

PGPR treatments. A slower decline rate of Salmonella Javiana compared to S. Newport was
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reported on cucumber cultivars (Callahan and Micallef, 2019). This Salmonella serotype-
specific differences have been reported in other produce systems including but not limited to
cucumbers, tomatoes and lettuce (Callahan and Micallef, 2019; Han and Micallef, 2014;
Kroupitski et al., 2009b; Shi et al., 2007; Trmcic et al., 2018). Several factors might
contribute to this serovar-dependent fitness of Salmonella on plant surface. From Salmonella
perspective, the varied capabilities of Salmonella serovars to utilize readily available
nutrients, tolerate stresses and form biofilms on produce surfaces lead to a serovar-specific
Salmonella population size (Callahan and Micallef, 2019; Kroupitski et al., 2009b). Cuticle
thickness, surface traits, and nutrients composition of different cultivar might favor the

growth of particular Salmonella serovars (Callahan and Micallef, 2019).

Phytochemical profiles of kale plants responded differently to medium and high salt
conditions with no PS4 inoculation. Salinity treatment increased the antioxidant capacity of
kale leaf tissues. Proline levels increased solely under high salt condition. Kale seedlings
showed relatively high salt tolerance under control short-term salinity environment with the
least biomass reduction, increased accumulation of proline to two other Brassica crops (Lini¢
et al., 2019). Salinity treatment (up to 200mM) had no impact on the levels of chlorophylls,
total phenolics, and flavonoids in kale seedlings (Lini¢ et al., 2019). This research may
partially explain no change in kale biomass, total phenolics and flavonoids under medium
salinity treatments in our study. Total phenolic content of radish sprouts decreased after being
treated in low salinity (10 mM and 50 mM NacCl) and reported no change after being treated
in 100mM NaCl for 7 days compared to regularly watered radish sprouts (Yuan et al., 2010).
Total phenolics positively correlate with antioxidant capacity measured by ABTS radicals

(Dudonné et al., 2009; Thaipong et al., 2006). Our results found a positive correlation
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between total phenolics and antioxidant capacity. However, higher levels of antioxidant
capacity due to salinity stress might link to increased accumulation of compounds other than
phenolics that can quench ABTS radicals, possibly ascorbic acid (Osman et al., 2021).
Glucosinolates content increased with salinity treatment (up to 200 mM) for kale seedlings
(Lini¢ et al., 2019). However, lower total glucosinolates contents in kale shoot were identified
in high salt (up to 100 mM) (Aghajanzadeh et al., 2018). Total glucosinolates content in
radish sprouts declined after low salinity treatment (up to 7 days) at levels of 10 mM and 50
mM NaCl and no change at 100 mM NacCl treatment for 3 days (Yuan et al., 2010). In our
study, glucosinolates showed no response under salinity (up to 255 mM) for 5 days.
Nevertheless, controlled salinity treatment increased the antioxidant capacity of kale plants

and enhanced nutritional quality of kale plants.

Proline and levels of phenolics, flavonoids, glucosinolates and antioxidant capacity showed
no difference with root inoculation of Pseudomonas spp. S4. Glucosinolates content
increased in response to Pseudomonas inoculation under high salt condition. Brassica napus
under the influence of Pseudonomas showed no change of proline levels under no salinity
and high salinity (300 mM NacCl) treatment, but lower proline levels in medium salinity
treament (50 and 150 mM NaCl) (Szymanska et al., 2019). Maze plants inoculated with
Pseudomonas under salinity treatment (200 mM NacCl) showed higher total phenolics (Kubi
etal., 2021). Interestingly, based on our results, application of PS4 increased the proline
content and decreased the levels of antioxidant capacity and total flavonoid in kale tissues
under medium salt condition (around 85 mM NacCl). Increased proline content in response to
Pseudomonas spp. root inoculation was reported in radish and wheat with increased gene

expression of proline synthesis (Mohamed and Gomaa, 2012; Shavalikohshori et al., 2020).
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Increased proline accumulation could provide higher salt tolerance to Brassica plants (Lini¢
et al., 2019). Under salinity and other abiotic stresses, proline can not only act as an
osmoprotectant but provide antioxidant properties to lower the reactive oxygen species and
increase antioxidant enzyme capacity (Kavi Kishor and Sreenivasulu, 2014). Root
inoculation of Pseudomonas putida reduced levels of antioxidant capacity and phenolic
contents but increased flavonoids accumulation in soybean plants (Kang et al., 2014). With
these results, in response to Pseudomonas spp. S4, under medium salt condition, kale plants
increased the proline content, thus increased provided the osmoprotection to kale and
increased the antioxidant enzyme capacity, thus boosting the overall tolerance to salinity with

less accumulation of flavonoids and levels of non-enzymatic antioxidant capacity.

For PGPR inoculated kale group, proline, phenolics and glucosinolates content increased
under salinity treatment in our study. As reported, with root inoculation of Pseudomonas,
proline levels in Brassica napus leaves and rice seedlings increased along with enhanced
severity of salinity stress (Jha et al., 2011; Szymanska et al., 2019). Radish plants with
Pseudomonas inoculation showed increased proline accumulation with enhanced salinity
treatment (Mohamed and Gomaa, 2012). Salinity treatment increased the phenolics and
glucosinolates content for PS4-inoculated kale plants. An increase of these non-enzymatic

antioxidants can potentially help kale to scavenge free radicals due to salinity treatment.

Decline of Salmonella was observed and affected by salinity stress on kale plant surface in
our study. Under medium salinity condition, a sharp decline of Salmonella population on leaf
surface was noticed compared to Salmonella population under no salt condition.

Simultaneously, the antioxidant capacity of medium salt-exposed kale tissues increased
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significantly, with slightly high levels of total flavonoids and phenolics and glucosionolates.
A previous study in our lab showed the correlation between reduced Salmonella population
and increased antioxidant capacity on 20-days old kale plant surface. In addition, phenolics,
major compounds contributing to antioxidant capacity of plants, on tomato surfaces
negatively associated with Salmonella colonization (Han and Micallef, 2016). The decline of
Salmonella might be due to increased accumulation of growth-limiting compounds, but also
reduced nutrients present on plant surfaces. Sugars leached from the interior of the plant leaf
can serve as carbon-containing nutrients to support the growth of epiphytes, including
Salmonella (Han and Micallef, 2016; Lindow and Brandl, 2003; Mercier and Lindow, 2000).
We did not measure total soluble sugar in kale plants after salinity treatment. Several studies
showed varied total sugar contents in plants under salinity treatments. Rapeseed (Brassica
napus) leaves showed no soluble sugar change after exposure to 110 mM NaCl solution and
increased the soluble sugar contents at NaCl level higher than 220 mM (Ahmadi et al., 2018).
Soluble sugar contents in soybean plants decreased under 75 mM and 150 mM NaCl
condition (Osman et al., 2021). Taken these together, we hypothesize that soluble sugar levels
of kale plants under medium salt (~ 80mM NaCl) decreased, thus unable to support the
growth of Salmonella with antioxidants present. However, under high salt condition (~ 255
mM NacCl), kale plants accumulated more soluble sugar in plant tissue and leached more to
plant surface. With more nutrients and the same level antioxidants present on kale surface
under high salt condition, Salmonella were capable to persist on kale surface. On the other
hand, the decline of Salmonella population might be due to closed stomata of kale under
salinity treatment (Hasegawa et al., 2000). Stomata are one of the most common sites for
bacterial colonization (Beattie and Lindow, 1995). Epiphytes including enteric pathogens
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could successfully create aggregates and form colonies on stomata and other sites with
readily available nutrients present (Lindow and Brandl, 2003). In general, compared to
adaxial side, larger population of bacteria were found on abaxial side, possibly due to reduced
UV radiation and abundant presence of stomata (Beattie and Lindow, 1995). Salmonella
showed strong attachment preference to abaxial side compared to adaxial side of the same
Romaine lettuce leaf area with no stomata density difference, suggesting that other factors
might impact the attachment and following colonization of Salmonella (Kroupitski et al.,
2011). Moreover, stomata provide an avenue for Salmonella internalization (Kroupitski et al.,
2009a; Kroupitski et al., 2011), though salinity stress showed no impact on Salmonella

internalization and persistence in sweet-basil (Bernstein et al., 2017).

Root inoculation of PS4 restricted S. Newport population on salinity-free kale surfaces with
no measurable non-enzymatic antioxidants and proline contents change, indicating similar
levels of Salmonella growth-limiting compounds on kale surfaces even with PS4 inoculation.
Sugars, vital nutrients for Salmonella surface survival, were not measured in this study. Many
studies noted sugar level increase in shoot with root application of PGPR. Bacillus subtilis
SUA4T7 strain increased total soluble sugar contents in wheat (Upadhyay et al., 2012). Root
application of Pseudomonas fluorescence increased the total soluble sugar contents in beans
(Phaseolus vulgaris L) (Younesi and Moradi, 2014). Sugars levels increased in Broccolis
with root incoulation of Paraburkholderia (Jeon et al., 2021). Total soluble sugar content
kept the same after the inoculation of Pseudmonas fluorescenes and Bacillus subtillis for
cucumbers (Saberi-Riseh et al., 2020). Phytochemical changes in tissues and washes due to
Pseudomonas spp. S4 could favor other microbiota with less nutrients available to Salmonella

(Critzer and Doyle, 2010; Hsu and Micallef, 2017; Mhlongo et al., 2020). Future studies in
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microbial communities and phytonutrients in plant tissue and in plant washes in response to
PS4 are required to better understand the mechanism of Salmonella colonization. Besides
metabolites changes, root inoculation of Pseudomonas induced priming in plants for
enhanced defense responses through various mechanisms (Meziane et al., 2005). Salmonella,
on the other hand, is considered plant pathogens due to their ability to activate plant immune
response and overcome stomatal defense by plant innate defense (Ferelli et al., 2020; Johnson
et al., 2020; Shirron and Yaron, 2011). To relieve impact of plant pathogens, Pseudomonas
spp. activated plant defense pathways and induced transcriptional changes (van de Mortel et
al., 2012). Psedumonas spp. S4 might help plants to recognize Salmonella and lead to
Salmonella population decline (Hsu and Micallef, 2017). Other PGPR strains reported
Salmonella restriction effects through ISR as well. Stomatal closure in response to Bacillus
subtilis inoculation was identified as an effective intervention for Salmonella epiphytic
growth on lettuce and spinach plants(Johnson et al., 2020; Markland et al., 2015). However,

the detailed defense response to Salmonella decline is unclear.

Overall, it is evident that salinity and root inoculation of Pseudomonas spp. altered plant
biomass and phytochemical profiles and impacted the Salmonella association in a serovar-
dependent manner. Salinity treatment reduced the biomass of kale plants. PS4 failed to
promote shoot growth of kale, possibly due to the cultivar-specific growth-promoting effects
of Pseudomonas(Agaras et al., 2014; Long et al., 2008). More PGPR strains should be
included to test growth-promoting effects on kale. A sharp decline of Salmonella Newport
was detected on kale surface and other produce (Callahan and Micallef, 2019). Salinity
treatment impaired the Salmonella Newport fitness possibly through two mechanisms,

increased non-enzymatic antioxidants and stomatal closure rate. Future studies are required to
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identify Salmonella growth-limiting antioxidants and their restriction mechanism even in
presence of abundant nutrients. ISR-related metabolomic and transcriptional change and
microbiota shifts were the potential mechanisms for Salmonella restriction due to PS4
inoculation. Revealing mechanisms related to Salmonella decline associated with PGPR
would further help the application and commercialization of PGPR in real life. Through this
research, we provide evidence that the epiphytic growth of Salmonella can be manipulated by
altering phytochemical profiles of hosts. Medium salinity treatment enhanced plant
nutritional quality and reduced Salmonella population without cost of biomass. PS4 limited
Salmonella epiphytic growth, possibly due to enhanced defense response to stresses. Root
application of PS4 could be a promising farming strategy to improve plant safety from

Salmonella and the health of other phytopathogens at the pre-harvest stage.
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Chapter 6: Plant Growth-Promoting Rhizobacterium, a new
agent to maintain yield under drought and food safety by

limiting the surface survival of Salmonella enterica

6.1 Introduction

Extreme weather conditions, including drought caused by climate fluctuation, have severely
altered plant physiology and impaired agricultural production, which is predicted to worsen
with increased frequencies (Li et al., 2009). Drought starts to impact plants when the water
potential of the soil drops lower than the water potential of plant root cells. Under this
situation, water moves from plant root cells to the soil, and without fully closed stomata,
plant cells lose turgor and wilt. The impact of drought on plants depends on the duration of
water deficit and the developmental stage of plants (Farooq et al., 2009). During the
vegetative stage, water deficiency can increase the level of secondary metabolites and cause
morphological changes (Dietz et al., 2021). Drought can impair the size and uniformity of
leafy greens, thus lowering their economic values (Dietz et al., 2021). To cope with drought
stress, plants can increase the accumulation of soluble molecules such as proline and sugars
in the protoplast to lower the water potential of cells and prevent water loss to soil (Pathirana
etal., 2017). Urgent attention is needed to develop potential solutions to ensure crop yield

under increased drought frequencies.

Food safety is another challenge that is worth further investigation. Among all food
commodities related to foodborne illnesses, an upward trend in produce-associated outbreaks

was concerning (Callejon et al., 2015b; Lynch et al., 2009). Human pathogens, such as
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Salmonella enterica, could be introduced to produce at any stage of the farm to fork
continuum and survive the production, processing, and harvest (Bennett et al., 2015; Harris et
al., 2003; Olaimat and Holley, 2012). It is rather complex to reduce and eliminate human
pathogens once they establish on the plant surface (Goodburn and Wallace, 2013; Parish et
al., 2003). To enhance food safety and reduce its collateral economic losses, Good
Agricultural Practices (GAPs) and Produce Safety Rule (PSR) under the Food Safety
Modernization Act (FSMA) have been established to offer guidance and recommendations
for growers to prevent foodborne outbreaks. However, contamination during production lasts
(Angelo et al., 2015; CDC, 2008) and effective on-farm interventions are required to produce

safety.

Plant growth-promoting rhizobacteria (PGPR) are bacteria colonizing on the plant surface
and promoting plant growth directly or indirectly. PGPR can directly influence plant
phytohormones synthesis and improve nutrient uptake to promote plant growth (Glick, 1995;
Khosravi et al., 2018). Pseudomonas can also function as biocontrol agents to protect plants
and promote plant growth indirectly via induced systemic resistance (ISR) (Loon and Glick,
2004; Raaijmakers et al., 1995). With the root inoculation of Pseudomonas, plants suppress
soil-borne plant disease via ISR (Matilla et al., 2010). More interesting, studies report that
PGPR-induced ISR might play a role in enteric pathogens survival on produce surfaces.
Among all widely used PGPR, Bacillus strains have shown limiting effects on foodborne
pathogens on produce, including lettuce and spinach, by producing biosurfactants and
modulating stomatal apertures (Johnson et al., 2020; Markland et al., 2015; Rani et al., 2020;

Zhao et al., 2021). Pseudomonas also have been shown to promote produce growth and
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restrict Salmonella growth, possibly due to ISR (Hsu and Micallef, 2017). However, research

regarding the mechanism of PGPR on enteric pathogens on various produce remains scant.

This study aims to study the beneficial effects of PGPR on plant growth and enteric pathogen
reduction on produce surface under drought stress long with plant development.
Pseudomonas spp. S4 used in this study has proven effects on soybean nodulation
enhancement (Dashti et al., 2000; Zhang et al., 1996), growth-promoting effects on spinach,
Romaine lettuce, and tomato plants (Hsu and Micallef, 2017) and restriction of Salmonella on
spinach and tomato plants (Hsu and Micallef, 2017). However, drought and plant cultivars
could impact the effectiveness of Pseudomonas (Hsu and Micallef, 2017; Tabassum et al.,
2017). Hence, we investigated the growth-promoting effects of Pseudomonas spp. S2 and S4
on kale and its limiting effects on Salmonella Newport — kale association under drought stress

at two different development stages.

6.2 Material and Methods

6.2.1 PGPR strain preparation and inoculation
Pseudomonas spp. S2 (PS2) and S4 (PS4) were obtained from Dr. Brian Klubek (Southern
Illinois University Carbondale) with rifampicin resistance. Frozen stocks of Pseudomonas
spp. were kept in Brucella broth (BD, MD, USA) containing 15% glycerol (VWR Chemicals,
BDH) and 50 ug/ml rifampicin at -80°C. Pseudomonas spp. were revived by streaking onto
Trypticase Soy Agar (TSA, BD) plates amended with 50 pg/ml rifampicin (TSA-rif) at 30°C
for 48 hours. A single colony of PS2 or PS4 was then streaked onto fresh TSA-rif plates and
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grown for 48h at 30°C. PS2 or PS4 inocula were made by suspending new bacterial colonies
in 0.1% peptone water (PW) to an ODsgo=0.5 to obtain a cell density of ~10° CFU/ml. Each
PS2 or PS4-treated kale plant received 2 ml of PS2 or PS4 inocula suspension and the non-
PGPR inoculated kale plant received 2 ml of 0.1% PW as the negative control. All inocula
were applied directly to the base of stems near the soil. Two separate root inoculations were

conducted when kale plants were 2- and 9-days old (post-germination).

6.2.2 Kale growth and drought treatment

Brassica oleracea L. var. acephala cv. 'Improved Dwarf Siberian' was used in this study.
Kale seeds (Territorial, OR, USA) were germinated in potting mix soil (Sunshine LC1;
Sungro Horticulture, Canada) at the Research Greenhouse Complex, University of Maryland,
and grown under controlled light and temperature conditions (16 h light:8 h dark photoperiod
at 23°C/18°C day/night temperatures). This research studied two developmental stages (baby

kale and mature kale) of the kale plant.

Baby kale plants: Kale plants were kept regularly watered after being inoculated with
Pseudomonas spp. S2 or S4 or 0.1% PW at 2- and 9- days old until they were 14 days old.
Kale plants were then separated into two groups. One group of plants was subjected to
drought stress by withholding irrigation (DR) for six days or regularly watered (CON) prior
to experimentation. After treatment, kale plants in this group were 20 days old. Baby kale
inoculated with Pseudomonas spp. S2 was not involved in biomass measurement and
phytochemical profiling, but Pseudomonas spp. S4 or 0.1% PW treated kale was used for
biomass, bacterial growth evaluation on the surface and in washes, and all phytochemical
measurements. Baby kale samples were kept under a relative humidity of 50%.
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Mature kale plants: Kale plants were kept regularly watered after being inoculated with
Pseudomonas spp. S4 or 0.1% PW at 2- and 9- days old until they were 56 days old. Those
plants were subjected to drought treatment (DR) or regular irrigation (CON) for three days.
Kale plants were 59- days old after treatment. Mature kale inoculated with Pseudomonas spp.
S4 or 0.1% PW were used for biomass, bacterial growth evaluation on the surface and in
surface washes, and all phytochemical measurements. Mature kale plants were grown under

60% relative humidity.

This chapter did not study plant developmental effects since baby kale and mature kale were

grown in different environments.

6.2.3 Biomass measurement of kale plants

Kale plants inoculated with PS4 or 0.1% PW were harvested at the baby and mature kale
stage under the same growing conditions as described above. All above-soil biomass of kale
was harvested from the base of each plant and put in a pre-weighted foil tray, and baked in an

oven at 70°C for 48 hours for dry shoot weight (SDW) measurements.

6.2.4 Salmonella Newport inoculum preparation

The S. enterica Newport strain used in this study is a tomato outbreak strain (Greene et al.,
2008) adapted for rifampicin resistance. A single colony of S. Newport grown on TSA with
50 ug/mL rifampin was streaked on fresh TSA-rif plates and grown at 35°C overnight. S.
Newport inocula were made by suspending bacterial colonies in 0.1% PW to an OD600=0.5
to obtain a cell density of ~10° CFU/mL. A 100-fold dilution of the S. Newport suspension or

0.1%PW (non-SN inoculated) was used for leaf surface and surface wash inoculation.
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6.2.5 Kale leaf extract and surface wash preparation

As described (Liu et al., submitted), whole kale leaves were flash-frozen using liquid nitrogen
and then ground into powders using a pestle and mortar; 200 mg of plant powder were
accurately weighed and extracted with 1.5 ml 70% methanol (Sigma-Aldrich, MO, USA)
with 0.5% formic acid (VWR, PA, USA). Each extract was fully vortexed before centrifuged
at 3,000 rpm for 10 min. The supernatants were frozen at -20°C until further analysis. Whole
plants were used to collect surface washes by immersing whole plants in 30 ml 5%
methanol/water solution and shaken at 150 rpm for 24 h at room temperature. Surface
compound solutions were filtered through 0.2 pm cellulose acetate syringe filters (VWR, PA,

USA).

6.2.6 Kale leaf surface and leaf wash inoculation with Salmonella Newport

As described (Liu et al., submitted), an aliquot of 100 pl of S. Newport inoculum was
pipetted on the adaxial side of the third or fourth true of kale plants distributed in ~10 spots.
An estimated total inoculum dose of 10° CFU was inoculated per leaf. Inoculated kale leaves
were harvested 24 hours post-inoculation (hpi). Each leaf was aseptically clipped off the stem
with scissors and placed in a sterile Whirl-pak bag (Nasco, WI, USA). Inoculated leaves were
then immersed in 30 ml 0.1% PW, hand-massaged for 30 s, and sonicated in a Branson
Ultrasonic Cleaner (Branson Ultrasonics Corporation, CT, USA) for 1 min at maximum
speed to dislodge S. Newport cells from the kale leaf surfaces. Each leaf was then shaken at
150 rpm for 10 min. Serial dilutions from each leaf rinsate were plated on TSA-rif plates for

S. Newport enumeration after 24 h of incubation at 35°C.
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For leaf washes, 20 pl of S. Newport inoculum were added to 2 ml leaf wash solution at an
initial concentration of ~10° CFU/ml and incubated at 35°C with shaking at 150 rpm. S.

Newport cell counts were taken at 0, 2, 4, 6, and 24 hpi. At each timepoint, serial dilutions
were plated on TSA-rif plates for enumeration. Sterile 5% methanol in water served as the

negative control.

6.2.7 Phytochemical analyses using kale leaf tissue extracts

All absorption readings in the following assays were acquired using a microplate reader
(Synergy HTX; Biotek, VT, USA) as described (Liu et al., submitted). Each phytochemical
analysis was repeated at least three times in separate experiments with at least three

biological replicates in each treatment. Data were pooled for analysis.

Antioxidant capacity: Modified based on the previous method (Stratil et al., 2006) was made
for ABTS measurement. ABTS preparation: 31.7 mg 2,2’-azinobis-(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) (TCI, OR, USA) and 8.6 mg potassium persulfate (Aldon Corp Avon,
NY, USA) was dissolved in 10 ml water and allowed to stand in darkness at room
temperature for 16 h to form a stable radical, then diluted to absorption of ~1.3 at 734 nm.
Twenty uL sample extracts were added to 200 uL ABTS solution and allowed to stand for 15
min, then absorption was measured at 734 nm. A standard curve from the blank-corrected
absorption at 734 nm of Trolox (TCI) standards was plotted. Antioxidant capacity was

calculated as Trolox equivalent using the standard curve.

Total flavonoids: Based on methods developed by studies (Zhishen et al., 1999), one hundred
uL of kale leaf extract were added to 20 uL 5% NaNO; (Avantor, PA, USA). After 5 min, 20

uL 10% AICI; (Alfa Aesar, MA, USA) were added, followed by 100 uL 1 mol/L NaOH
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(VWR Chemicals, BDH, Radnor, PA, USA) 1 min later. The absorption of the mixture was
measured at 510 nm on the microplate reader. A standard curve from the blank-corrected
absorption at 510 nm of the catechin standards (Enzo Life Sciences, NY, USA) was plotted.
Antioxidant capacity was calculated as catechin equivalent using the standard curve (Yoon et

al., 2019).

Total phenolics: The method was adapted from previous studies (Kao et al., 2014; Singleton
and Rossi, 1965). Eighty uL kale leaf extract were mixed with 90 uL 10% Folin Ciocalteu
reagent (MP Biomedicals, CA, USA) and 40 uL 700 mM Na,CO; (VWR Chemicals, BDH)
were added to a 96-well plate. All samples were fully vortexed and left to stand for one h in a
microplate reader at 25°C. Absorption measurements were taken at 765 nm. The standard
curve was plotted from the blank-corrected absorption values at 765 nm of the gallic acid
(Acros Organics Fair Lawn, NJ, USA) standards. Total phenolics were calculated as gallic

acid equivalents using the standard curve.

Estimated glucosinolate content: Kale leaf extract (80 uL) was added to 200 uL 2 mM
sodium tetrachloropalladate (Acros Organics). The samples were incubated at room
temperature for one h, and absorption was measured at 425 nm. Water was then used as a
blank. Total glucosinolate content was calculated by putting the OD4zs of each sample into

the predicted formula as follows (Mawlong et al., 2017)

Y = 1.40 + 118.86 * Ayys
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6.2.8 Phytochemical profiling using kale leaf tissue extracts and surface washes by

electrospray ionization-time-of-flight mass spectrometry (ESI-TOF-MS)

Phytochemical profiling of kale leaf tissue and wash samples was analyzed (Liu et al.,
submitted). Aliquots (1 ml) of kale leaf extracts and 30 ml filter-sterilized kale wash solutions
were lyophilized into powder and resuspended in 100 pl 70% methanol with 0.5% formic

acid with at least four biological replicates.

To ensure all compounds were fully dissolved in the extraction liquid, all tubes were
sonicated in a water bath for 2 h at maximum intensity. The remaining sample extract was
then transferred into vial inserts for ESI-MS analysis. A Time-of-Flight mass spectrometer
(AccuTOF, JEOL, MA, USA) equipped with an electrospray ionization ion source was used
in the mass spectrometric analysis of the extracts. Mass spectra were acquired in the positive
and negative modes at a rate of one spectrum per second with the m/z range of 50-800 Da.
Every mass spectrum was averaged over about one minute. The AccuTOF mass spectrometer
settings were as follows: needle voltage = 2100 V, orifice one temperature = 100°C, orifice 1
=30V, orifice 2=5V, ring = 10 V. The desolvating chamber temperature was set at 250°C,
and the flow rates of the nebulizing and desolvating gases were 0.6 and 3.0 L/min,
respectively. The sample injection volume was ten pl, and the flow rate was set to 0.25
ml/min. Before and after each sample was analyzed, ten pl methanol was injected and
measured to monitor any possible contaminants or carryover. Calibration for exact mass
measurements was accomplished using five mM cesium iodide as the internal standard. The
measurements were repeated at least twice for all the samples, and the experimental results

showed excellent reproducibility.
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6.2.9 Statistical analysis

Data collected from each measurement were pooled for treatment effect analysis. Biomass
was repeatedly measured at least three times with each treatment, including at least five
replicates. For bacterial epiphytic growth evaluation, each experiment was repeated at least
two times with four replicates. Bacterial growth in washes was measured twice with three
replicates. S. Newport counts retrieved from kale leaves, and washes solutions were log-
transformed in CFU/plant and CFU/ml, respectively, prior to analysis. Tukey's HSD test
following ANOVA and Student's t-test for a priori pairwise comparisons were employed to
determine PGPR effects and watering regime on S. Newport counts. Student's t-test analyzed
differences in phytochemical analyses between PGPR effects and watering regimes for a
priori pairwise comparisons. Data analyses were conducted in JMP Pro 15.2.0 (SAS Institute
Inc., Cary, NC). Results of plant developmental stages were not analyzed as the plants grew

under different humidity conditions.

Multidimensional scaling (MDS) was involved in analyzing phytochemical profiling data
obtained from ESI-TOF-MS to visualize levels of similarity among samples. Data regarding
each compound's m/z ratio and signal intensity were retrieved from ESI-TOF-MS and pre-
processed by binning peaks and aligning relative peak intensity data from different samples.
Distance matrices based on the Bray-Curtis dissimilarity coefficient were generated by the
vegan package (version 2.5-7) in RStudion (v. 1.3.1093) and used for MDS analysis
performed in JMP Pro v. 15.2.0 (SAS Institute Inc., Cary, NC, USA). Analysis of similarity
(ANOSIM) was conducted in PRIMER 6 (Plymouth Routines in Multivariate Ecological

Research version 6.1.15; PRIMER-E-Ltd., Plymouth, United Kingdom) based on Bray-Curtis
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distance matrices to test similarities among samples. Briefly, ANOSIM tests the null
hypothesis that the similarity of samples within the different treatments is not greater than
between samples from different treatments and provides test statistic R. When all samples
from different treatments are the same, the R equals 0. By contrast, when samples are more

similar within the group than among groups, R gets close to 1.

6.3 Results

6.3.1 PGPR inoculation and drought treatment influenced the dry shoot mass of kale

plants.

Under both watering conditions, no growth-promoting effects of Pseudomonas spp. S4 was
reported for both baby and mature kale. Under drought treatment, PS4-inoculated baby kale
showed a higher biomass accumulation than PGPR-negative kale plants, but not for mature
kale (Table 12). Drought significantly reduced the biomass of PGPR-negative plants at both
growing stages (p< 0.05, Table 12). Drought-treated baby and mature kale plants inoculated

with Pseudomonas spp. S4 showed no change in biomass accumulation (Table 12).
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Table 12. Dry biomass accumulation of 20-day (baby) and 59-day (mature) kale plants under
regular watering (CON) or restricted watering (DR) regimes treated with root inoculation of
Pseudomonas spp. S4 (PS4) or 0.1% peptone water (PW). Small letters indicate differences
by PGPR root inoculation within same age and watering condition (Student’s t-test, p < 0.05).
Capital letters denote differences by watering treatment within the same age and root
inoculation (Student’s t-test, p < 0.05). * indicated baby kale and mature kale plants were
kept under different humidity.

Watering regimes root inoculation Dry biomass g/plant

Baby kale (20D)

PW 0.82 £ 0.06 a, A

CON
PS4 0.78 £ 0.05a, A
PW 0.62+0.05b,B

DR
PS4 0.81+0.05a, A

Mature kale (59D) *

PW 566 +0.21a, A

CON
PS4 540+ 0.23a, A
PW 502+0.22a,B

DR
PS4 517+ 0.244a, A

6.3.2 Salmonella surface reduction was affected by Pseudomonas spp. inoculation

and drought treatment

Baby and mature kale were inoculated with S. Newport at a 4.4.2 — 4.70 log CFU/plant level
and 4.95 — 5.29 log CFU/plant, respectively. The decline of the Salmonella population on
kale surface was recorded 24 hours post-inoculation, with the highest Salmonella Newport
decline found on the surface of PS4-inoculated mature kale at a level of 2.93 log CFU/plant

under regular watering conditions. By contrast, the lowest reduction of Salmonella 1.84 log
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CFU/plant was observed on non-PS4 affected baby kale under regular watering conditions

(Table 13).

6.3.2.1 Root inoculation of Pseudomonas spp. S4 restricted surface survival of S. Newport

under the regular watering conditions

For baby kale under the normal watering condition, the Salmonella population showed the
highest reduction levels on the surface of PS4 inoculated kale plants (p < 0.05). No difference
in Salmonella population decline was found on PS2 inoculated kale plants compared to non-
PGPR inoculated kale plants. The trend was maintained as the plant aged. Decline in
Salmonella population for mature kale surfaces in response to Pseudomonas spp. S4
inoculation was reported. The Salmonella population reduction showed no change due to root

inoculation of PS4 on drought-treated plant surfaces for both baby and mature kale plants.

6.3.2.2 Drought restricted the growth of S. Newport on non-PGPR inoculated baby kale

surface

For the non-PGPR inoculated kale group, S. Newport remarkedly declined on the surface of
drought-treated baby kale (p < 0.05). However, with the root inoculation of Pseudomonas
spp. S2 or S4, the decline of S. Newport on the surface showed no difference under both
watering regimes. As the plant developed, the decline of S. Newport was not affected by

drought within the same PGPR root inoculation condition (Table 12).
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Table 13. Salmonella Newport retrieval on surface of 20-day (baby) and 59-day (mature)
kale plants under regular watering (CON) or restricted watering (DR) regimes treated with
root inoculation of Pseudomonas spp. S4 (PS4) or 0.1% peptone water (PW). Statistically
significant differences in S. Newport population are denoted by letters. Capital letters denote
differences by watering treatment within the same age and root inoculation (Student’s t-test, p
< 0.05). Small letters indicate differences by root PGPR inoculation within same age and
watering condition (Baby kale: Tukey’ HSD test, p < 0.05; Mature kale Student’s t-test, p <
0.05). Values are means of replicates + standard error (SE).

Surface (log CFU/plant) Wash (Log CFU/mlI of wash)
Wat_e fng ROOt. . Log Log decline.. . Log Log growth#
regimes inoculation  inoculum inoculum
Baby kale (20D)
PW 1.84 +0.23B,b 399+ 0.21A a
CON PS2 217+ 0.13 A, ab 3.87+0.29A a
PS4 246 +0.10A,a 444+ 0.10A, a
442 —-4.70 3.42-3.75
PW 239+ 0.11A a 1.86 £+ 0.75B, a
DR PS2 201+ 0.27 A a 1.38+041B,a
PS4 248+ 0.10A,a 0.72+0.15B, a
Mature kale (59D) *
PW 246 £+ 0.14 A/ b 069+ 0.31A,a
CON
PS4 293+ 0.15A,a 096 +0.37A,a
4.95-5.29 2.65- 3.35
PW 261 +0.13Aa 054+ 031Aa
DR
PS4 276 £ 0.15 A, a 0.24+0.22B,a

6.3.3 Drought impacted the growth of Salmonella in surface washes

Salmonella population was inoculated into the surface wash at a 3.42 — 3.75 log CFU/ml of
wash and 2.65 — 3.35 log CFU/mI of wash for baby and mature kale. Exudates collected from
baby kale under the regular watering condition with no Pseudomonas inoculation supported

the highest Salmonella growth for 3.99 log CFU/ ml of wash after 24 hours. By contrast,
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washes collected from drought-treated mature kale with PS4 support the lowest levels of
Salmonella population after 24 hours post-inoculation. No differences in Salmonella growth
were reported due to root inoculation of Pseudomonas spp. S2 or S4 at the baby kale stage.
Application of Pseudomonas spp. S4 showed no impact on Salmonella growth after 24 hours

for mature kale (Table 13).

For the PGPR-negative kale group, drought significantly restricted the growth of Salmonella
in baby kale washes. Washes collected from regularly watered baby kale supported a higher
population of Salmonella than from drought-treated baby kale (p < 0.05). The growth of the

Salmonella population in washes was not influenced by drought for the mature kale group.

The reduced growth of the Salmonella population in response to drought for baby kale
remained with the root inoculation of Pseudomonas spp. For both PS2 and PS4-inoculated
baby kale groups, higher populations of Salmonella were found in washes collected from
regularly watered kale plants. The decline of Salmonella in washes of PS4-inoculated mature

kale showed a higher Salmonella reduction after drought treatment.

6.3.4 Root inoculation of Pseudomonas spp. and drought were responsible for

differences detected in phytochemical analyses

Tissues from Pseudomonas spp. S2 and S4 or 0.1% PW treated baby kale plants and mature
kale plants with PS4 or 0.1% PW were collected for phytochemical measurements, including
antioxidant capacity (Figure 8A), total flavonoids (Figure 8B), total phenolics (Figure 8C)

and estimated glucosinolates (Figure 8D).

6.3.4.1 Pseudomonas inoculation altered the phytochemical measurements
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Baby kale showed no changes in phytochemical measurements in response to root inoculation
of Pseudomonas spp. S2 or S4 under both regular watering and drought treatments. PS4-
inoculated mature kale under regular watering conditions showed higher levels of
glucosinolates. No changes in phytochemical measurements were reported for drought-

exposed mature kale plants in response to Pseudomonas spp. S4 root inoculation.

6.3.4.2 Drought affected levels of phytochemicals

Significant changes in overall antioxidant capacity and total phenolics, but not total
flavonoids and glucosinolates due to drought, were noted for baby kale plants without
Pseudomonas spp. Root inoculation. For baby kale plants inoculated with Pseudomonas spp.
S2 or S4, drought increased the antioxidant capacity (p < 0.05), total phenolics (p <0.06), and
glucosinolates (p <0.05) in leaf tissues. By contrast, drought showed no impact on the
phytochemical measurements for mature kale no matter the presence of Pseudomonas spp.

S4.
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Figure 8. The chemical measurements for (A) antioxidant capacity, (B) total flavonoid, (C) total

phenolic, and (D) estimated glucosinolate contents in baby (20-day old) and mature (59-day old)

mew

nips2

mg gallic acid equivalent/g FW

8B

Age (days)
20 59
14 Aa
A a

12
10

8 aBaga Aa Aa a

Ab A

[

4

2

0 Control Drought Control Drought

Irrigation treatment
Age (days)
20 59
Aa
Aa
Aa Aa
Aa
B,aBaAa As
. i
Control Drought Control Drought
Irrigation treatment

plant tissues under regular and restricted watering regimes impacted by 0.1% PW (blue),

Pseudomonas spp. S4 (red) and S2 (green). For baby kale plants, capitalized letters represent

PGPR

ipss
psz

PGPR
new
[Ps4
[ps2

significant differences by PGPR application under the same watering condition by Tukey’s HSD

(p<0.05) for a priori comparisons. For mature kale plants, PGPR treatment effects were analyzed

by Student’s t-test (p<0.05). Small letters represent significant differences due to treatment

within the same age group by Student’s t-test (p < 0.05).
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6.3.5 Differences were identified between phytochemical profiles of kale leaf tissue

and wash samples

Leaf tissues and washes from Pseudomonas spp. S4 or 0.1% PW inoculated baby and mature
kale under both watering regimes were involved for phytochemical profiling using ESI-TOF-
MS. Results based on the phytochemical profiling could identify the impact of root
inoculation of PGPR and drought on the kale metabolomes (Figures 9 and 10). In total, leaf
tissue and wash samples yielded 1,023 and 1,150 peaks under the positive and negative
modes, respectively.

6.3.5.1 Phytochemical profiles of leaf and wash samples collected from baby kale diverged

For the baby kale group, 766 and 674 peaks were detected under positive and negative
modes. Under positive mode, baby kale leaf and wash samples yield 361 and 986 peaks.
More peaks in kale leaf tissues were detected compared to wash samples under negative
mode. Distinct differences between kale leaf and wash samples were detected under both
positive mode (R=1, p < 0.001) and negative mode (R=0.97, p < 0.001) regardless of the
application of Pseudomonas spp. S4 and watering treatments (Table 14 and Figure 9). More
shared peaks were found in washes from baby plants under the influence of PGPR or 0.1%
PW compared to leaf tissues under the positive mode, but fewer shared peaks were found in

washes under the negative mode (Table 14).

6.3.5.2 Leaf and wash phytochemical profiles from mature kale showed no overlap

In mature kale leaf and wash samples, 799 and 937 peaks were reported for positive and
negative modes using ESI-TOF-MS. More peaks in wash samples were detected than in leaf

tissues under positive mode but less reported under negative mode. Phytochemical profiles of
129



mature kale leaf and wash had no overlap under positive (R=0.95, p < 0.001) and negative
(R=0.92, p <0.001) modes (Table 14 and Figure 10). A higher proportion of shared peaks
were detected in washes than in leaf tissues for mature kale (77 % versus 38%) under positive
mode (Table 14). Leaf samples from mature kale shared more peaks than washes for mature

kale under negative mode (Table 14).

6.3.6 Root inoculation of Pseudomonas spp. S4 played a role in phytochemical

profiles of baby kale leaf and washes

Under positive mode, no changes in response to the root inoculation of Pseudomonas spp. S4
was noted for both baby kale leaf tissues based on the similarity of Bray-Curtis dissimilarity
coefficient measurements under both watering conditions. However, under regular watering
conditions, Pseudomonas spp. S4 impacted baby kale leaf tissues (Jaccard, R=0.41, p=
0.09). Wash samples of baby kale showed convergent phytochemical profiles based on
Jaccard dissimilarity measurements under both watering regimes but differences in washes
under regular watering conditions based on Bray-Curtis measurement (R=0.30, p = 0.06,

Table 14).

Divergence in phytochemical profiles of leaf tissue samples under regular watering
conditions was found via the negative mode of ESI-TOF-MS for both Bray-Curtis (R= 0.43)
and Jaccard (R = 0.37) measurements (both p < 0.03, Table 14). No shifts in phytochemical
profiles were identified for wash samples under both watering conditions by ESI-TOF-MS

under negative mode.
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Figure 9. Multidimensional scaling (MDS) plots of phytochemical profiles of leaf tissue (LF) and
leaf surface washes (WA) of baby kale with root inoculation of 0.1% PW (PW) or Pseudomonas
spp. S4 (PS4), based on ESI-TOF-MS under (A) positive and (B) negative modes. Stress for plots

was 0.20 (A) and 0.13 (B).
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Figure 10. Multidimensional scaling (MDS) plots of phytochemical profiles acquired from ESI-
TOF-MS from mature kale leaf tissue (LF) and surface wash (WA) under the absence (PW) or

presence (PS4) of Pseudomonas spp. S4. Stress for MDS plot under positive mode (A) was 0.20

and 0.16 under negative mode (B).
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Table 14. Number of metabolite peaks acquired from leaf tissue and wash samples from
0.1% PW or Pseudomonas spp. S4 (PS4) inoculated baby and mature plants under regular
(CON) or restricted (DR) watering regimes based on phytochemical profiling with ESI-TOF-
MS. f stands for peaks shared for PW or PS4 inoculated samples.

Total peaks Treatment/ unique
ID Sample type detected Shared peakst Seaks
PW PS4
Peaks detected in positive ionization mode
Baby kale CON 191 82 56 53
Leaf DR 170 9 35 39
Baby kale CON 480 329 80 71
Wash DR 506 385 64 57
Mature kale CON 160 59 28 73
Leaf DR 176 70 63 43
Mature kale CON 664 509 106 49
Wash DR 630 490 90 50
Peaks detected in negative ionization mode
Baby kale CON 464 153 216 95
Leaf DR 409 207 125 77
Baby kale CON 146 99 26 21
Wash DR 184 121 28 35
Mature kale CON 475 245 111 119
Leaf DR 377 205 102 70
Mature kale CON 329 154 127 48
Wash DR 300 180 66 54
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Table 15. ANOSIM pairwise comparison of kale leaf extracts and kale leaf surfaces washes
based on phytochemical profiling with ESI-TOF-MS under positive and negative modes.
Leaf and was samples were collected from plant growth-promoting rhizobacterium
Pseudomonas spp. S4 (PS4) or 0.1% PW (PW) inoculated baby plants (20 days old) under
regular watering condition (CON) or irrigation withholding (DR) for 6 days.

Sample comparisons

Positive mode

Negative mode

R (p value)
Bray-Curtis Jaccard Bray-Curtis Jaccard
Leaf tissue extracts
PW 20D CON - PW 20D DR 0.01 (0.49) 0.09(0.23) 0.08(0.23) -0.02(0.60)
PS 20D CON - PS 20D DR 0.03 (0.46) -0.02 (0.46) 0.34(0.09) 0.02(0.40)
PW 20D CON - PS 20D CON 0.25(0.11)  0.41(0.09) 0.43(0.03) 0.37(0.03)
PW 20D DR — PS 20D DR 0.18 (0.26)  0.08 (0.26) 0.26(0.11) 0.21(0.20)
Leaf surface washes
PW 20D CON - PW 20D DR 0.58 (0.03)  0.45(0.06) 0.65(0.06) 0.60(0.03)
PS 20D CON — PS 20D DR 0.17(0.17)  0.06 (0.34) 0.47(0.03) 0.46(0.03)
PW 20D CON — PS 20D CON 0.30 (0.06)  0.14 (0.11) -0.02(0.29) -0.10(0.69)
PW 20D DR - PS 20D DR 0.08 (0.29)  0.12(0.20) -0.07(0.69) -0.02(0.60)
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Table 16. ANOSIM pairwise comparison of mature kale leaf extracts and surfaces washes
based on phytochemical profiling with ESI-TOF-MS under positive and negative modes.
Mature kale inoculated with 0.1% PW (PW) or plant growth-promoting rhizobacterium
Pseudomonas spp. S4 (PS4) were exposure to regular watering condition (CON) or irrigation
withholding (DR) for 3 days. Bold and italic numbers in the table indicated p value smaller

than 0.05 and 0.1, respectively.

Sample comparisons

Positive mode

Negative mode

R (p value)
Bray-Curtis Jaccard Bray-Curtis  Jaccard
Leaf tissue extracts
PW 59D CON — PW 59D DR 0.39(0.03) 0.52(0.03) 0.13(0.14) 0.22 (0.06)
PS 59D CON - PS 59D DR -0.02 (0.49)  0.00 (0.40) 0.00(0.49) 0.12(0.17)
PW 59D CON —PS 59D CON 0.51 (0.06)  0.58 (0.03) 0.25(0.06) 0.29 (0.03)
PW 59D DR — PS 59D DR 0.16 (0.26)  0.41(0.14) 0.34(0.03) 0.20 (0.09)
Leaf surface washes
PW 59D CON - PW 20D DR -0.21 (0.97) -0.23(0.98) -0.05 (0.61) 0.00 (0.33)
PS 59D CON — PS 59D DR -0.14 (0.90) -0.15(0.83) 0.22(0.13) 0.11(0.20)
PW 59D CON —PS 59D CON -0.10 (0.82) -0.11(0.87) 0.08 (0.21) 0.32(0.02)
PW 59D DR — PS 59D DR -0.06 (0.68)  0.02 (0.36) -0.12 (0.78) -0.02 (0.41)
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6.3.7 Drought shifted the phytochemical profiles of baby kale leaves and washes

Baby kale leaf samples showed no differences in phytochemical profile under positive
detection mode in response to drought treatment. Washes samples from non-PGPR treated
baby kale, in contrast, showed phytochemical shifts after drought exposure (Table 15). Under
negative detection mode, profiles of leaf tissues from PS4-treated kale samples separated
(Bray-Curtis, R = 0.34, p =0.09) but not PW-treated baby kale leaf samples. Drought shifts

the washes profiles under negative mode for PW- and PS4-treated groups (Table 15).

6.3.8 Application of Pseudomonas spp. S4 had an impact on phytochemical profiles

for mature kale samples

Overall phytochemical profiles of regularly watered mature kale leaf samples diverged,
especially based on the Jaccard coefficient (R= 0.58, p < 0.05, Table 15) under positive mode.
No differences in washes in response to Pseudomonas spp. S4 application were found under
the same detection mode. The negative mode of ESI-TOF-MS revealed phytochemical shifts
due to Pseudomonas spp. S4 for leaf tissues and washes for regularly watered mature kale
samples (Table 15). Leaf tissues from drought-treated kale showed separation regarding root

inoculation of PS4 under negative detection mode (Table 15).

6.3.9 Drought showed influences on phytochemical profiles of mature kale leaf tissue

and washes

Pooling kale leaf and washes samples together, mature kale containing non-PGPR and PGPR-
inoculated groups showed no difference in phytochemical profiles to drought under both
detection modes. Drought drove the phytochemical profiles differences in leaf tissues but not

in washes for mature kale without root inoculation of PGPR under both positive and negative
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modes (Table 16). Convergences in PS4-inoculated mature kale leaf tissues and washes were

reported under both positive and negative modes (Table 16).

6.4 Discussion

The influence of PGPR root inoculation on kale plant growth, phytochemical profile changes,
and epiphytic growth of kale plants at two developing stages under drought treatment were
studied in this research. Research results from this study revealed the application of
Pseudomonas spp. S4 could promote kale plant growth under drought conditions and
maintain the regular growth of kale plants under drought at all age stages. Regularly watered
baby kale, a common ingredient in a raw salad, is highly implicated with Salmonella, which
constitutes an extremely high risk to the public. Root inoculation of Pseudomonas spp. S4
reduced Salmonella population on baby kale surfaces and shifted the overall phytochemical
profiles but showed no influence on phytochemical measurements of baby kale. Epiphytic
growth of Salmonella was restricted for mature kale in response to root application of
Pseudomonas spp. S4. Phytochemical measurements and overall phytochemical profiles of
mature kale shift under the influence of Pseudomonas application. Drought treatment showed
restrictive effects on Salmonella growth on the surface and in washes for both baby and
mature kale, with altered phytochemical profiles. Results from this research provided
evidence that the application of Pseudomonas spp. S4 could be a potential intervention
strategy to promote plant growth under abiotic stresses and enhance produce safety during

cultivation.
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Results from this study showed that root inoculation of Pseudomonas spp. S4 showed no
growth-promoting effect on kale plants under regular watering conditions. However, it
enhanced plant biomass accumulation under drought treatment for baby kale and prevented
the plant biomass reduction from drought for baby kale and mature kale. A sharp decline in
Salmonella population was observed on both baby and mature kale surfaces with root
inoculation of Pseudomonas spp. S4, but not Pseudomonas spp. S2 under regular watering
conditions. No phytochemical measurement changes in leaf tissues, but differences in overall
phytochemical profiles were reported in response to PS4 treatment for baby kale. These
results suggested phytochemical changes other than secondary metabolites induced by
Pseudomonas spp. S4 might be associated with the Salmonella restriction. No differences in
Salmonella reduction on surface and leaf tissues phytochemical measurements and overall
profiles in tissues of baby kale were found under drought treatment due to Pseudomonas
application. These results suggest that drought overrode the Salmonella restriction effects on
the surface of Pseudomonas spp. S4-treated kale. Age showed no disruption in Pseudomonas-
induced Salmonella restriction. The lower decline of Salmonella was reported on the
regularly watered mature kale but not under drought treatment in response to the application
of Pseudomonas spp. S4. Higher accumulation of glucosinolates and altered overall
phytochemical profiles were observed in PS4-inoculated mature kale under regular irrigation,
suggesting phytochemicals shifts in mature kale are possibly associated with the Salmonella

decline under regular watering conditions.

138



Drought reduced the population of Salmonella on baby kale surfaces with no presence of
Pseudomonas spp, with enhanced antioxidant capacity and total phenolics accumulation.
Growth of Salmonella in baby kale washes was restricted by drought, even with the root
inoculation of Pseudomonas spp. After drought treatment, a higher antioxidant capacity, total
phenolics, and glucosinolate contents were found for both PS2 and PS4 inoculated baby kale.
These results inferred that drought treatments were able to alter secondary metabolites
accumulations and restrict Salmonella. Regulated drought treatment in baby kale could be
applied to enhance the health benefits of produce and boost food safety. Limited growth of
Salmonella was found in PS4-treated mature kale washes due to drought treatment, but not in

PW-treated mature kale washes, with no influences on phytochemicals measurements.

Similarity tests based on the overall phytochemical signals acquired from ESI-TOF-MS
revealed distinct differences between kale leaf tissue and wash samples. The application of
Pseudomonas spp. altered the leaf tissue and wash profiles of baby kale under regular
watering conditions and mature kale under both irrigation conditions. Drought impacted the
leaf tissue profile of PGPR-negative mature kale and the wash profile of baby kale for PGPR
positive and negative treatment. These findings further reveal that the kale-Salmonella
association could be manipulated by altering phytochemicals in leaf tissue due to abiotic

(drought) stresses exposure or Pseudomonas spp. application.

Drought-induced kale shoot dry mass reduction was reported for both baby kale and mature

kale. After keeping lettuce plants in controlled drought (30% of soil water holding capacity)
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for 21 days, biomass reduction was reported for 25 days old lettuce plants (Galieni et al.,
2015). A higher water depletion rate in soil under drought significantly reduced the biomass
of thyme (Ashrafi et al., 2018). Along with plant biomass reduction, drought reduced the
plant height and number of bare spikes (Rollins et al., 2013). Pseudomonas spp., one of the
widely used plant growth-promoting rhizobacterial (PGPR), has long been applied to relieve
plants from drought stress (Ma et al., 2011; Macleod et al., 2015). Pseudomonas spp. S2 and
S4 involved in this study were firstly discovered in 1996 and showed the capacity to improve
nodulation and nitrogen fixation of soybean from Canadian soil (Zhang et al., 1996). Growth-
promoting effects of these two strains were further reported in soybean, spinach, Romaine
lettuce, and selected tomato cultivars (Dashti et al., 2000; Hsu and Micallef, 2017). However,
in our study, PGPR showed no enhanced growth on kale plants. This cultivar-specific
growth-promoting property of Pseudomonas spp. S4 was also reported in other research
systems. Pseudomonas fluorescens LBUMG677 showed different growth and lipid
accumulation promoting effects in three oilseed crops, including canola (Brassica napus)
(Jiménez et al., 2020). Moreover, not all PGPR were able to promote the growth of plants
under stress-free conditions (Vaishnav et al., 2020). Decreased dry mass accumulation in
response to PGPR inoculation was stated (Abd El-Azeem et al., 2012). In our study, when
baby kale plants were exposed to drought, Pseudomonas spp. S4 accumulated more dry mass.
These growth-promoting effects in response to stresses were stated in several studies. PGPR-
inoculated wheat plants showed no growth difference under regular watering conditions but
increased biomass under drought compared to non-PGPR inoculated wheat plants (Timmusk

etal., 2014).
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In 2017, Pseudomonas spp. S4 was reported for Salmonella epiphytic restriction on spinach
and tomato surfaces and Pseudomonas spp. S2 showed Salmonella growth restriction on
spinach surfaces (Hsu and Micallef, 2017). According to our results, a further epiphytic
decline of Salmonella was reported on regularly watered baby kale surfaces under the
influence of PS4, with phytochemical profile changes detected under the negative mode of
ESI-TOF-MS. The potential explanations of the reduced Salmonella fitness on baby kale
were 1) physiological changes due to PGPR inoculation impacted the surface compounds
composition and turned it into a less favorable environment for Salmonella; 2) altered
microbial structure of plant surfaces in response to PS4 inoculation created a more
competitive environment for Salmonella survival; 3) Pseudomonas spp. S4 elicited the
induced systemic resistance (ISR) to protect baby kale from Salmonella. Firstly,
Pseudomonas fluorescens were capable of thickening the upper and lower epidermis of
tomato leaves (Kolomiiets et al., 2019). Leaf structural changes, including increased cuticle
thickness due to PGPR inoculation, were reported in woody plants (Larraburu et al., 2010).
This thick cuticle created an enhanced natural barrier from pathogen infection (Jenks et al.,
2002) and prevented water loss (Kerstiens, 1996) and leaching of water-soluble compounds
to the surface of plants, thus limiting the growth of epiphytes such as Salmonella with less
readily available nutrients. In addition, the altered composition of surface compounds could
impact the microbial communities on the plant surface (Lindow and Brandl, 2003), which
might further restrict the growth of Salmonella. Microbiota favored from the physiological
changes brought by Pseudomonas spp. inoculation could dominate the plant phyllosphere and
inhibit Salmonella colonization (Hsu and Micallef, 2017). Secondly, this restriction might be
related to the induced systemic resistance (ISR) brought by Pseudomonas spp. S4. ISR has

141



been widely depicted as an important indirect mechanism for PGPR to protect plants from
pathogens. Root application of Pseudomonas spp. S4 primed tomato and spinach plants to
pathogen challenges (Conrath et al., 2015; Conrath et al., 2002). However, Salmonella,
usually not considered a plant pathogen, can be recognized by plants and induce plant host
defenses. The flagellin of Salmonella was recognized as a Pathogen-associated molecular
pathogen (PAMP) and resulted in pattern-triggered immune (PTI) of Arabidopsis plants
(Garcia et al., 2014). The PTI response can, in turn, limit the growth of Salmonella (Meng et
al., 2013). However, Salmonella has evolved its ability to improve fitness on the plant surface
by manipulating the innate perception system of plants (Shirron and Yaron, 2011).
Salmonella Typhimurium was able to suppress the innate response on the lettuce surface.
With the help of ISR brought by PGPR Bacillus subtilis, increased stomatal closure rate and
less Salmonella population were found on lettuce surfaces (Johnson et al., 2020).
Pseudomonas spp. were reported to affect stomatal closure (Frommel et al., 1991). Thus, it is
possible that the Pseudomonas spp. S4 included in this study induced the ISR by enforced
stomata closure of the kale plant, resulting in more rapid suppression of Salmonella. The
biological control agent Bacillus spray restricted the Salmonella population on the lettuce
surface (Zhao et al., 2021). Biosurfactant-producing Bacillus demonstrated inhibition against
Salmonella Newport on lettuce surfaces (Rani et al., 2020). Pseudomonas strains were also
able to produce biosurfactants (Das and Kumar, 2016), which could limit Salmonella on
produce surfaces. Future studies could stress the above hypotheses to further reveal the

mechanism related to Pseudomonas spp.-induced Salmonella limitation on produce surface.
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6.5 Conclusion

In summary, this study showed that Pseudomonas application promoted baby kale growth
and prevented biomass loss due to drought treatment for both baby and mature kale. Root
inoculation of Pseudomonas spp. to kale plants under two development stages was capable of
enforcing Salmonella population reduction on surfaces and shifting phytochemical profiles.
The Pseudomonas-induced Salmonella restrictive effects on produce surfaces might be
associated with altered phytocompounds but not related to secondary metabolites. More
studies should be conducted to illustrate phytocompounds and physiological changes in plants
related to Salmonella inhibition and determine if ISR is involved in this inhibition. The
findings of this study provided evidence that the root application of Pseudomonas spp. can be
an effective farming practice to boost plant growth and limit Salmonella contamination

during cultivation.
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Chapter 7: Conclusion

Safe and nutritious food is an essential component for food security. Fresh produce provides
essential nutrients and lowers the risks of chronic diseases, including cancer (Van Duyn and
Pivonka, 2000). Increased consumption of fresh produce, particularly raw and leafy greens, is
suggested as a restorative practice to maintain and optimize human health (Klerk et al., 1998;
Van Duyn and Pivonka, 2000). However, leafy greens and raw produce have been highly
associated with foodborne pathogens, causing foodborne illnesses and economic loss.
Contamination of foodborne pathogens could happen at any stage from the farm to fork
continuum and be impossible to remove once contaminated. An in-depth understanding of the
association between leafy green and foodborne pathogens could provide insights into this
complicated association and allow the more efficient restriction of foodborne pathogens on

leafy greens.

In this study, the impact of plant cultivar and plant development, abiotic stresses, and plant
growth-promoting rhizobacteria (Pseudomonas spp. S2 and S4) on Salmonella growth on
plant surface and in washes was evaluated using lettuce and kale plants. Results provided
evidence that plant cultivar, plant development, drought and salinity, and Pseudomonas spp.
S2 and S4 can serve to restrict the Salmonella association on produce surfaces. Positive
correlations between the Salmonella surface survival and growth in washes were identified,
providing evidence that the epiphytic growth of Salmonella was affected by leafy green
surface compounds. Specifically, Romaine lettuce and baby kale, when grown under regular
watering condition, provided a more favorable environment for Salmonella than ‘Mascara’
lettuce and mature kale, possibly due to reduced levels of secondary metabolites of
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Salmonella growth-limiting properties. Abiotic stresses including drought and salinity led to a
more significant Salmonella population decline on leafy greens, potentially associated with
enhanced accumulation of secondary metabolites and altered physiological traits. Inverse
associations between the epiphytic growth of Salmonella and the contents of total flavonoids,
phenolics in ‘Mascara’ lettuce and juvenile kale plants and anthocyanins in the lettuce plants.
However, as leafy green plants develop during the vegetative stage, drought could not
enhance Salmonella restriction on mature kale. This might lead to plant physiological
changes, such as the advanced development of cuticle, which served as an enhanced physical
barrier for Salmonella colonization on kale surface. Similarly, Salmonella surface restriction
in response to root application of Pseudomonas spp. S4 was likely due to plant physiological
changes and boosted plant immune system but not secondary metabolite accumulation in kale
plants. In the future, more studies can be conducted to reveal the mechanisms regarding the
Salmonella restrictive effects due to cultivar variability, in response to abiotic stresses
including drought and salinity and induced by the root inoculation of Pseudomonas spp.
Factors, other than the phytochemical profiles of leafy green tissues, could be included to
study the Salmonella-leafy green association. Looking at the influence of plant surface
openings stomata and physical barrier cuticle on the Salmonella association are vital for a

more inclusive and thorough understanding.

This study provided a novel angle to understand the complex leafy green and Salmonella
association from plant phytochemical profiles and investigated the potential of plant growth-

promoting rhizobacteria (PGPR) in promoting plant growth and restricting Salmonella
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epiphytic colonization. Results suggested that the Salmonella colonization on plant surface
can be manipulated by changes in the phytochemical profiles of plant tissues. Accumulation
of secondary metabolites, including total flavonoids and total phenolics in leafy greens were
associated with lower survival of Salmonella on surface. Abiotic elicitation of secondary
metabolites in plants is a promising strategy to enhance the safety of leafy greens. Regulated
irrigation or other farming practices that could induce the accumulation of secondary
metabolites could be applied during produce cultivation to reduce Salmonella fitness on
produce surface. Future work should focus on identifying specific Salmonella growth-
limiting compounds and elucidating their metabolic pathways for curbing Salmonella
persistence during production. Screening of leafy green should be incorporated to identify
cultivars that naturally accumulated higher levels of Salmonella growth-limiting compounds
to minimize Salmonella contamination on produce during cultivation. Application of
Pseudomonas spp. limited the Salmonella colonization under regular irrigation conditions and
protected plant biomass reduction under drought stress. Though the mechanism for this
Pseudomonas-induced Salmonella restriction remained unclear, this study pointed out the
potential of including another tier to impair Salmonella association and boost plant growth
during cultivation. As we face the pressure of climate fluctuation, our results can provide new
directions to enhance plant resistance to Salmonella during production while boosting

nutritional value and maintaining adequate yield.
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