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ABSTRACT

The leafy green industry in the United States has positioned the country as the second world
leader in lettuce production. Romaine lettuce has been associated with several outbreaks of E. coli
O157:H7 during the last decade, producing economic losses, as well as negative impacts on human
health and consumer confidence. This pathogen has been demonstrated to actively colonize plants
and persist for weeks; therefore, dealing with this issue will require an understanding of the
interactions happening between plant host, human pathogen, environment, and the resident
microbial communities. This research aimed to provide insights for control strategies at the level
of prevention in the field, as well as of detection. Based on this, our research goals were: 1.
Describe how environmental factors affect the leaf properties and microbial ecology of romaine
lettuce plants, as well as the fate of E. coli O157:H7 on their leaves; 2. Evaluate the application of
a new light scattering technology (BARDOT) developed at Purdue, as an alternative tool to
characterize culturable bacterial communities from plants through the recognition of scatter

patterns produced by bacterial colonies.

Lettuce plants were grown under three relative humidity (RH) levels: A. 83% (SD= 7.0); B.
62% (SD=9.0); C. 43% (SD= 7.4); significant changes in leaf properties such as responses of
stomatal resistance to water loss were observed. RH was the main factor explaining the variation
of resident bacterial communities, changes of leaf properties and the fate of E. coli O157:H7.
Humid condition A produced the lowest bacterial diversity, which was mainly explained by the
decreased transpiration rates of these plants, while at the same time this condition allowed the
highest E. coli O157:H7 growth. Under RH condition C, differences in leaf properties and their
distributions across the lettuce leaves were found to be correlated with the composition and
localization of the resident microbial communities. E. coli O157:H7 growth on leaves was also
negatively correlated with the inoculum dose, and it was enhanced on leaf areas with increased
stomatal density and size, and decreased leaf wettability. We found that resident bacterial
communities are disturbed after the introduction of the human pathogen, Microbacterium, and one
unclassified genus from the Rhizobiaceae family were found as biomarkers of communities where

E. coli O157:H7 reached higher and lower population counts, respectively.
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For the BARDOT technology, three libraries containing 8,418 images of scatter patterns
from the nine most abundant bacterial genera from conventional and organic romaine lettuce were
created. These libraries covered around 70-76% of the total isolated populations. The training
parameters achieved classifiers at genus level with positive predictive values (PPVs) between 90.6-
99.8%. The validation with blind samples resulted in sensitivity and average classification
accuracy values above 90% for both pure and mixed cultures. The sensitivity and classification
accuracy per genus when new lettuce samples were tested, showed values between 51.9-79.1%
and 42.9%-100%, correspondingly. Some bacterial genera were identified as challenging for the
BARDOT and improvements for the technology have been suggested. BARDOT technology
represents a rapid and easy-to-use alternative to conventional microbiological and molecular

methods for identification of culturable bacteria.
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CHAPTER 1. BACTERIAL COMMUNITIES AND HUMAN
PATHOGENS ON PLANTS (ROMAINE LETTUCE): INTRODUCTION
AND BACKGROUND

1.1 Human Pathogens on Plants: Plant Pathology’s Role in Food Safety

Plants are naturally associated with microorganisms such as bacteria, fungi, and yeasts.
These plant-associated microbes live on the host phyllosphere (plant aerial surfaces, i.e. leaf
surfaces), on the rhizosphere (the soil-root interface), and in the endosphere (within plant tissues)
in a harmless relation with the plant host. Microbial inhabitants of the phyllosphere and
rhizosphere are denominated epiphytes, while those ones living in the internal tissues of leaves,

stems or roots are called endophytes (1-3).

While the majority of microbiota on plants is likely to be harmless, some species are
responsible for food spoilage, plant diseases and a few cause serious disease in humans. In the
United States, foodborne diseases cause an estimated 48 million illnesses each year, and 9.4
million are caused by a known pathogen (4, 5). The outbreaks (defined as the occurrence of two
or more cases of similar illness resulting from the ingestion of a common food) of foodborne illness
linked to plant-based products such as sprouts, herbs, vegetable crops, fruits, grains and beans have
represented around 30-40% of the total reported outbreaks in the last 10 years in United States (6).
Specifically, outbreaks associated with leafy vegetables increased from 13% during the period
1998-2008 (7, 8), to 26.3% during the period 2004-2012 (9).

The increased number of outbreaks linked with leafy greens could be explained because of
the growing consumption of fresh produce due to current concerns about a healthy lifestyle, larger
scale production and distribution, as well as enhanced surveillance by public health officials (9,
10). This great emergence of outbreaks associated with fresh produce is not only a problem of
public health but also triggers social impacts such as the disturbance of consumer confidence,

which affects the economy of the industry (11).

The leafy green industry in the United States has positioned the country as the second world
leader in lettuce production, with a total annual production around 8,000 million pounds. The value
of U.S. lettuce production in 2015 totaled nearly $1.9 billion, making lettuce the leading vegetable
crop in terms of value (12). However, leafy greens such as Romaine lettuce, are highly susceptible
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to contamination by human pathogens since they grow low to the ground and therefore have more
probabilities of being in contact with contaminated sources as soil, water, manure, animal feces,
among others (13-15). Additionally, leafy greens are mostly consumed raw, without a cooking

step which might eradicate the bacteria present.

One important foodborne human pathogen which causes around 73,000 illnesses, 2,200
hospitalizations, and 60 deaths annually in United States is Escherichia coli O157:H7 (16). This
bacterium was first described as an enteric human pathogen associated with hemorrhagic colitis in
1982 (17). In the beginning this pathogen was associated with contaminated food from bovine
sources such as beef, milk, etc. (18). However, several cases of E. coli O157:H7 human infections
linked to consumption of leafy greens have been reported since 1990 (19, 20), and lettuce has been

the most implicated type of fresh produce (21, 22).

These numerous outbreaks have demonstrated the fact that plants can be vectors for human
pathogens (23). Therefore, several studies have focused on the steps of the life cycle of human
bacterial pathogens such as E. coli O157:H7, which are life-threatening by using important crop

plants as vectors (24-27).

In general, animals and humans are the reservoirs of enteric pathogens, therefore these
bacteria reach the agricultural environment through their feces. Feces may contain between 102
and 10° CFU/g of E. coli (28). Several routes of crop contamination have been described, such as
soil, water, compost, manure, animals, insects, seeds, etc. (13, 15, 29). E. coli O157:H7 could
survive in soil, at low temperatures (25°C) and high soil moisture (100%) for more than 80 days
(30). Additionally, the surface water can be contaminated by direct deposition of fecal matter or
by dispersal following rain or flood events. Finally, this water may be used for irrigation, or

preparation of pesticides and fertilizers (31).

Consequently, once human bacterial pathogens have reached a route of dispersal which
leads them to plants, they can attach, establish and colonize seeds, substomatal chambers, stomata,

trichomes, cuticle cracks, and intercellular spaces (32), in the same way that plant pathogens do.

Recent studies have demonstrated that some bacterial human pathogens such as Salmonella
spp. and Escherichia coli O157:H7 not only colonize plant surfaces, they also can internalize

within the plant tissues (25, 33, 34). For instance, the internalization of these pathogens was
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described in lettuce and spinach plants after the cultivation of contaminated seeds (35), and in
lettuce plants grown in contaminated soils and hydroponic systems (36). Therefore, the suitable
approach to this food safety issue is not just the superficial sanitation of the crops during harvest
and postharvest. It is necessary to understand the microbial ecology of how these human bacterial
pathogens can adapt to establish themselves as plant-associated bacteria, overcoming the harsh
environmental factors and becoming part of the native microbial communities already present in
the fresh produce. Application of plant pathology fundamentals such as the plant disease triangle
and the plant disease cycle to this food safety issue, will help to develop efficient management and

control strategies.

1.2 Factors Influencing Plant Colonization by Human Bacterial Pathogens

The understanding of what factors of the plant disease triangle and plant disease cycle make
plants more susceptible to human bacterial pathogen colonization and persistence could lead to
better methods of control. Factors such as human pathogen genotype, plant genotype,
physiological state of the plant (leaf age, tissue damage, nutrient availability), abiotic conditions
(fluxes in temperature, moisture, solar radiation, osmotic stress, desiccation, precipitation, wind),
plant immune responses against human bacterial pathogens, and interactions of the human
pathogen with native bacteria are thought to modulate the enteric pathogen’s process of

colonization (27).

Human pathogens require special adaptations such as efficient use of carbon sources of
plants (sucrose, fructose and glucose), DNA repair systems, pigmentation, and production of
extracellular polysaccharides, to survive the harsh environment of plant surfaces. The intestinal
environment offers a high nutrient content, anaerobic conditions and shield from solar rays, while
plant surfaces are poor in nutrients, mostly aerobic, exposed to UV radiation and osmotic stress
(14). This adaptation process was observed through the transcriptional profile of E. coli O157:H7
associated with lettuce leaves, where genes involved in stress and starvation responses were
upregulated, while genes mediating cellular energy, metabolism and transport were downregulated
(37). For that reason, the genotype of the enteric bacteria may determine divergent levels of plant

colonization between strains of the same species. For instance, E. coli K-12 reached higher levels
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of colonization in the lettuce rhizoplane with more extensive transcriptional changes (~7.6% of
the total genes) than E. coli O157:H7 (~1.4% of the total genes) (38).

Plant colonization by human pathogens is similar to colonization by plant pathogens. First,
these bacteria are attracted to the crop plants by root exudates, free water accumulation,
microclimates, shelter from UV rays, nutrient-rich secretions of glandular trichomes, and nutrients
from photosynthesizing guard cells (stomata) (13, 39, 40). Then, bacterial factors such as flagella,
fimbriae, curli, cellulose production, and capsule are indispensable for the attachment process
including motility, sense of external wetness, adhesion to surfaces, biofilm formation and stress
tolerance (13, 32, 41). For instance, E. coli O157:H7 utilizes the same molecular mechanism via
EspA filaments to colonize the mammalian intestine and to adhere to the plant phyllosphere (42).
Furthermore, strains of E. coli O157:H7 mutated in the flagellin gene or in the ATPase required
for translocation through the type 3 secretion system (T3SS), were significantly reduced in their
ability to adhere to spinach and lettuce leaves (41). Similar results were observed with mutations
in proteins involved in biofilm formation such as ycfR in E. coli O157:H7 (37, 43) and sirA in
Salmonella species (44).

The internalization in plant tissues might occur by two routes: natural openings such as
stomata, hydathodes, lenticels, and lateral roots or uptake through the root system along with
water. Additionally, damage of tissues such as trichome collapse, leaf tip burn lesions, soft rot
pathogens and insects are contributing factors (33, 34). After that, the survival as endophytes
depends on the interactions with the plant immune response by overcoming the recognition of
pathogen-associated molecular patterns (PAMPs), the induction of stomata closure, and the
activation of PR genes (16, 45). Also, the bacterial Type 3 Secretion System (TTSS) plays a role
in suppressing the plant defense (46), but also in being recognized by the plant immune system.
Differences in this plant-human pathogen interaction have been found for the two most popular
bacterial pathogens E. coli O157:H7 and S. enterica serovar Typhimurium. For instance, E. coli
0157:H7 has been shown to produce a prolonged stomatal closure in Arabidopsis and lettuce
leaves even under high relative humidity and light stimulus, while S. enterica induced a transient
closure (45, 47). Additionally, E. coli O157:H7 induced a stronger activation of plant immunity
when Arabidopsis leaves were infected, causing higher expression levels of the gene PR1
compared to S. enterica (45). Previous studies have reported suppression of plant defense response
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caused by the TTSS of Salmonella, since TTSS mutants reached lower bacterial populations and

induced stronger symptoms in plants (46, 48-50).

In this human pathogen-plant interaction, the genotypic and phenotypic characteristics of the
plant host can modulate the colonization potential. Quilliam et al. (51) demonstrated that the
metabolic activity of E. coli O157:H7 varied significantly among different lettuce cultivars and it
was totally dependent on the host presence. This cultivar effect on E. coli O157:H7 was observed
in leaves and rhizosphere, and the metabolic activity of the human pathogen in the rhizosphere
was undetectable after the removal of the host plant (51). These findings suggest that plant
compounds, root architecture, root exudates and microbial communities may play a role in the
differential effects that these cultivars had on E. coli activity. Moreover, spinach varieties with
differing leaf topologies such as rough-surface, semisolid-leaf and cordate-leaf exhibited
differences in the E. coli O157:H7 cell numbers after leaf drop inoculation. The rough-surface
variety resulted in higher bacterial numbers which may be associated with the more prominent
ridges and valleys providing protected niches for survival and replication (52). However, not only
leaf topology can influence the bacterial growth, also the characteristics that affect whole-plant
architecture such as plant size and head size, and the physiochemical properties such as levels of
soluble carbohydrate, calcium, leaf wax, water content, and phenolic compounds were found as
significant factors in differentiating bacterial populations in the lettuce phyllosphere (53).
Moreover, the physiological state of the plant in terms of leaf age influences E. coli O157:H7
populations; younger leaves were found to be more susceptible to contamination with human

pathogens (54).

Finally, the plant microbiota interactions play a role in the colonization or inhibition of
human enteric pathogens in leafy greens. When human pathogens land in the plant environment,
they have to compete with the resident bacterial communities for resources and adaptability in this
ecological niche (55). For instance, Cooley’s study (56) showed that the presence of the epiphyte
Wausteria paucula enhanced the survival of E. coli O157:H7; on the other hand, a possible
diffusible factor produced by Enterobacter asburiae decreased the human pathogen’s growth on
in vitro lettuce plants (56). Some studies have shown how the competition among soil microbiota
can adversely affect the survival of Salmonella Newport and E. coli O157:H7 on Arabidopsis

thaliana (57). Others found that the species richness of natural microbiota on lettuce cultivars was
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negatively correlated with the Salmonella population (39). Significant progress has been made to
understand how these human pathogens interact with native members of the leaf microbial
community (58-60), however many questions about how external factors such as environment,

plant genotype and human pathogen genotype can modulate these interactions still remain.

Research studies in this area are highly encouraged because there is increasing evidence that
a healthy population of epiphytic and endophytic species protects host plants from invasion by
phytopathogens (61-63); therefore, it is feasible that through the characterization and
understanding of the roles of these plant native bacterial communities on Romaine lettuce, we will

be better able to predict and protect against plant invasion by human pathogens too.

1.3 Bacterial Communities Associated with Romaine Lettuce Leaves

Leaf surfaces can be colonized by up to 10’ microorganisms per cm? (64). Lettuce
phyllosphere has reported approximately 10° CFU of aerobic bacteria per gram of leaf tissue (65).
Next-generation sequencing studies of bacterial communities associated with lettuce leaves have
worked with entire leaves, assuming that the communities are distributed spatially in a
homogeneous manner (66-68). However, the microbial colonization of the plant phyllosphere is
not distributed uniformly across the entire leaf surface. This distribution is affected by the presence
and density of leaf structures such as stomata, trichomes and veins (64). Also, the survival of the
phyllosphere microbiota is limited by the availability of carbon and nitrogen sources, which are
not uniform around the leaf (69), and by the amount of usable water which is favored by high
relative humidity (57, 70, 71).

At a bigger scale, geographic location, environmental factors and plant genotypes have been
proposed as the main drivers of bacterial community composition on leaves (53, 60, 67). The ‘core’
community of lettuce leaves has been determined to be composed of Pseudomonas, Bacillus,
Massilia, Arthrobacter and Pantoea, and the geographical location was an important determinant
of community composition (67). All these mentioned studies (67, 68, 72—74) have described the
bacterial communities through pyrosequencing (454). They have covered the topic of variability
in bacterial community composition, due to factors such as organic and conventionally grown
lettuce (68, 74), time, space and environment (67), season, irrigation method and presence of E.
coli O157:H7 (72), using field or laboratory-grown lettuce (73). Dees et al. (2015) was the first
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study to determine bacterial communities associated with leafy greens across plant development
and time, assuring a deeper insight into the phyllosphere composition by using lllumina-based 16S
rRNA gene sequencing (66). However, the experimental design of these studies is diverse, and
their results cannot be compared. For instance, Jackson et al.(68) and Leff et al. (74) used lettuce
heads from grocery stores without biological and technical replicates in the first case, and with
only biological replicates in the second case. On the other hand, Rastogi et al. (67) described the
geographical and seasonal variation of bacterial communities from romaine lettuce grown in

Salinas Valley and Yuma Desert using two samples per field with two technical replicates each.

Studies such as Hunter et al. 2010, addressed the influence of the plant genotype and leaf
properties (topography, head and leaf size) on the bacterial population diversity in lettuce (53).
However, this study did not use second-generation sequencing (clone library sequencing was
used), the leaf samples were pooled from different growth stages and positions in the plant
architecture, and it did not explore the topographical differences of leaf features at a small scale in

each leaf, such as the distribution of veins, stomata, hydathodes, trichomes, etc.

While it is well established that there is significant variability of bacterial community
composition between plant species (inter-species) and between plants (intra-species), it is unclear
how the biotic and abiotic factors interact to influence the microbiota composition and its
resistance to change against colonization of exogenous microorganisms such as human pathogens
on plants. Additionally, all these studies have taken the lettuce leaf as sample unit, providing only
a general snapshot of the differences in bacterial communities without a small-scale analysis of

the “micro communities” present across an entire leaf.

To understand the interactions between environment (abiotic factors), plant, microbial
communities and human pathogen with their implications on food safety, new studies have started
to apply the “omics” sciences (37, 75, 76). Transcriptional profiling was used to identify genes
that are differentially expressed during attachment, interaction, and survival of E. coli O157:H7
on lettuce leaf surfaces (37). Also, proteomic analysis has offered new insights in to the protein
content of fresh-cut lettuce during the storage process (76). Finally, comparative metagenomics
have been used to study the alteration of the soil microbiota in lettuce as a response to different
fertilizers (75).
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As conclusion, several studies have revealed important aspects of the microbial ecology in
lettuce and the possible role of native bacterial communities as modulators of human pathogen
plant colonization. However, newer molecular techniques are currently available which could
improve our understanding in this topic, to be able to address research priorities such as what
elements in the phyllosphere or rhizosphere encourage or discourage human pathogens on plants,
what epiphytic phylloplane microbes can trigger plant resistance, and what plant cultivars are more

resistant to human pathogen colonization, among others (23).

1.4 New Technologies to Study Culturable Bacterial Communities Associated with Plants

The characterization of bacterial communities can be performed through culture-dependent
or culture-independent methods such as Next-Generation Sequencing (NGS) (68, 74, 77).
Although NGS offers a better approximation of the real microbial diversity, it does not allow to
isolate and preserve the identified bacteria for future evaluations, for instance potential phenotypes
for biocontrol. Additionally, in the field of food safety, both big and small fresh produce growers
aim to assure the quality of their products; hence, the availability of more simple, rapid, accessible

and inexpensive technologies to identify culturable bacterial populations is desirable.

The identification of culturable bacterial populations usually involves multiple steps after
their isolation such as the establishment of pure culture, the performance of biochemical tests or
polymerase chain reaction (PCR) and Sanger sequencing. These methods add more time to the
identification process and in the last case demand access to resources of molecular biology and
external sequencing services. A laser light-scattering technology called BARDOT (Bacterial
Rapid Detection using Optical Scatter Technology) was created as a direct, real-time and label-
free identification method (78). Compared with other direct microbial identification methods such
as matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS)
(79), BARDOT is applied directly on the bacterial colonies growing on the culture media and

preserves the viability of the microorganisms.

The BARDOT system uses a 635-nm laser, that interrogates the whole volume of the colony,
generating a scatter pattern influenced by refractive indices, extracellular material, density and

individual shape of the bacterial cells (80). These patterns have been used as a fingerprint to be

26



compared against a pre-trained scatter-signature image database which can detect specific targets
such as foodborne bacterial pathogens (78, 81-83), differentiate serovars (84), serogroups (85),
and virulence gene-associated mutant colonies (86). However, a broader application such as the
characterization of entire culturable bacterial communities from environmental samples has not

been tested yet using the BARDOT technology.
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CHAPTER 2. EFFECT OF EXPERIMENTAL METHODS ON STUDIES
OF BACTERIAL COMMUNITIES AND HUMAN PATHOGENS ON
PLANTS

2.1 Abstract

Experimental and biological factors affected the results obtained of growth of Escherichia coli
0157:H7 on the phyllosphere of romaine lettuce. First, the population dynamics of this pathogen
on harvested leaf samples which were cut, inoculated and incubated in a humid petri dish chamber
were significantly different than the growth observed on inoculated leaves of living plants, even
though they also were under humid growth chamber conditions. Secondly, not only the
environmental conditions at the time of inoculation determine the fate of Escherichia coli 0157:H7
on leaves, also the conditions used for plant growth are crucial. Lettuce age produced significant
differences in the growth of the pathogen; we recommend the use of lettuce plants of same age and
close to harvest time if the effect of age is not the research question. Sample processing through
blending of lettuce leaves was demonstrated to decrease the number of viable cells of Escherichia
coli O157:H7 that can be recovered for plate counts. Additionally, this blending method is not
suitable for preparation of DNA for next-generation sequencing of the bacterial 16S rRNA since
the contamination with plant DNA is extremely high. Co-amplification of chloroplast and
mitochondrial DNA is a big challenge for studies of plant-associated bacteria; the use of plant
samples with higher bacterial population numbers was demonstrated to improve the number of
bacterial reads obtained. Overall, our results suggest that all research studies in this area must
optimize their experimental methods prior to performing the research study to avoid results being

driven by the effect of the methodology and not by the real performance of the pathogen on plants.

2.2 Importance

Research about the phytobiome (organisms that influence or are influenced by the plant or
plant environment) could lead to a better understanding of how human-pathogenic bacteria can
become plant-associated microorganisms. In the end, this knowledge will help to design better
strategies of control for our current food safety issues. However, these types of studies face
challenges in their methodological design and approach, such as difficulty of working with
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threatening human pathogens under real field conditions, simulation of environmental conditions
that allow inoculation and growth of the pathogen on plants, reproducibility and comparison of
results among published research due to multiple sources of variation such as genotype of the
human pathogen, genotype of the plant host, age of the plant, method and dose of inoculation,
sample processing methodology, etc. Additionally, there is a big limitation in studies of bacterial
communities from plants caused by the high similarity between the DNA sequences of chloroplasts,
plant mitochondria and bacterial 16S rRNA. For those reasons, this study evaluated how the
experimental design and methods can affect the results of evaluating Escherichia coli 0157:H7
growth on romaine lettuce leaves and the output of MiSeq sequencing of bacterial communities,
demonstrating the importance of a previous optimization of materials and methods in this type of

research.

2.3 Materials and Methods
2.3.1 Bacterial Strain and Culture Conditions

The strain Escherichia coli O157:H7 B6-914, which does not produce Shiga-like toxins
Stx1 and Stx2, was used for laboratory safety advantages (87). To track the inoculated pathogen
in lettuce plants, this strain was transformed with the plasmid pGFP (cDNA vector, Clontech,
Mountain View, CA, USA) to express green fluorescent protein (GFP) and an ampicillin resistance
gene for selection (88). The presence of GFP in E. coli O157:H7 had no effect on its behavior
when compared with the parent strain (89) and the lack of toxin genes had no influence on the
bacterial growth (90).

Inoculum was prepared by streaking frozen GFP-labeled E. coli O157:H7 onto Luria
Bertani (LB) agar supplemented with 100 pg/ml of ampicillin (LBA-Amp) and incubating at 37°C
for 24 h. An individual colony was transferred to one milliliter of LB broth with 100 pg/ml
ampicillin (LB-Amp) and incubated at the lower temperature of 30°C to acclimatize the bacterial
strain for subsequent plant inoculations. Incubation of this liquid culture was carried out for 7 h in
constant agitation (250 rpm) to the early stationary phase of growth, when optical density at 600
nm (ODeoo) was around 1.5. For accurate quantification of E. coli O157:H7 inoculum, this liquid
culture was serially 10-fold diluted in phosphate buffer (PB) 0.1M pH 7.0 and plated onto LBA-
Amp. Plate count was performed after 16 h of incubation at 37°C, while the liquid culture was
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stored at 4°C. Based on this first quantification of viable culturable cells, our liquid cultures ranged
between 1.0 — 9.9 x 108 CFU/ml, then dilutions were freshly prepared in PB 0.1M pH 7.0 to yield
10 and 10° CFU in 50 pl. These inoculum doses were plated onto LBA-Amp right before being
used to inoculate lettuce plants, so the exact number of CFU placed onto lettuce leaves was known.

2.3.2 Romaine lettuce source

Two cultivars of romaine lettuce were used, Green Tower (GT) and True Heart (TH). Seeds
were purchased from Urban Farmer (Westfield, IN, US) and Synergene Seed & Technology, Inc.
(Salinas, CA, US), respectively. The seeds were sown in trays using a soil mix prepared in a 2:1
ratio by volume of PRO-MIX FLX growing medium (Premier Tech Horticulture, PA, USA) and
field soil (sandy loam collected from the top 10 cm of a conventional agricultural field in Indiana).
Three weeks after germination, seedlings were transplanted into pots (15.5 cm x 17.8 cm)
containing the same soil mix with 2 grams of fertilizer (Osmocote® Smart-Release®). Plants were
grown and tested between 6-8 weeks after sowing the seeds, using always the fully developed first
and second emerged leaves. Plants were watered with the frequency required to avoid the soil mix
to dry under each environmental condition. Water was added directly on top of the soil avoiding

its accumulation in the tray placed under the pots.

2.3.3 Greenhouse Conditions for Cultivation of Romaine Lettuce and Inoculation of E. coli
O157:H7

Greenhouse facilities allowed light-controlled conditions operated on a daily cycle of 16 h
of light and 8 h of darkness, with temperature-controlled conditions set to 22-24°C. Relative

humidity cannot be controlled, and RH measurements ranged between 20% to 50%.

2.3.4 Growth chamber conditions for cultivation of romaine lettuce and inoculation of E.
coli O157:H7

A growth chamber (Percival AR-75L) was programmed for a 16-h light cycle (130 pmol
m2s1) and 8-h dark at constant temperature of 24°C (SD= 1°C), and constant relative humidity of
83% (SD= 7.0). Environmental conditions were recorded with a HOBO MX2301 Temp/RH data
logger.
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2.3.5 Measurement of E. coli O157:H7 growth on leaves of romaine lettuce grown and
inoculated under different environmental conditions

To evaluate which environmental conditions allow the inoculation and optimal growth of
E. coli O157:H7 on leaves, romaine lettuce plants were cultivated and inoculated under greenhouse,

laboratory and growth chamber environments. Four experiments were performed:

Test #1. Plants were grown and inoculated under greenhouse conditions. A total of 8 leaves from
two GT and two TH plants were divided into 12 testing areas (Figure 2.1) using petroleum jelly
for delimitation, then each area was drop-inoculated with 50 pl of PB 0.1M pH 7.0 containing 102
CFU of E. coli O157:H7. The bacterial suspension was dispensed with a pipette and sterile tip by
randomly dispersing droplets inside each area. Bacterial inoculum was incubated for 24 hours on

leaves.

Test #2. Plants were grown under greenhouse conditions; when the time of growth was completed,
they were transferred to the laboratory and were inoculated after a 24-h period of acclimatization.
The environmental conditions in the laboratory cannot be controlled, but they were recorded as
temperature of 23°C (SD= 1°C) and RH of 20% - 40%. Three different methods of inoculation
were assessed (Figure 2.2): by Plant which was performed on leaves attached to living plants (same
as Test #1); by Leaf which was performed on harvested leaves dipped into water; and by Square
which used a piece of leaf excised with a razor blade that is incubated inside a petri dish with wet
filter paper. All samples inoculated through these three methods used 50 pl of PB 0.1M pH 7.0
containing 102 CFU of E. coli O157:H7. Bacterial inoculum was incubated for 24 hours on leaves.
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Figure 2.1 Twelve testing areas for drop-inoculation of Escherichia coli 0157:H7 and 16S
MiSeq sequencing.

Leaf Plant Square

Figure 2.2. Three methods of inoculation of Escherichia coli O157:H7 assessed in Test #2.

Test #3. Plants were grown under greenhouse conditions; when the time of growth was completed,
they were transferred to growth chamber conditions and were inoculated after a 24-h period of
acclimatization. A total of 18 GT plants were drop-inoculated only on testing area A using three
leaves per plant to test different incubation times. Inoculation was performed as previously
described in Test #1 but using 10* CFU of E. coli 0157:H7; bacterial inoculum was incubated for
16, 24 and 48 hours on leaves.
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Test #4. Plants were grown and inoculated under growth chamber conditions. A total of 6 GT and
5 TH plants were drop-inoculated on testing areas A, B, C, and D. Inoculation was performed as
previously described in Test #1 but using 10* CFU of E. coli O157:H7; bacterial inoculum was
incubated for 12, 16, 24 and 48 hours on leaves.

2.3.6 Leaf sample processing for plate counts of E. coli O157:H7 CFU

Samples from the previous four tests were processed as follows: To avoid disruption of the
E. coli O157:H7 cells on leaf surfaces, harvested leaves were placed onto a flat surface, testing
areas were immediately excised using a razor blade and transferred separately to a sterile 50-ml
conical tube. Afterwards, 30 ml of PB 0.1M pH 7.0 were added and samples were sonicated for 7
minutes using a Branson 5800 ultrasonic cleaner water bath (Branson Ultrasonics Corporation,
Danbury, CT). Dilutions from wash buffer were prepared and plated onto LBA-Amp. After an
incubation at 37°C for 24 h, the plate counts were recorded to calculate the growth of E. coli
O157:H7.

2.3.7 Recovery of E. coli O157:H7 CFU from inoculated leaves through different sample
preparation methods

Three sample preparation methods were evaluated as follows to determine their efficiency
in the recovery of E. coli O157:H7 cells from inoculated lettuce leaves: sonication A= 2.5 minutes
performed through 5 cycles of 30 seconds of sonication and 30 seconds rest, sonication C= 7
continuous minutes, and Blending= 20 seconds. Sonication was performed in a Branson 5800
ultrasonic cleaner water bath (Branson Ultrasonics Corporation, Danbury, CT) and Blending was
done using a Ninja professional blender. Samples were tested after 15 minutes, 16 h, 24 h and 48
h of inoculation of leaf pieces with 10* - 108 CFU of E. coli 0157:H7. Samples tested after 15
minutes were incubated on an open tray inside a laminar flow hood to evaluate the recovery of the
same number of inoculated CFU avoiding the effect of bacterial growth. Samples tested after 16
h, 24 h and 48 h were incubated inside wet petri dishes. Each treatment consisted of 10 biological

repetitions.

33



2.3.8 Measurement of E. coli O157:H7 growth on leaves after different incubation times

E. coli O157:H7 growth was determined at different times after inoculation using leaf
pieces incubated in wet petri dishes and plants grown and inoculated under growth chamber humid
conditions. 10* and 10° CFU of E. coli O157:H7 were inoculated and samples were prepared for
plate counts by sonication for 7 minutes. Each incubation time consisted of 10 biological
repetitions for the experiment with wet petri dishes, and 24 biological repetitions for the
experiment with plants in the growth chamber.

2.3.9 Measurement of E. coli O157:H7 growth on first-emerged leaves from plants of
different ages

Six fully developed leaves from three GT and three TH plants grown in growth chamber
conditions were drop-inoculated on testing areas A, B, C and D when plants were 5, 6 and 7 weeks
old. Inoculation was performed under growth chamber conditions, following the procedure
previously described in Test #1 but using 10* CFU of E. coli 0157:H7. Samples were processed
after 12 and 16 hours of incubation through sonication for 7 minutes. Each leaf age was evaluated

with 24 biological repetitions.

2.3.10 Statistical analysis of E. coli O157:H7 growth

E. coli O157:H7 populations (CFU per testing area) obtained from plate counts were
expressed as E. coli O157:H7 growth change (log CFU) by calculating the logarithmic change
between the number of CFU inoculated and the number of CFU after the time of inoculation on
testing areas. Comparison of bacterial growth among the experimental methods and conditions
was conducted by analysis of variance (ANOVA) followed by Tukey’s multiple comparison test
when data were normally distributed and by Kruskal-Wallis test followed by the Steel-Dwass
method when data was not. Statistical tests were performed with JMP software (SAS Institute Inc.,
Cary, NC).
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2.3.11 Evaluation of type of lettuce and sample preparation method for DNA extraction and
16S MiSeq sequencing

Two romaine lettuce plants, one TH grown under our greenhouse conditions and one
organic head bought from grocery stores were used to evaluate two sample preparation methods
for DNA extraction and MiSeq sequencing. Blending method was performed by blending twenty-
five grams of leaf tissue into 225 ml of PB for 20 seconds. Washing method was performed by
shaking twenty-five grams of leaf tissue into 225 ml of PB for 30 minutes at 300 rpm. Two type
of samples were collected from the washing method: the washing buffer which was centrifuged
for concentration, and the washed leaf tissue which was blended as previously described. For DNA
extraction, 500 ul from each sample type were used with the DNeasy PowerSoil DNA Isolation
Kit (Qiagen, MD, USA). Library preparation was carried out using the Illumina 16S Metagenomic
Sequencing Library protocol with some modifications. A dual indexing protocol with a two-step
PCR was performed to amplify the V5 through V6 region of the bacterial 16S rRNA gene and to
add dual TruSeq indices. Primer for 16S sequences (underlined portion) with TruSeq adaptor tails
are shown: primer 799F (5 ACACTCTTTCCCTACACGACGCTCTTCCGATCT
AACMGGATTAGATACCCKG 3”) was chosen to exclude chloroplast amplification (91, 92), and
primer 1064R (5 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
CGACARCCATGCASCACCT 3’) was chosen as universal primer (93). Amplicons were pooled
in molar equivalent concentrations based on gPCR quantification with primers 1.1 (5’
AATGATACGGCGACCACCGAGAT 3’) and 2.1 (5 CAAGCAGAAGACGGCATACGA 3°).
The pool was sequenced and demultiplexed at Purdue Genomics Center using lllumina MiSeq

paired-end 250-bp sequencing. Data processing and analysis were performed using packages in R
(v 3.6.1), DADAZ2 (v 1.14.1) and Phyloseq (v1.22.3) (94-96). Reads with unclassified Phylum or
identified as Chloroplast or Mitochondria were filtered out. A more detailed protocol can be found

in the methods section of chapter 3.

2.4 Results and Discussion

2.4.1 Effect of environmental conditions on growth of E. coli O157:H7 on romaine lettuce
leaves

Four tests were performed to evaluate what environmental conditions not only during E.

coli O157:H7 inoculation, but also during seed germination and plant growth of romaine lettuce
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allow the successful growth of this bacterial pathogen on leaf surfaces. No growth of E. coli
0157:H7 was achieved in any of the 120 repetitions when lettuce plants were grown and inoculated
under our environmental conditions in a greenhouse (Test #1). First to corroborate if this
phenomenon was caused by the climate generated in our greenhouse (mix of temperature, relative
humidity, solar radiation, ventilation fans, etc), we carried out new inoculations (Test #2) using
the same low inoculum dose, same incubation time and again plants grown in a greenhouse but
they were transferred to be inoculated and incubated under laboratory conditions. In Test #2
besides leaves attached to living plants, also harvested leaves dipped into water and leaf pieces
inside wet petri dishes were inoculated. As observed in Figure 2.3, there was not a significant
difference in E. coli O157:H7 growth on leaves attached to living plants when inoculated under
greenhouse conditions (Gh/Gh-Plant) or laboratory conditions (Gh/Lab-Plant); however, some
outliers finally showing growth were spotted in the Gh/Lab-Plant group. Although the inoculations
on harvested leaves (Gh/Lab-Leaf) also had negative mean values, this condition was significantly
different showing less death of E. coli O157:H7 than the previous ones. Finally, an optimal E. coli
0157:H7 growth was observed when inoculation and incubation are performed on excised leaf
pieces inside wet petri dishes (Gh/Lab-Square).

Tests #1 and #2 demonstrated that both our greenhouse and laboratory conditions were not
conducive for optimal growth of this human pathogen after drop-inoculation on romaine lettuce
leaves. On the other hand, a very humid environment such as the moist chambers built with petri
dishes containing wet filter paper was favorable for the bacterial proliferation. Previous studies
similarly have reported that very high relative humidity conditions (100%) can increase E. coli
0157:H7 numbers up to 7 log CFU/g on intact leaf tissue of Arabidopsis thaliana (57).
Additionally, this Gh/Lab-Square condition might offer a greater source of nutrients due to
possible leakage from the borders of the excised leaf pieces, which has been demonstrated to
enhance Salmonella enterica attachment, motility, biofilm formation and growth on salad leaves
when traces of salad juices are present (97). Our results also underscore how chopped leafy greens
might be more susceptible to higher levels of E. coli O157:H7 colonization, which can be
aggravated by high moisture.
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Figure 2.3 Tests #1 and #2: Growth of Escherichia coli O157:H7 on greenhouse-grown lettuce
plants when inoculated under greenhouse conditions using leaves attached to living plants
(Gh/Gh-Plant), or under laboratory conditions using leaves attached to living plants (Gh/Lab-
Plant), harvested leaves (Gh/Lab-Leaf), and excised leaf pieces inside wet petri dishes (Gh/Lab-
Square). Different letters indicate a significant difference (P < 0.05).

However, as our interest was to investigate the E. coli O157:H7 growth on living romaine
lettuce plants, we performed Test #3 to evaluate if these plants grown under dry conditions in a
greenhouse can allow higher growth of the pathogen if they are inoculated with 10* CFU of E. coli
0157:H7 under high relative humidity achieved in a growth chamber (RH; 83% [SD= 7.0]). After
24 hours of incubation, as observed in Figure 2.4, lettuce plants grown in greenhouse did not favor
E. coli O157:H7 growth on their leaves, no matter the increase of relative humidity when
inoculated in a growth chamber. To determine if the lack of growth of the human pathogen was
caused by our method of drop-inoculation or by plant-associated factors, Test #4 was performed
in which romaine lettuce plants were germinated, grown and inoculated under high RH in growth
chamber conditions. Results in Figure 2.4 show that E. coli O157:H7 growth was achieved with
drop-inoculation of plants which were germinated and grown in humid conditions. Therefore, the
drop-inoculation  method was kept as our inoculation method.  Although

Moyne et al. (98) found that plants inoculated by drop showed a more rapid decrease of E. coli
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0157:H7 CFU than plants inoculated with a spray bottle, this study only tested this phenomenon
under a low RH of 30%. On the other hand, we were able to achieve bacterial growth on leaf
surfaces by drop-inoculation using a higher RH and, most important, this inoculation method offers
consistency in the sample’s contamination and accurate quantification of how many CFU are

placed on each testing area.
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Figure 2.4 Tests #3 and #4: Comparison of Escherichia coli O157:H7 growth after 24 hours of
inoculation with 10* CFU. Leaves of romaine lettuce plants grown in greenhouse conditions
were inoculated under the same greenhouse conditions (Greenhouse-Greenhouse) and inoculated
under growth chamber conditions (Greenhouse-Growth Chamber). Also, leaves of romaine
lettuce plants grown in growth chamber conditions were inoculated under the same growth
chamber conditions (Growth Chamber-Growth Chamber). Different letters indicate significant
difference (P < 0.05).

As the environmental conditions used for plant germination and growth seem to limit the
successful growth of E. coli O157:H7 on leaf surfaces, more plants grown in greenhouse and
growth chamber conditions were inoculated under same the growth chamber humid conditions to
be tested at different times of incubation. Results in Table 2.2 show that no matter the incubation
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time and the high RH during inoculation and incubation, only plants grown in humid conditions
favored E. coli O157:H7 survival.

Table 2.1 Growth of Escherichia coli 0157:H7 on romaine lettuce plants grown under
greenhouse and growth chamber conditions and inoculated under these two same conditions

Plant growth E. coli O157:H7 Incubation hours E. coli O157:H7 growth
condition inoculation condition after inoculation change (log CFU)?

Greenhouse -1.16 + 0.62 ****
Growth Chamber 16

Growth Chamber 0.25 £ 0.59 ****
Greenhouse -1.81+0.28B

Greenhouse

24 -1.67+£0.57B

Growth Chamber

Growth Chamber 0.30+0.36 A

Greenhouse -1.49 £ 0.71 ****
Growth Chamber 48

Growth Chamber 0.28 +£0.36 ****

2 Values are means * standard deviations of log(CFU after incubation/CFU inoculated). VValues followed by a different
letter are significantly different (P < 0.05). **** Paired values are significantly different (P < 0.0001).

These findings suggest that the environmental conditions in which romaine lettuce plants
are germinated and grown play an important role on defining plant-associated factors which can
contribute to E. coli O157:H7 growth on leaf surfaces. For that reason, Chapter 3 of this research
thesis studied leaf properties such as hydrophobicity, stomatal density, and composition of
bacterial communities of lettuce plants grown under different levels of RH; and Chapter 4 aims to

correlate these findings with differential E. coli O157:H7 fate on those plants.

2.4.2 Effect of sample preparation method on the recovery of E. coli O157:H7 CFU from
inoculated romaine lettuce leaves

As plate counts of E. coli O157:H7 CFU were used to evaluate the influence of
environmental and plant-associated factors on the growth of this pathogen on romaine lettuce
leaves, optimization of the method used to process these samples is imperative. In that way, the
effects observed on bacterial counts will not be caused by the sample preparation method and can
be attributed solely to the experimental treatments applied. Based on that premise, we would
expect that the values of E. coli 0157:H7 growth change (log CFU) were not significantly different

among the sample preparation method used. However, Figure 2.5 shows how inoculated leaves
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which were processed by the blending method exhibited significantly lower recovery of E. coli
0157:H7 CFU no matter if they are tested 15 minutes, 16, 24 or 48 hours after inoculation. Also,
results obtained by blending are subjected to a higher variance compared with results obtained by
sonication (Table 2.3). On the other hand, sonication methods always showed consistent bacterial
recovery even if samples were sonicated for 2.5 minutes or 7 minutes.

15min 16h

24h 48h
A B B B B
B B
A -h# A ﬁ*
I i T

E. coli growth change (log)
—L- >
L]
]

]
[F8)

Blending
Sonication-A
Sonication-C

Blending
Sonication-A
Sonication-C

Blending
Sonication-A
Sonication-C

Blending
Sonication-A
Sonication-C

Sample preparation method

Figure 2.5 Recovery of Escherichia coli 0157:H7 CFU through different sample preparation
methods: Sonication-A (2.5 minutes in cycles of 30 seconds), Sonication-C (7 continuous
minutes) and Blending (20 seconds). Inoculated leaves were tested after 15 minutes when

incubated in a laminar flow hood, and after 16, 24 and 48 hours when incubated in wet petri

dishes. Different letters indicate significant difference (P < 0.05).
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Table 2.2 Values of Escherichia coli 0157:H7 growth change (log CFU) from experiment of
recovery of E. coli 0157:H7 CFU through different sample preparation methods.

Sample preparation E. coli O157:H7 growth change (log CFU)?
method 15 minutes 16 hours 24 hours 48 hours
Blending -0.33x054A 052+058A -141+109A -111+£122A
Sonication-A 0.12+0.10B 099+0.12B 1.20+0.23B 1.25+0.21B
Sonication-C 0.13+£0.09B 0.99+0.09B 1.35+0.17B 1.23+0.37B

2 Values are means + standard deviations of log(CFU after incubation/CFU inoculated). Values in same column
followed by a different letter are significantly different (P < 0.05).

Additionally, we found that incubation of inoculated leaves inside a laminar flow hood is
not useful if growth of E. coli O157:H7 on leaf surface is expected. This incubation method was
only used here to evaluate the recovery of the same number of inoculated CFU avoiding the effect
of bacterial growth, and it needs to be tested after no more than 15 minutes. When inoculated
leaves under laminar flow hood conditions were tested after 30 minutes and one hour, only 21.7 £
9.5 % and 18.0 £ 27.7 % of E. coli O157:H7 cells were alive, respectively. These results concur
with Kim et al. (99) who recovered significantly fewer bacteria from vegetable pieces inoculated
with four different foodborne pathogens including E. coli 0157:H7 when placed inside a laminar
flow hood (RH: 40%) than when placed inside a plant growth chamber (RH: 90%) (99). Kim et al
suggested that these reductions of recovered CFU may be a result of binding of bacterial cells to
plant tissue, death of bacterial cells due to exposure to plant antimicrobial compounds or drying
after inoculation. According to our results, the most probable cause is the rapid desiccation of the
inoculum under the ventilation of a laminar flow hood. This hypothesis is encouraged because our
sample preparation method through sonication showed consistent recovery of E. coli O157:H7
(attached or not attached to leaf tissue) even 48 hours after inoculation, but only when bacteria
were inoculated under favorable environmental conditions of RH such as wet petri dishes (Figure
2.5).

2.4.3 Population dynamics of E. coli O157:H7 on romaine lettuce leaves

It is necessary to determine the population dynamics of our strain of E. coli O157:H7 on
romaine lettuce leaves before selecting a specific incubation time to evaluate future environmental

and plant-associated factors. The ideal time to perform future analysis would be during the
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exponential phase of growth since any factor impacting the colonization and establishment of E.
coli O157:H7 on lettuce leaves may be more evident. For that reason, the growth of our strain was
tested for several hours after inoculation on lettuce plants grown and infected under humid
conditions in a growth chamber. As a comparative reference of E. coli O157:H7 population
dynamics, leaf pieces inside wet petri dishes also were inoculated and tested. Although we were
able to observe growth of the human pathogen on leaf surfaces across the different times of test
after inoculation as follows (mean £ SD): 12h: 0.28 £ 0.27 log CFU, 16h: 0.25 + 0.59 log CFU,
24h: 0.30 £ 0.36 log CFU, 48h: 0.28 = 0.36 log CFU, this growth was not exponential nor
significantly different among times. On the contrary, our same strain exhibited the typical
exponential bacterial growth after being inoculated on leaf pieces in wet petri dishes, also the
growth change at 16 hours after inoculation (0.99 + 0.10 log CFU) was significantly different from
the ones observed at 24 and 48 hours after inoculation (1.27 £ 0.21 and 1.24 + 0.29 log CFU,

respectively).

Condition

B B Growth (:‘thrnber
Wet petri dish

E. coli growth change (log)

0.0

Oh 12h 16h 24h 48h
Time of test after E. coli O157:H7 inoculation

Figure 2.6 Escherichia coli O157:H7 population dynamics on leaf surface of romaine lettuce
plants grown and inoculated under growth chamber humid conditions (orange line) and on
excised leaf pieces from the same plants which were inoculated in moist chambers with wet petri
dishes (blue line). Inoculations were performed with 10* CFU for the growth chamber condition
and 10° CFU for the wet petri dishes condition. Lines show the mean of growth change (log
CFU) and error bars represent the SD. A different letter within same Condition line means a
significant difference (P < 0.05) among the times of test after inoculation.
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These results suggest, first, that 16 hours is an ideal time for evaluating future factors
affecting the growth of E. coli O157:H7 on lettuce leaves, because under optimal conditions (wet
petri dishes) the bacterial population is undergoing the late logarithmic phase at this time before
reaching a plateau between 24 and 48 hours after inoculation. Although under growth chamber
conditions this phase is not clear, the growth of E. coli O157:H7 at 16 hours showed the higher
variation, exhibiting higher growth change in some cases. Secondly, the lettuce phyllosphere of
intact leaves is not the most favorable environment for human pathogens such as E. coli 0157:H7,
even though the infection occurred in a humid environment with 10%-10° CFU. It is known that the
leaf surface is a harsh environment since it is poor in nutrients, mostly aerobic, exposed to UV
radiation and osmotic stress, very different from the human intestinal environment (14, 27). This
difference of E. coli O157:H7 growth between cut leaves and intact leaves was also observed in a
study with harvested leaves from greenhouse-grown romaine lettuce plants; four hours after
inoculation, the pathogen’s population size increased 4.54-fold on cut leaf pieces and 1.95-fold on
intact leaves (100). The fate of E. coli O157:H7 in lettuce phyllosphere of field-grown plants has
been reported as little or no growth changes with gradual decline after inoculation (101-103). One
study evaluated loose-leaf lettuce grown and inoculated in a growth chamber with 70% RH; it was
found that nearly half of the pathogen’s population died after 2 days of inoculation with high-dose
inoculum (6.9 to 8.0 log CFU/mI), while a very small growth increase of 0.08 log CFU was
observed after 2 days of inoculation with low-dose inoculum (2.7 to 4.2 log CFU/ml) (104).
Therefore, our optimized plant growth and inoculation conditions in a growth chamber allowed to
increase the population size of the pathogen, in this way additional factors causing negative
impacts on E. coli 0157:H7 growth can be studied.

2.4.4 Effect of plant age on growth of E. coli O157:H7 on fully developed romaine lettuce
leaves

To characterize how RH conditions during plant growth can affect leaf properties, fully
expanded mature leaves (first and second emerged leaves) were chosen because they offer a larger
leaf area for E. coli O157:H7 inoculations, and also because stomata are produced early in leaf
expansion so their density is at its maximum when leaves are young, and then decreases as the leaf
area expands to a relatively stable density (105-107). Additionally, old lettuce leaves have showed
10 times more native bacteria than middle (fifth and sixth emerged leaves) and young (inner rosette)
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leaves while not having a significant difference in preharvest population dynamics of E. coli
0157:H7 when inoculated (54). As leaf age was chosen based on the above reasons, plant age was
evaluated to determine if it can affect the growth of E. coli O157:H7 on the leaf surface. After 16
hours of incubation, the growth of E. coli O157:H7 was significantly different among lettuce plants
of diverse age, even though mature leaves (first and second emerged leaves) were used in all cases.
On the other hand, although 6-weeks-old plants exhibited higher bacterial growth, this was not
significantly different from 7-weeks-old plants when samples were evaluated after 12 hours (Table
2.3). These results suggest that plant age is affecting the speed at which E. coli O157:H7 reaches
the logarithmic phase (population doubles in number). For that reason, the effect of plant age was
not significant at 12 hours when population number still has not doubled (change of log CFU was
lower than 0.30), and it becomes evident at 16 hours when the pathogen is in exponential growth
on 6-weeks-old and 7-weeks-old plants. Similar results were found when E. coli 700728 was
inoculated on field-grown romaine lettuce in the Salinas Valley, CA, where bacterial cell numbers
were significantly lower on 4-week-old compared to 6-week-old plants (108). Therefore, these
results suggest that lettuce plants closer to harvest time are the best models to study additional
factors influencing E. coli O157:H7 fate and potential risk to the consumer.

Table 2.3 Escherichia coli 0157:H7 growth after inoculations in a growth chamber using mature
leaves (first and second emerged leaves) of plants of diverse age (5, 6, and 7 weeks old) grown in
humid conditions.

E. coli O157:H7 growth change (log CFU)?
Lettuce plant age (weeks)

12 hours 16 hours
5 NDP 0.002 + 0.509 A
6 0.370 £ 0.239 A 0.666 + 0.260 B
7 0.245+0.201 A 0.306 £0.269 C

2 Values are means + standard deviations of log(CFU after incubation/CFU inoculated). Values in same column
followed by a different letter are significantly different (P < 0.05). ® Not determined.
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2.4.5 Effect of type of lettuce and sample processing for DNA extraction on yield of
bacterial reads from 16S MiSeq sequencing

To evaluate which types of lettuce and sample preparation method yield more bacterial
reads than plant reads, blending and washing methods were applied to greenhouse-grown and
grocery store-bought romaine lettuce heads. Three types of samples from each type of lettuce were
collected as follows: Non-Washed (lettuce was blended), Washed (lettuce was washed as described
in methods and blended), and Wash-Buffer (buffer where lettuce was washed). As observed in
Table 2.4, blended samples only produced reads from plant DNA; even when the lettuce was not
washed bacterial reads accounted for less than 0.1%. The blending method produced a leaf
homogenate where all the DNA from bacteria, plant mitochondria and chloroplasts are released,
and the number of chloroplast DNA copies can be as high as 10,000 copies per cell (92). Although
the sonication method provided a higher percent of bacterial reads, the type of lettuce also has an
important effect on how much bacterial data can be obtained. The organic lettuce sample processed
by sonication yielded 56.8% of bacterial reads, while the greenhouse-grown lettuce sample
processed by the same method only yielded 1.4%. This might be related with the size of bacterial
populations present in these two types of lettuce; as described in Chapter 5, culturable bacterial
population counts of organically grown romaine lettuce from grocery stores were significantly
higher than the conventionally grown lettuce from the same stores (p<0.01). Moreover, lettuce
plants grown under our greenhouse conditions exhibited lower bacterial population counts than
the conventionally grown lettuce from stores. Therefore, it is very important to select optimal
sample preparation methods and try to increase the bacterial load in the plant samples which will

be sequenced.

2.5 Conclusion

For studies where growth of E. coli O157:H7 on lettuce leaves is intended, not only the
environmental conditions at the time of inoculation are important, but the environment where the
plants are grown is also crucial. Also, results of E. coli O157:H7 growth from studies performing
the inoculations of the pathogen using harvested leaves or cut leaf pieces, are not comparable with
the results obtained when inoculations are performed on living plants.

Biological and methodological factors can affect the results of growth of this pathogen on

romaine lettuce such as plant age and sample preparation method for plate counts. Overall,
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sonication was demonstrated to be the best sample preparation method for recovery of inoculated
E. coli O157:H7 cells from lettuce, as well as for DNA extraction and 16S rRNA amplicon next-
generation sequencing since it avoids high levels of contamination with plant DNA. The use of
plant samples with high bacterial population numbers helps to deal with the co-amplification of

chloroplasts and mitochondrial DNA.

Table 2.4 Number of reads obtained through MiSeq 2x250 16S amplicon sequencing before and
after filtering Chloroplast and Mitochondria contamination

Number of reads Percent of plant
) Percent of
Sample ) ) contaminant )
Before filter  After filter bacterial reads
reads
Non-Washed_Greenhouse 77,451 8 99.99 0.01
Non-Washed_Organic 56,994 32 99.94 0.06
Washed_Greenhouse 11,031 0 100 0
Washed_Organic 72,154 0 100 0
Wash-Buffer_Greenhouse 302,564 4,280 98.59 1.41
Wash-Buffer_Organic 20,250 11,501 43.20 56.80
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CHAPTER 3. ENVIRONMENTAL CONDITIONS OF RELATIVE
HUMIDITY DETERMINE LEAF FACTORS, COMPOSITION AND
SPATIAL DISTRIBUTION OF BACTERIAL COMMUNITIES ACROSS
ROMAINE LETTUCE LEAVES

3.1 Abstract

Lettuce is one of the leading vegetable crops in the U.S in terms of value and its
consumption and production has been increasing for the last ten years. For that reason, this study
evaluated romaine lettuce plants grown under three different levels of relative humidity (RH): A.
83% (SD= 7.0), B. 62% (SD=9.0), C. 43% (SD= 7.4), with constant light and temperature
conditions, and adequate watering. Leaf properties and traits such as stomatal density (SD),
stomatal size, stomatal conductance (gs), leaf wettability, amount of cuticular waxes, among others,
were significantly different according to the RH conditions. Responses of stomata resistance to
water loss were observed from RH conditions A to B, while plants under condition C expressed
interesting responses as a balance between stomata resistance and continuation of photosynthetic
activity. Under RH condition C, changes of leaf properties and their distributions across the lettuce
leaves were correlated with the composition and localization of the resident microbial communities.
In general, RH was the main factor explaining the variation of resident bacterial communities of
romaine lettuce leaves, humid condition A produced lower bacterial diversity than dryer conditions
B and C, and this was mainly explained by the transpiration rates of plants. These results
demonstrated how this crop is affected by relative humidity, as well as the microbial ecology of
this plant; future studies about additive effects of other environmental factors can reinforce the
development of better strategies for crop management, food safety, and response to climate change.

3.2 Importance

Almost 30% of the foodborne disease outbreaks reported annually in the United States are
linked to leafy greens, with at least one multistate recall associated with romaine lettuce (109). As
observed with plant pathogens, the presence of a healthy and diverse microbiota in the host can
help to reduce the susceptibility of the plant to be infected (61, 63, 110). For those reasons, we
evaluated the effect of three different environmental conditions of relative humidity (RH) on
romaine lettuce leaf development. This study demonstrates how RH conditions can determine the
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density of culturable bacterial populations in the lettuce plant, the hydrophobicity of the leaf
surface, the development of stomata and the composition of the bacterial communities. Moreover,
previous studies (66—68, 72, 74) in the area of microbial ecology in lettuce leaves, have taken the
field, the plant or the entire leaf of lettuce as sampling unit to report the native bacterial
communities. Here in this study, we approached the spatial distribution of bacterial communities

across the lettuce leaf and their association with leaf structures/properties.

3.3 Materials and Methods
3.3.1 Romaine lettuce source and cultivation in growth chamber

Seed germination, plant growth and experimental studies were performed in an
environmental growth chamber (Percival AR-75L) which was programmed for a 16-h light cycle
(130 umol m?2s™) and 8-h dark cycle at constant temperature of 24°C (SD= 1°C). Three different
conditions of relative humidity (RH) were evaluated: A. 83% (SD=7.0), B. 62% (SD=9.0), C. 43%
(SD= 7.4). Conditions A and B were achieved through the growth chamber performance, while
condition C required the introduction of an external dehumidifier. Environmental conditions were
recorded with a HOBO MX2301 Temp/RH data logger (Table 3.1, Figure 3.1).

Table 3.1. Environmental data recorded with a HOBO MX2301 Temp/RH data logger from the
growth chamber conditions A, B and C.

Relative humidity (%) Temperature (°C)

Max Min Median Mean Max Min Median Mean

> Condition
Planting
date
Inoculation
date

11/01/19 12/14/19 969 510 811 83.0 264 215 240 242

11/27/19  01/21/20

12/04/19  01/26/20

12/22/19  02/05/20

B 02/26/20 04/09/20 915 321 622 616 260 206 238 238
03/02/20  04/17/20

C 05/26/20 07/08/20 71.7 30.2 419 431 260 188 237 236

06/08/20  07/21/20
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Figure 3.1 Relative humidity conditions in the growth chamber used for seed germination, plant
growth and experimental studies.

Two cultivars of romaine lettuce were grown, Green Tower (GT) and True Heart (TH).
Seeds were purchased from Urban Farmer (Westfield, IN, US) and Synergene Seed & Technology,
Inc. (Salinas, CA, US), respectively. The seeds were sown in trays using a soil mix prepared in a
2:1 ratio by volume of PRO-MIX FLX growing medium (Premier Tech Horticulture, PA, USA)
and field soil (sandy loam collected from the top 10 cm of a conventional agricultural field in
Indiana). Three weeks after germination, seedlings were transplanted into pots (15.5cm x 17.8 cm)
containing the same soil mix with 0.25 US cup of fertilizer (Osmocote® Smart-Release®). Plants
were grown and tested between 6-8 weeks after sowing the seeds, using always the fully developed
first and second emerged leaves. Plants were not subjected to water deprivation in any of the
conditions, they were watered with the frequency required to avoid the soil mix becoming dry
under each RH. Water was added directly on top of the soil avoiding its accumulation in the tray
placed under the pots. For every environmental condition, two batches of growth (seeds of both
cultivars were sown at two different dates) were used to carry out in all the experimental

evaluations.
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3.3.2 Counts of culturable bacteria from entire lettuce plants and from testing areas across
leaves

Romaine lettuce plants between 7-8 weeks old were used to enumerate the culturable
bacterial population of the entire plant. For each lettuce head, all the leaf tissue was collected
avoiding the central vein. The total weight of leaf tissue of each plant was thoroughly mixed and
divided in half to be processed through sonication or blending. One half was submerged and
sonicated for 14 minutes into 300 milliliters of phosphate buffer (PB) 0.1M pH 7.0 using a Branson
5800 ultrasonic cleaner water bath (Branson Ultrasonics Corporation, Danbury, CT), while the
other half was blended for 20 seconds with the same buffer (PB) using a 10-fold dilution using a
Ninja professional blender. Then, additional 10-fold serial dilutions were performed and spread
onto Plate Count Agar (PCA) plates, which were incubated at 30°C for 72 hours (111). After the
time of incubation, colonies were counted, and the total bacterial populations expressed as CFU g
! leaf tissue.

First or second emerged leaves from romaine lettuce plants were used to enumerate the
culturable bacterial populations across the leaves. Each leaf was divided into 12 testing areas
(Figure 4.2), which were excised using a razor blade and transferred separately to a sterile 50-ml
conical tube. Afterwards, 30 ml of PB 0.1M pH 7.0 were added and samples were sonicated as
described before. Then, 100 ul were spread onto Plate Count Agar (PCA) plates, which were
incubated at 30°C for 72 hours. Finally, colonies were counted, and the total bacterial populations

expressed as log CFU.

3.3.3 Stomatal conductance measurements

The stomatal conductance to water vapor (gs) of adaxial leaf surfaces was measured at
11:00 am after 5 hours of day light, utilizing a LiCor-6400XT portable infrared gas analyzer (LI-
COR Inc., Lincoln, NE, USA). For each environmental relative humidity condition, measurements
were performed on 20-30 plants between 6-8 weeks old from one of the first fully expanded leaves.
Temperature, light intensity and CO: inside the gas exchange chamber were kept constant (24.1°C
[SD=0.6°C], 500 pmol m=2 s, 480 umol mol™?) through the measurements. The relative humidity
parameter was set according to the environmental condition under evaluation, the highest RH
(condition A) was achieved by low flow rate (150 umol s*), while the medium and lowest RH
(conditions B and C) were achieved by high flow rate (300 pmol s™).
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3.3.4 Contact angle hysteresis measurements

One of the first or second emerged leaves (6-8 weeks-old) was harvested per plant to
analyze the interaction of water with the leaf adaxial surface. Three GT and three TH lettuce plants
were analyzed from each batch of growth, for a total of 12 leaves per environmental condition. To
study the differences of surface hydrophobicity across the romaine lettuce leaf, every leaf was
divided into 12 testing areas (Figure 3.2). Squared pieces of tissue of less than 10 mm were excised
from each testing area using a razor blade. These pieces were then taped (Scotch double-sided tape)
to a smooth microscope glass slide to expose the adaxial leaf surface. The water contact angle
measurement was conducted by a Rameé-Hart goniometer (model 500) connected to an automated
dispensing system (model 100-22, Ramé-Hart, Netcong, NJ), using the needle-in-the-sessile-drop
method (112). A drop of 5 pl of deionized water was dispensed at the center of the leaf piece, then
0.25 pl were pumped into the drop every two seconds until the Advancing Contact Angle (ACA)
was reached. Afterwards, 0.25 pl were pumped out until the Receding Contact Angle is reached
(RCA). The contact angle hysteresis is calculated from the difference of ACA and RCA.

Figure 3.2 Twelve testing areas used as sampling unit for contact angle, stomatal density and
stomatal traits measurements.
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3.3.5 Quantification of cuticular waxes

The same leaves used for the contact angle measurements were used to perform cuticular
wax extraction and quantification. Each leaf was divided in two samples: upper half (testing areas
A to F) and lower half (testing areas G to L) and processed separately. Wax extraction was
performed by further cutting down each half and soaking into 20ml of Hexane solution for 1 min.
The leaf tissues were removed and around 17ml = 1 mL of clear hexane with wax content was then
separated into new tubes, 100 uL of n-tetracosane (1 mg/ml) was added as internal standard (ISTD)
and the extracts were subsequently evaporated under a gentle stream of nitrogen. Derivatization of
the waxes was performed as described previously (113). Briefly, the wax residues were re-
dissolved in a mixture of 50 puL of pyridine and 100 pL of bis-N, N- (trimethylsilyl)
trifluoroacetamide containing 10% trimethylchlorosilane (TMCS; Sigma-Aldrich, St. Louis, MO)
and heated at 75°C for 75 min. 1 puL of each sample was injected on to Agilent 7890B GC system
equipped with Agilent 7693 autosampler coupled to the Agilent 5977B MSD mass spectrometer.
The Agilent DB-5MS capillary column (30 m x 0.25 mm; film thickness 0.25 um) was used for
the separation of waxes. The GC oven temperature program started from an initial temperature of
80°C (3 min hold) and ramped at 6°C min-1 up to 300°C with 3 min hold, the total run time was
42.6 min. Helium was used as the carrier gas at the flow of 1ml/min, the GC inlet and MS auxiliary
temperatures were set at 220°C and 230°C respectively. The MS data were acquired within the
range of 50-500 daltons.

Compound identification was performed using Agilent MassHunter Qualitative Analysis
B.07.00 software, and NIST14 database by applying score threshold of >80% similarity against
the NIST library spectra. The linear retention index calculations were performed by analyzing C8-
C40 alkanes and retention indices were assigned to each compound. Quantification of each wax
compound was performed as previously described (114). Briefly, the ratio between each peak area
and the peak area of the ISTD was calculated, then each ratio was normalized by the total amount

of ISTD (100ug) and by the weight (g) of the leaf pieces of each sample.

3.3.6 Stomatal density and stomatal traits measurements

Three Green Towers and three True Heart 7 week-old lettuce plants were used to

characterize the stomatal traits from each environmental condition. One of the first fully expanded
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leaves was harvested per plant and the stomatal traits were analyzed on the adaxial surface across
the twelve testing areas of the entire leaf (Figure 3.2). To preserve the leaf tissue for the subsequent
characterization of bacterial communities, internal 10 x 10 mm leaf pieces were excised to be
imaged with confocal laser scanning microscopy (CLSM) using a Zeiss LSM 880 Upright
Confocal (Carl Zeiss, Jena, Germany). To alleviate the uneven topography of lettuce leaves, the
leaf pieces were enclosed with CoverWell Imaging Chamber Gaskets (20-mm diameter, 0.5-mm
deep, ThermoFisher Scientific). Confocal z-stack images were captured using Plan-Apochromat
20x/0.8 objective, chlorophyll autofluorescence with 633nm laser and transmitted light images
with differential interference contrast (DIC).

Images were analyzed using ImageJ software (https://imagej.nih.gov/ij/). Stomatal density
was evaluated by recording the number of stomata in four randomly chosen fields of view (FOV,
20x objective) from each testing area across the leaf. Stomatal length and width were measured as
shown in Figure 3.3; these dimensions were recorded from 50% of the stomata visualized in each
FOV. As we cannot guarantee the pore aperture is fully open at the time of imaging, the stomatal
length and width were used to calculate pore index (SPI), maximum stomatal pore area (pamax)
and maximum theorical stomatal conductance (gsmax) as previously described (115).

1 sth |1
>i Pore leng,thl ¢

[IPIM [BJBUWIOIS
armurade a10g

Stomatal length

Figure 3.3. Schematic representation of the stomatal dimensions measured by image analysis.
The grey area represents the guard cells, the black area the pore walls, and the internal white
elliptic area corresponds to stomatal pore area (116).

3.3.7 Characterization of resident bacterial communities across the lettuce leaf surface

To correlate the distribution of leaf structures with the composition and distribution of
bacterial communities, the same leaf samples (three GT and three TH) used for stomatal density

and traits measurements were used for DNA extraction and amplicon sequencing. Leaf tissue from
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each of the twelve testing areas was placed in a sterile 50-ml conical tube and sonicated in 30
milliliters of PB 0.1M pH 7.0 for 14 minutes. The leaf wash was then filtered twice using 0.2 and
0.1 um polyethersulfone (PES) filter membranes (Membrane solutions, WA, USA) to collect the
bacterial cells. Filters were placed in sterile Eppendorf tubes and stored at -80°C until DNA
extraction.

For the amplicon sequencing analysis, bacteria coming from the upper half (pooling testing
areas A to F) and from the lower half (pooling testing areas G to L) of each leaf were sequenced
separately. A total of 36 samples (12 from each environmental condition) were processed.
Additionally, three samples prepared by sonication of whole leaves using entire plants (5 GT and
5 TH pooled together) grown under each condition A, B and C were included to represent the total
bacterial microbiome. Also, controls for the identification of contaminant reads from the DNA
extraction process with buffer extraction controls (BEC) and from the amplification method with
non-template controls (NTC) were included. Finally, to perform quality control of our entire
methodology from sample processing, DNA extraction, 16S rRNA amplification, MiSeq
sequencing until bioinformatics processing, one mock microbial community standard (D6300) and
one mock microbial community DNA standard (D6305) were included (Zymo Research, Irvine,
CA, USA).

3.3.8 DNA extraction and library preparation

Frozen filter membranes were minced under liquid nitrogen in the same Eppendorf tubes
using disposable pellet pestles (Fisherbrand, CA, USA). The minced filters were placed directly
into the PowerBead Pro tubes of the DNeasy® PowerSoil® Pro DNA extraction Kit (Qiagen, MD,
USA). DNA extraction was performed following the manufacturer’s instructions, a 1600 MiniG®
Automated Cell Lyser (SPEX Sample Prep, NJ, USA) was used to homogenize samples
thoroughly by performing three repetitions of cycles of three minutes at 1500rpm and one-minute
rest in between. Library preparation was carried out using the Illlumina 16S Metagenomic
Sequencing Library protocol with some modifications. A dual indexing protocol with a two-step
PCR was performed to amplify the V5 through V6 region of the bacterial 16S rRNA gene and to
add dual TruSeq indices. Primers for 16S sequences (underlined portion) with TruSeq adaptor tails
are shown: primer 799F (5° ACACTCTTTCCCTACACGACGCTCTTCCGATCT
AACMGGATTAGATACCCKG 3’) was chosen to exclude chloroplast amplification (91, 92), and
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primer 1114R (5 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GGGTTGCGCTCGTTGC 3°) includes three mismatches with plant mitochondrial DNA (117).
The primary amplification of the 16S region was performed in 25-ul PCR reactions with
3.0 ul of genomic DNA (~ 10ng), 1X of 5X KAPA HiFi Buffer, 0.3 mM of dNTPS, 0.5 U of
KAPA HiFi polymerase (KAPA Biosystems, Woburn, MA) and 0.2 uM of each primer
799F/1114R. Cycling conditions were as follows: 95°C for 5 min, followed by 30 cycles of 98°C
for 20 s, 55°C for 30 s, and 72°C for 45 s, with a final extension of 72°C for 5 min. The
approximately 415-bp PCR products were purified using Agencourt AMPure XP (Beckman

Coulter, Inc., CA, USA) at a ratio of 0.7x to remove any products shorter than 200-bp.

The secondary amplification to add TruSeq dual indices and sequencing adaptors was
performed in 25-pul PCR reactions with 3.0 pl of purified first PCR product, 1X of 5X KAPA HiFi
Buffer, 0.3 mM of dNTPS, 0.5 U of KAPA HiFi polymerase (KAPA Biosystems, Woburn, MA)
and 0.3 uM of each primer i5 and i7. Cycling conditions were as follows: 95°C for 5 min, followed
by 10 cycles of 98°C for 20 s, 55°C for 30 s, and 72°C for 45 s, with a final extension of 72°C for
5 min. These second PCR products were also purified as described above.

Each sample was amplified three times and every replicate was prepared as a separate
library to be sequenced. All 108 libraries were quantified through gPCR assays using primer 1.1
5 AATGATACGGCGACCACCGAGAT 3%) and primer 2.1 5
CAAGCAGAAGACGGCATACGA 3’), which is the method reported with more accurate
prediction of sequencing coverage (118). A 10,000-fold dilution of the purified second PCR
products was prepared with 10 mM Tris-HCI pH 8.0 to achieve concentrations inside the limits of
the standard curve built with the KAPA Library Quantification DNA Standards 1 — 6 (KAPA
Biosystems, Woburn, MA). Quantification was performed in 10-pl qPCR reactions with 5 ul of
PowerUp™ SYBR™ Green Master Mix 2X, 2 pl of diluted second PCR products, and 0.2 uM of
each primer 1.1/2.1. Cycling conditions were as follows: 50°C for 2 min, 95°C for 2 min, followed
by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 45 s. All libraries were multiplexed into
a single pool in molar equivalent concentrations. The pool was sequenced and demultiplexed at
Genewiz (South Plainfield, NJ, USA) using Illumina MiSeq paired-end 250-bp sequencing.
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3.3.9 Sequence data processing and analysis

Data processing and analysis was performed using packages in R (v 3.6.1) and
Bioconductor (v 3.10). Reads were processed through a customized DADAZ2 (v 1.14.1) pipeline
(95) for trimming the primer sequences, filtering based on read quality, calculating error rates,
inferring amplicon sequence variants (ASVSs) instead of using OTUs (119), merging paired-end
reads, removing chimeras and assigning taxonomy with the SILVA reference database (v 138)
(120). Contaminant sequences which were present in the buffer extraction controls (BEC) and non-
template controls (NTC) were removed with the decontam package (120). Also, reads with
unclassified Phylum or identified as Chloroplast or Mitochondria were filtered out. The a-diversity
indices (richness and Shannon) were performed with the Phyloseq (v 1.32.0) package after 100
subsampling iterations to the smallest library size and averaging the results (96). The B-diversity
unconstrained analysis was performed on weighted Unifrac distances applied to reads
proportionally scaled to 1,000-bp (code adapted from tutorial:
http://deneflab.github.io/MicrobeMiseq) and were then visualized using Principal Coordinates
Analysis (PCoA). Experimental conditions were compared by analysis of variance using a
permutation test with pseudoF ratios with the adonis() function (R vegan package). Normalization
and differential abundance analysis were performed on unrarefied ASV table using DESeq2 (v
1.28.1) (121); only significant taxa (P<0.05 after multiple-hypothesis testing) were reported. Plots
were generated with the ggplot2 (v 3.3.2) package and minor aesthetic details were arranged in
Inkscape (v 0.92.4).

3.4 Results and Discussion
3.4.1 Relative humidity determines leaf properties of romaine lettuce

The pressure of the environmental conditions used to grow our plants is evidenced by the
significant differences achieved on vapor pressure deficit (VPD), which significantly increased the
transpiration under dryer conditions (Figure 3.4). Mechanisms of adaptations to low relative
humidity (RH) conditions were observed, such as stomatal resistance through decrease of stomatal
size (both length and width), stomatal density (SD), stomatal pore area (PAmax) and stomatal
aperture (measured as stomatal conductance, gs), as well as cuticle resistance through modification

of composition of cuticular waxes (122). Additionally, modifications of leaf wettability were
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observed through contact angle hysteresis (CA) measurements because the larger the CA value,
the more the leaf surface tends to repel water (i.e. the more hydrophobic it is) (123, 124).
Noticeably, most of the changes associated with stomatal resistance to water loss were more
pronounced between plants grown under humid condition A and intermediate condition B, while
plants grown under dry condition C exhibited stomatal traits between humid condition A and
intermediate condition B (Table 3.2). This might reflect how the plants need to balance their
responses between the protection from losing too much water and the uptake of enough carbon
dioxide to drive photosynthesis (122). This hypothesis is supported by our results of
photosynthesis rates which showed a decrease from humid condition A to intermediate condition
B, and then showed a recovery under the dry condition C. It is important to note that our conditions
were focused only on the environmental RH, and water deprivation was not intended as plants

were watered at a frequency required to keep healthy lettuce plants.

Figure 3.4. Comparison of (A) vapor pressure deficit (VPD) and (B) transpiration among the
three relative humidity (RH) conditions where the romaine lettuce plants were grown: humid
condition A, intermediate condition B and dry condition C. Different letters indicates significant
difference (P<0.05).
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Figure 3.4 continued
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The increase of stomatal density observed under RH B was based on the development of
smaller stomata as supported by the significant negative correlations found with stomatal length
and width (Table 3.2). Higher stomatal densities were associated with a decreased leaf wettability
as evidenced by the higher contact angle hysteresis (CA) obtained on leaves of plants grown under
this RH (significant positive correlation, R= 0.52). Previous studies have also reported that leaf
surfaces with greater concentration of stomata were the least wettable (125, 126). The higher
density of stomata was also associated with a reduction in the proportion of fatty acids in leaf
cuticles under RH B (Figure 3.5). This relationship might be explained by the reduction of the area
that epidermal cells can occupy. This is supported by previous evidence suggesting that the
epicuticular layer of guard cells differs from that of other epidermal cells in both thickness and
composition with increased concentration of fluorescing phenolic compounds (127, 128).

Stomatal size had a big impact on stomatal conductance (gs) and photosynthesis (P).
Although the reduction of size of stomata under RH B produced a higher stomatal density, this

compensation was insufficient, and the stomatal pore area under this RH condition was
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significantly lower (Table 3.2). Also, the lowest gs was observed under RH B which suggests the
closure of stomata as a strategy to avoid water loss; this observation is supported by the theorical
maximum gs which showed that leaves from RH B have the anatomical potential to produce the
highest conductance if their stomata were fully open. On the other hand, photosynthesis was
positively correlated with stomatal size, stomatal pore area and stomatal aperture, therefore lettuce
plants grown under humid condition A exhibited a higher photosynthetic activity. Kroupitski et al.
(129) suggested that photosynthesis and not merely stomatal opening is the major motive force for
Salmonella internalization in harvested iceberg lettuce. This could also imply a greater risk for
internalization of food-borne human pathogens after a contamination event on romaine lettuce
plants grown under humid conditions.

Additionally, a significant negative correlation was found between CA and photosynthesis
(Table 3.2), which supports the idea that leaf wettability (low CA) increases photosynthesis. This
photosynthetic response to wetness has been postulated as a consequence of the stomatal regulation
of pore aperture (130). Additionally, leaf wettability promotes bacterial growth through the
provision of free water and protection from desiccation stress (131); for that reason our culturable
bacterial counts were significantly higher in lettuce plants exhibiting lower CA values. Finally,
increased leaf wettability has a positive effect in reducing transpiration, which was evidenced in

our lettuce plants grown under condition A (Figure 3.4 B).

Table 3.2. Properties and traits of leaves of romaine lettuce plants grown under different relative
humidity (RH) conditions (A, B and C). Row legends: SD (stomatal density); SL (stomatal
length); SW (stomatal width) SPI (stomatal pore index), PAmax (maximum stomatal pore area),
CA (contact angle hysteresis); CW (cuticular wax); Alk (alkanes); FA (fatty acids); RHO
(alcohols); gs (stomatal conductance); gsmax (theorical maximum stomatal conductance); T
(transpiration) and P (Photosynthesis).

RH A RH B RHC Correlations
Total 5.43 (0.45) A 3.46 (0.46) B 3.76 (0.60) B | SD: R=-0.30 P=0.0098
Culturable Cultivar: Cultivar: Cultivar: SL: R=0.38 P=0.0010
Bacteria (Log P<0.0001 P=0.0758 P<0.0001 SW: R=0.49 P< 0.0001
CFU/g lettuce) PA: R=0.50 P< 0.0001

CA: R=-0.50 P< 0.0001
P: R=0.42 P=0.0002
T: R=-0.41 P=0.0003

SD (#/mm?) 43.7(6.9)B 53.3(8.9) A 46.9(9.2) B SL: R=-0.56 P< 0.0001
Cultivar: Cultivar: Cultivar: SW: R=-0.37 P=0.0014
P=0.5166 P=0.1599 P=0.0149 PA: R=-0.53 P< 0.0001

CA: R=0.52 P<0.0001
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Table 3.2 continued

SL (um) 288 (1.1) A 269 (1.4)C 27.8(1.2) B SW: R=0.52 P<0.0001
Cultivar: Cultivar: Cultivar: CA: R=-0.47 P< 0.0001
P=0.0011 P=0.0758 P=0.6883 P: R=0.31 P=0.0073

SW (um) 11.5(0.6) A 10.8(0.4) C 11.1(0.3) B CA: R=-0.38 P=0.0009
Cultivar: Cultivar: Cultivar: P: R=0.28 P=0.0190
P<0.0001 P<0.0001 P<0.0001

SPI (x100) 1.45 (0.25) 1.52 (0.18) 1.44 (0.28) CA: R=0.33 P=0.0041
Cultivar: Cultivar: Cultivar:
P=0.0090 P=0.0012 P=0.1049

PAmax (UM?) 261.0 (17.7) A 2279 (16.9) C 242.4 (13.4) B | CA: R=-0.49 P=0.0041
Cultivar: Cultivar: Cultivar: P: R=0.33 P=0.0041
P<0.0001 P=0.3779 P=0.2244

CA (") 42.8(8.3)C 56.7 (7.8) A 50.4 (8.3) B P: R=-0.44 P=0.0001
Cultivar: Cultivar: Cultivar:
P=0.1035 P=0.3031 P=0.6883

CW Alk 4.65 (4.06) B 2.06 (291)B 9.33(8.53) A | P: R=0.27 P=0.0242

(Hg/g leaf) Cultivar: Cultivar: Cultivar: T: R=0.37 P=0.0013
P=0.0092 P=0.0004 P=0.6883

CW FA (ug/g 94.1(28.4) A 97.2 (19.9) A 70.3 (16.0) B | SD: R=-0.28 P=0.0153

leaf) Cultivar: Cultivar: Cultivar: SPI: R=-0.37 P=0.0015
P=0.0227 P=0.1049 P=0.0425 RHO: R=0.79 P< 0.0001

CW RHO (ug/g 95.1(25.2) B 114.0 (32.2) A 55.2(22.1) C

leaf) Cultivar: Cultivar: Cultivar:
P=0.0092 P=0.2389 P=0.0003

gs (mol m2s?) | 0.075 (0.039) AB | 0.053 (0.030) B | 0.090 (0.050) A | P: R=0.64 P< 0.0001
Cultivar: Cultivar: Cultivar:
P=0.0509 P=0.0389 P=0.0003

gsmax (Mol m?s | 0.629 (0.164) B | 0.687 (0.169) A | 0.641 (0.180) B

h Cultivar: Cultivar: Cultivar:
P=0.7474 P=0.0121 P=0.0149

T (mol m?2s1) | 0.283(0.132) C | 0.521 (0.245)B | 1.147 (0.504) A | gs: R=0.74 P< 0.0001

x1000 Cultivar: Cultivar: Cultivar: P: R=0.31 P=0.0087
P=0.1935 P=0.0121 P=0.0012

P (umol CO2 8.57 (2.69) A 4.46 (2.13) B 6.92 (2.71) A

m2s?) Cultivar: Cultivar: Cultivar:
P=0.0034 P=0.0007 P<0.0001

Different letter next to values indicates significant difference (ANOVA P < 0.05) caused by RH condition.
Correlations among leaf properties estimated from all RH conditions together using Row-wise method.

In the case of the response of cuticle resistance, we observed a significant increase of

alkanes along with a decrease of fatty acids and alcohols in the composition of the cuticular waxes

of plants grown under the driest condition C. Previous studies have reported higher amounts of

total waxes extracted from leaves of Brassica oleracea, Eucalyptus gunnii and Tropaeolum majus

plants grown under very low (20-30%) relative humidity conditions (132). Our data only include
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wax compounds classified within the most commonly reported classes of cuticular waxes in lettuce
(Lactuca sativa) plants grown under greenhouse conditions where RH conditions were not
controlled (113, 133). This suggests that additional classes of compounds might be increasing in
cuticles of plants grown under our low RH condition C and further analysis should be performed
to assess this. Significant changes in cuticle composition were observed, with a higher relative
abundance of alcohols found under our intermediate RH condition B. This agrees with the studies
performed on greenhouse-grown lettuce where the primary form of wax reported was Hexacosanol
(113, 133), probably because their plants were grown under similar intermediate RH conditions
since their objective was not related to water stress. On the other hand, our results exhibited shifts
in the proportions of wax compounds when plants were grown under extreme conditions of high
and low RH. For instance, increase of alkanes under the lowest RH condition coincides with a
recent study of litter flammability where they found that higher cuticular alkane concentrations
were reached under aggravated drought and were associated with increased flammable potential
(134).
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Figure 3.5. Mean concentration (ug/g leaf) of the three main classes of cuticular waxes in
romaine lettuce: alkanes, fatty acids and alcohols. Bars are labeled with the proportion of each
class of waxes. Different letters indicate significant difference (P<0.05) caused by RH conditions
within each class of waxes.
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3.4.2 Leaf properties are heterogeneously distributed across the leaf area

Colonization of the phyllosphere is not spatially distributed homogeneously across the
entire leaf surface. Bacterial clustering around areas where there is more free water, shield from
UV rays, and leaking of nutrients such as at the base of trichomes, around stomata and along veins
have been proposed (135, 136). For that reason, we evaluated the distribution of leaf properties
and traits across the adaxial leaf area by quantification in each of the twelve testing areas described
before (Figure 3.2), to test their association with the distribution of bacterial communities.

Differences in leaf properties and traits were tested through different distributions across
the adaxial leaf surface using the twelve testing areas as follows: vertical zones (Left: A, D, G, J;
Middle: B, E, H, K; Right: C, F, I, L), horizontal zones (1: A-C; 2: D-F; 3: G-I, 4: J-L) and
horizontal half (Upper: A-F, Lower: G-L). Major differences were observed as a gradient among
horizontal zones, elucidating the upper half and lower half of the same leaf as contrasting habitats
mainly under the extreme RH conditions A and C (Table 3.3). For instance, stomatal density (SD)
was consistently higher in the upper half of leaves regardless of the RH condition of plant growth.
This higher density was also reported from iceberg lettuce in post-harvest conditions (137).
Although this difference of SD was not significantly different in plants grown under intermediate
RH condition B, the stomatal pore index (SPI), which is dependent on stomatal density and size,
was. Stomatal length showed a significant difference between the upper and lower half under all
RH conditions, while stomatal width was not variable. Therefore, the upper halves of leaves
comprised higher stomatal density with longer stomata when compared with the lower halves of
leaves, as a result SPI and maximum pore area were also significantly higher in the upper halves.
However, these differences across leaf surface might become less significant when plants are
undergoing a process of adaptation to avoid water loss by reducing stomatal size that consequently
caused increase of stomatal density.

Leaf wettability was also significantly different between the upper and lower halves of
lettuce leaves regardless of the RH condition of plant growth. Upper halves consistently exhibited
higher CA which evidenced a reduced wettability (Table 3.3). Contrary to some previous reports
where a strong positive correlation between CA and quantity of cuticular waxes was found (133,
138), we observed significantly lower concentrations of fatty acids and alcohols in the upper halves
of leaves. This finding again supports our hypothesis that increased stomatal density might be the
leading factor for the reduction of leaf wettability, as previously reported (125, 126), due to
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differences of epicuticular waxes in guard cells (128). On the other hand, it is noticeable how CA
measurements exhibited additional significant differences across more areas of the leaf surface
when the RH condition was decreasing. Leaf areas with positions that are closer to the central vein
and less exposed to the surrounding environmental conditions such as horizontal zone 4 and the
middle vertical zone exhibited significantly increased wettability.

To the best of our knowledge this is the first study to determine differences of leaf
properties and traits across the entire adaxial leaf surface of romaine lettuce plants during pre-
harvest. Previous studies have focused on differences between abaxial and adaxial leaf surface
(103, 139, 140), while others have performed comparisons among only three areas (top, middle
and bottom) of the leaf surface but only in post-harvest conditions using lettuce plants bought from
grocery stores (137, 141). Overall, we demonstrated that leaves from romaine lettuce living plants
before harvesting exhibited significant differences in the distribution and quantity of leaf
properties and traits across the entire leaf surface and that the RH conditions during plant sowing
and growth cycles produced significant changes in the leaf properties. Next, we evaluated how
these differences caused by environmental conditions and localization on leaf surfaces might

determine the structure and distribution of resident bacterial communities.

3.4.3 Sequencing of resident bacterial communities of romaine lettuce leaves

As described before, lettuce plants (cultivars Green Towers-GT and True Heart-TH) grown
under three environmental conditions of high RH (condition A), medium RH (condition B), and
low RH (condition C) were used for sequencing of the resident bacterial communities. The same
leaves subjected to the characterization of stomatal traits using confocal microscopy were used for
bacterial 16S sequencing of the upper and lower halves of each leaf separately. Therefore, six
plants (3 GT and 3 TH) were surveyed from each RH treatment. A total of thirty-six samples with
three technical replicates each were sequenced; additionally, for comparison with the total bacterial
microbiome of the lettuce plants, three samples prepared by pooling the sonication buffer of all
whole leaves from entire plants (10 plants: 5 GT and 5 TH) were included.

The V5-V7 region of the 16S rRNA was sequenced by paired-end 250bp MiSeq Illumina
sequencing, yielding contigs with length sizes of 298 = 7.1 bp. After quality filtering and removal
of chimera, non-target (archaea, chloroplast and mitochondria), and contaminant sequences (from

BEC and NTC), 2.1 million reads corresponding to 12,375 ASVs were obtained. Low abundance
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ASVs (fewer than 2 reads in less than 10% of the samples) which are considered spurious products,
were removed and 1516 significant ASVs were left. Finally, two samples were removed after we
applied a minimum threshold of 1000 reads for library size (Figure 3.6), and the final data set for
analysis consisted of 1.8 million reads, 1516 ASVs, an average of 14,987 and a median of 9,963
reads per sample. The quality control performed with mock microbial communities showed a good
performance of our methodology. The eight standard strains were identified in the mock controls

and their relative abundances were close to the expected values, with a deviation less than 15% as

recommended by the manufacturer (Figure 3.7).
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Figure 3.6. Boxplots of library sizes of sequenced samples from lower (Lo) and upper (Up)
halves of leaves. Panels correspond to relative humidity (RH) conditions (A, B, and C) used for
lettuce plant growth. Samples are colored by cultivar: GT (Green Towers), TH (True Heart) and

GTTH refers to the pool of GT and TH plants sequenced as the total bacterial microbiome.

Dashed line indicates the threshold of minimum library size applied.

64



99

Table 3.3. Properties and traits across the leaf adaxial area of romaine lettuce plants grown under different relative humidity (RH)
conditions (A, B and C). Row legends: SD (stomatal density); SL (stomatal length); SW (stomatal width) SPI (stomatal pore index);
PAmax (maximum stomatal pore area); CA (contact angle hysteresis) and CW (cuticular wax). Column legends and descending order

of data: VZ (vertical zones: Left, Middle, Right); HZ (horizontal zones: 1, 2, 3, 4*); HH (horizontal half: Lower, Upper). Data are

presented as mean (SD).

RHA RH B RHC
vZ HZ HH VZ HZ HH vZ HZ HH

Bacteria | 2.53(0.38) | 2.80 (0.53) | 2.56 (0.45)® | 2.83 (0.56) | 2.85 (0.43) 2.77(0.64) |3.19(0.71) | 3.02(0.50)° | 3.30(0.80)

(log CFU) | 2.89 (0.69) | 2.86(0.63) | 2.83(0.58)" | 2.85(0.60) | 2.84(0.44) 2.85(0.43) | 3.37(0.79) | 3.08(0.56)® | 3.05(0.52)
2.67(0.42) | 2.55(0.44) 2.74(0.46) | 2.54(0.47) 2.99 (0.51) |2.83(0.67)8

2.57 (0.47) 2.99 (0.73) 3.74 (0.67)

) 45.7 (9.5) 48.6 (105~ |38.7(10.6)8 |51.7 (14.1)"® | 47.7(11.0)® |50.4(14.2) | 46.1(122) |50.4(10.8)A | 425 (14.2)8
@mm?) | 42.7(13.7) | 48.6 (10.0)A | 48.6 (10.2)~ | 47.4 (12.4)® | 556 (12.6)* |51.6(12.4) |44.3(144) |49.9(11.1)A |50.2(10.9)A
42,6 (10.7) | 39.5(9.0)® 54.2 (12.6)* | 52.5 (13.2)"8 48.3 (13.0) | 49.6 (11.7)A

37.9 (11.9)® 48.4 (14.9)® 35.4 (13.0)®

SL (um) | 28.6 (2.5) 293 (2.3 |283(2.3)° |268(2.0° |28.0(L5" 266 (2.2)8 | 27.3(1.8)® | 27.3 (158 |275(2.2)°
29.1 (2.0) 293 (L7 | 29312 |28.0(0" |27.2(1.8)*% |276(L7)" |28.7(2.0A |28.8(18)"~ |28.1(L8)"
28.7 (2.3) 29.0 (2.0 26.4 (L7)8 | 26.9(2.0)® 274 (208 | 27.1(2.0)°

27.7 (2.5)° 26.3 (2.3)8 28.0 (2.3)8

SW(um) | 11.4(0.9® | 11.6(0.8) 11.5 (0.9) 10.6 (0.8)° | 10.9(0.9) 10.7 (0.9) 112(0.8) | 11.0(0.6) 11.1(0.9)
11.9 (0.9 | 11.6(1.0) 11.6 (0.9) 11.0 (0.9 | 10.7(0.8) 10.8 (0.8) 11.0(0.9) | 11.3(0.8) 11.2 (0.7)
11.3(0.9)® | 11.6(0.8) 10.8 (0.8)*® | 10.8(0.8) 11.1(0.8) | 11.0(1.0)

11.4 (1.0) 10.6 (0.9) 11.1 (0.9)

SPI (x100) | 1.49 (0.3) 164 (0.4~ |1.26(0.4)° | 1.45(0.4) 1.46 (0.45C | 1.42 (0.4 | 1.41(04) |152(04" | 1.27 (0.4)B
1.48 (0.5) 1.65(0.4)° | 1.65(0.4)" | 1.46 (0.4) 1.62 (0.4) 154 (0.4 |1.39(04) |162(04) |157(0.4)"
1.38(0.4) 1.33(0.3) 1.53(0.3) 151 (0.3)"8 1.47(0.4) | 1.47 (0.3~

1.18 (0.4) 1.33(0.4) 1.07 (0.3)®

PAmax 256.9 (32.7)° | 266.4 (29.0)* | 256.1 (33.0)F | 223.1 (28.5)° | 240.8 (26.0)~ | 224.3 (29.9)® | 241.3 (24.7) | 237.2 (20.8)® | 239.3 (30.3)®

(Hm?) 272.3 (29.5)* | 268.0 (26.7)A | 267.2 (27.8)* | 241.7 (26.1)* | 229.3 (23.9)"® | 235.2 (25.5)* | 248.4(29.6) | 255.7 (24.9)* | 246.5 (24.7)A
255.8 (27.9)® | 263.7 (25.8) 223.9 (26.4)° | 228.2 (26.6)® 239.1 (28.6) | 235.0 (28.7)8

248.5 (37.5)8 220.5 (32.5)8 243.4 (31.5)®

CA() 44.4(16.0) | 445(155) |39.0 (1428 |59.2(9.6) 61.0 (7.5 53.4 (75)® | 53.4(8.8)° |55.7(83)" | 465 (7.7)°
40.4 (14.9) | 47.2(155) | 46.0 (15.4)A | 52.9(6.7) 59.5 (10.0)* | 60.2(8.6) | 44.6(9.8)® |52.2(11.8)"® | 53.9 (10.2)A
42.1(146) | 42.3(15.3) 58.4 (8.6) 57.9 (7.2)A8 53.0 (8.1)" | 49.3 (5.8)"¢

36.0 (12.6) 49.0 (4.7) 43.9 (8.5)
CW: NA NA 6.21 (4.2) NA NA 2.51 (4.0) NA NA 12.6 (14.4)
Alkanes 2.95 (4.54) 1.8 (2.3) 103 (10.1)

(Hg/g leaf)
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Table 3.3 continued

CW: Fatty | NA NA 116.6 (16.2)» | NA NA 101.8 (26.9) | NA NA 86.8 (28.5)*
acids 74.6 (21.9)8 92.9 (16.3) 61.1(14.1)8
(Hg/g leaf)
CW: NA NA 112.4 (21.7)» | NA NA 126.5 (41.3) | NA NA 70.7 (20.2)A
Alcohols 78.5 (22.4)8 103.2 (24.8) 42.0 (18.8)8
(Hg/g leaf)

*Horizontal zones are arranged with testing areas (Figure 3.2) as follows: 1 (A-C), 2 (D-F), 3 (G-I), 4 (J-L).
Different letter next to values indicates significant difference (ANOVA P < 0.05) caused by VVZ, HZ or HH within each leaf parameter. NA: Not Applicable.
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Relative Abundance (Genera > 1%)
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Pseudomonas aeruginosa 42
Escherichia coli 10.1
Salmonella enterica 10.4
Lactobacillus fermentum 18.4
Enterococcus faecalis 9.9
Staphylococcus aureus 15.5
Listeria monocytogenes 14.1
Bacillus subtilis 17.4

Figure 3.7. Microbial composition (relative abundance, %) of mock community standards. A.
Our results for the microbial community culture standard (D6300: MockCell) and the microbial
community DNA standard (D6305: MockDNA). B. Theorical composition reported by the
manufacturer (Relative-abundance deviation in average: <15%).
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3.4.4 Structure of resident bacterial communities from lettuce plants grown under
different relative humidity conditions

The taxonomic structure of native bacterial communities from leaves of romaine lettuce
plants grown in growth chamber, combining all the RH conditions, consisted in 20 phyla and 45
classes. Most of the resident bacteria belong to 9 classes (Figure 3.8): Actinobacteria,
Acidimicrobia and Thermoleophilia from phylum  Actinobacteria, Gamma and
Alphaproteobacteria from phylum Proteobacteria, Bacilli and Clostridia from phylum Firmicutes,
Bacteroidia from phylum Bacteroidetes and Deinococci from phylum Deinococcota. As a whole,
Actinobacteria was the most abundant class (42.3 £ 8.6 %) in all lettuce leaves, followed by Bacilli
(17.7 £ 7.5%), Alphaproteobacteria (14.8 + 6.9 %) and Gammaproteobacteria (8.84 £ 5.15 %).
These classes and their corresponding phyla have been described as the major inhabitants of the
phyllosphere across most agricultural and native plant species (2, 67, 142, 143). However, one of
the main differences between field-grown and indoor-grown (growth chamber in our case) lettuce
plants is the predominance of Proteobacteria in the bacterial communities from field conditions
(66, 72).

Several reasons might explain why our plants grown under growth chamber settings
exhibited more abundance of Actinobacteria than Proteobacteria. First, the reduced exposure of
indoor-grown plants to environmental conditions of rain, aerosols, winds, contact with insects and
animals. The sources of microbes under growth chamber conditions are limited to seed, soil, tap
water, minimal air circulation (since the growth chamber was closed most of the time) and minimal
human contact (because only 1-2 people worked inside and always with gloves on). For that reason,
soil from an agricultural field in Indiana was mixed with the growing medium to increase the
bacterial diversity provided to our plants. Therefore, the main source of our plants for the uptake
microbes was the potting soil mix, and Actinobacteria have been reported as representative
inhabitants of leaves and soil too. However, sequencing of free soil is ruled out since the
underrepresentation of Acidobacteria (not abundant in our leaf and plant samples) and the
increased proportion of Actinobacteria and Proteobacteria members have been reported as the
main characteristics of rhizosphere and root endosphere when compared with free soil (2).
Additionally, aerosols have been found to be an important source of Alpha and
Gammaproteobacteria with abundant sequences of the genera Sphingomonas and Pseudomonas

(144); the lack of aerosols as inoculum sources was noticed by the underrepresentation of
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Pseudomonas in our plants. A final reason is that our methodology to survey the bacterial

communities implied the excision of testing leaf areas which can provoke endophytic communities

to be released too.
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Figure 3.8. Bacterial community composition at class level of romaine lettuce plants grown
under high (A), medium (B) and low (C) relative humidity (RH) conditions. Labels in x-axis
correspond to samples separated by lettuce cultivar (GT-Green Tower, TH-True Heart) and half
of leaf (Lo-lower, Up-upper half). Whole plants (Plants) from each RH condition were included
for comparison. Classes with less than 1% average abundance across samples were grouped
together and represented as Below 1%.

A summary of the average relative abundance of the bacterial communities at the class level
is presented in Table 3.4. At this high taxonomic rank, no dramatic changes in the general structure
of bacterial communities can be observed among the experimental conditions of RH, cultivars, and
distribution on the leaf. Only two changes were noticeable (bold numbers), both under humid
condition A: 1. Increase of the class Deinococci across the entire leaf surface (both halves) of GT

cultivar only; 2. Increase of the class Bacilli only on the lower half of leaves, (the same increase
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was observed in whole plants). As many diverse bacterial genera can be found within these classes,
the significance of their increase was evaluated later in detail through differential abundance

analysis at lower taxonomic ranks.

Table 3.4. Summary of the average relative abundance of bacterial communities at class level
under the different experimental conditions of relative humidity (RH), cultivar (GT-Green
Tower, TH-True Heart) and distribution on the leaf. Noticeable changes are in bold numbers.

Parameters Relative abundances (%) of bacterial classes

S - g o S| S | = .
conditions § = :S, § § j_i-g £ § 2 (_ED £ % g 5

z|” & |3 5“8 8|5 /38|80 |8

o < =1 = c | <
GTRHALo A | GT | Lower | 27.5| 34.8 | 16.0 | 6.24 | 6.93 | 2.69 | 1.08 | 1.20 | 0.71 | 2.82
GTRHAUp A | GT []Jap::)er 259 (133|281 |59 |165|2.64| 110 | 1.00 | 0.84 | 4.66
THRHALo A | TH rI]_?)I\]/cver 358133319 |730 |011|274|1.03|0.36|1.03|6.43
THRHAUp A | TH []Jap::)er 49.7120.6 | 13.6 | 458 |0.12 {396 130|041 |1.43|431
GTRHBLoO B |GT Eezl\fver 4111158139 |11.3 |0.03|6.05 218|151 |1.66|6.45
GTRHBUp B |GT []Jar:;er 54.0 | 16.9 | 955 | 480 | 0.07 | 548 | 2.24 | 0.67 | 1.86 | 4.51
THRHBLoO B | TH rIiaol\]:ver 4341 19.2 | 12.7 | 12.0 | 0.11 {439 | 2.16 | 1.23 | 1.23 | 3.59
THRHBUp B |TH []Jar:;er 40.2 | 18.2 | 139 | 6.50 | 0.08 | 7.22 | 2.21 | 1.27 | 255 | 7.73
GTRHCLo CcC | GT rIi?)l\]:ver 476 19.02 | 9.90 | 13.7 | 0.02 | 5.99 | 3.05 | 3.83 | 0.54 | 6.35
GTRHCUp CcC | GT rl]JapIIfJer 453|144 115 | 10.1 | 0.06 | 598 | 2.80 | 2.33 | 1.57 | 6.04
THRHCLo C | TH rIiil)l\]/cver 543 | 7.79 | 7.99 | 9.65 | 002|521 494|299 |0.34 | 6.75
THRHCUp C |TH rL]Jar::)er 46.8 | 20.4 | 10.6 | 7.15 | 0.06 | 4.37 | 254 | 1.40 | 1.29 | 5.29
RHAGTTH A | GT B?::]t 34.7 1325 ]19.1 | 432 | 0.62 | 2.67 | 0.69 | 0.29 | 0.96 | 4.2
RHBGTTH B gl'_ll' Plant |49.0|17.1|14.6 | 504 |140|358|188|0.99]|1.67|4.74
RHCGTTH C 1(;|'_I|' Plant |39.8 123|854 |24.1 |0.11|4.15|3.28|272|125|3.74

TH
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The total 45 bacterial classes identified in romaine lettuce leaves under three different RH
conditions comprised 199 families and 417 genera. As a whole community, the highest relative
abundance (30.9 + 5.6%) was represented by all families that were grouped together because they
accounted for less than 1% of abundance in each experimental condition. The second-most
abundant family was Streptomycetaceae (9.89 + 3.20%), followed by families with higher
variation among the experimental conditions such as Nocardioidaceae (9.76 + 7.60%),
Pseudonocardiaceae (6.36 + 6.53%), Staphylococcaceae (5.37 + 7.49%) and Bacillaceae (5.09 £
2.54%). As families with low abundances occupied the first place in the composition of resident
bacterial communities, as well as high variation that was seen among RH and cultivars when all
experimental conditions were quantified together, then bacterial diversity and differential
abundance analysis were performed for each condition separately.

3.4.5 Impact of relative humidity (RH) condition during plant growth on the composition
of resident bacterial communities in romaine lettuce

Measurements of o diversity (Richness and Shannon Index) revealed a significant difference
in the diversity of resident bacterial communities explained by the RH condition where both
cultivars of romaine lettuce were grown (Richness: ANOVA: F2120: 66.2, P<0.0001; Shannon
Index: ANOVA: Fz120: 65.1, P<0.0001). Humid condition A produced lettuce plants with
significantly lower bacterial a diversity (Figure 3.9), however we previously found that plants
under this humid condition also exhibited significantly higher culturable bacterial population
counts (Table 3.2). Therefore, we suggest that very humid conditions during plant development
promoted bacterial growth that was dominated by few taxa, causing a decline of the diversity
within the communities. The same effect has been observed even on non-living surfaces where
wetted materials showed this diversity reduction (145). To determine if the lettuce cultivar also
explained differences in the bacterial a diversity, this factor was tested under each RH condition
separately. No significant differences were found between GT and TH cultivars under humid
condition A and intermediate condition B; while under dry condition C, the a diversity of bacterial
communities from each cultivar was affected differently (Richness: P=0.0257; Shannon Index:
P=0.0354) (Figure 3.9). This finding highlights how the plant genotype and phenotype factors have
an effect on the modulation of the diversity of the bacterial microbiome under a more severe
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condition of RH, which was causing a larger stress on the lettuce plants as it was evidenced
previously by the VPD (Figure 3.4 A).
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Figure 3.9. Bacterial a diversity of leaves of romaine lettuce plants grown under three different
relative humidity (RH) conditions (A: humid, B: intermediate. C: dry). Boxplots are colored by
the lettuce cultivar. A. Richness values. B. Shannon diversity indices.
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As previously described, romaine lettuce plants suffered changes in their leaf properties and
traits in response to the RH condition in which they were grown. Both cultivars expressed the same
tendency of adaptations in terms of leaf wettability, stomata and cuticle resistance, however the
strength of those responses was significantly different between the cultivars for some leaf
properties. For instance, under the dry condition C which caused a significantly lower bacterial o
diversity in cultivar TH than in GT, some leaf properties were also significantly different in TH
lettuce plants such as higher stomatal density, higher stomatal conductance, higher transpiration,
higher photosynthesis rates and lower bacterial population counts when compared to GT plants (p-
values in Table 3.2). For that reason, the correlations between bacterial o diversity and leaf

properties were evaluated across all RH conditions together and separately (Table 3.5).

Table 3.5. Correlations estimated by the Row-wise method between bacterial o diversity
(Shannon Index) and leaf properties of romaine lettuce plants grown under different relative
humidity (RH) conditions (A: humid, B: intermediate. C: dry).

Leaf All RH conditions RH A RH B RHC
properties R P R P R P R P
SD (#/mm?) 0.3716 | <.0001 | 0.0496 | 0.7553 | -0.0716 | 0.6872 | 0.5043 | 0.0017
SL (um) -0.4343 | <.0001 | -0.0084 | 0.9577 | -0.0368 | 0.8365 | 0.0167 | 0.9231
SW (um) -0.3160 | 0.0007 | 0.1233 | 0.4365 | 0.0458 0.797 0.3651 | 0.0286

Bacteria (Log | 3497 | 00002 | 0.0802 | 0.6138 | -0.1665 | 0.3465 | 0.4897 | 0.0024
CFU/q lettuce)

SPI1 (x100) 0.1927 | 0.0418 | 0.0934 | 0.5563 | -0.1295 | 0.4654 | 0.5844 | 0.0002
PAumax (LmM?) -0.4503 | <.0001 | 0.0612 | 0.7003 | -0.0047 | 0.9787 | 0.1739 | 0.3104

2
Osmax (MOl M™ 1 6 953 | 0.0016 | 0.0642 | 0.6861 | -0.1133 | 05236 | 0.5499 | 0.0005

sh
CA() 0.4855 | <0001 | -0.076 | 0.6322 | 0.0267 | 0.8810 | 0.4932 | 0.0022
CW Alk 00992 | 02982 | -0177 | 0.2622 | 0.4457 | 0.0082 | 0.0539 | 0.7550
(Mg/g leaf)
CW FA

10.2989 | 0.0014 | -0.1322 | 0.4041 | -0.2342 | 0.1824 | -0.4202 | 0.0107
(Mg/g leaf)
CWRHO 10.1868 | 0.0486 | -0.0907 | 05677 | -0.0438 | 0.8059 | -0.2620 | 0.1227
(Mg/g leaf)
;_2(*;,1”;0' COZ 1 3536 | 0.0001 | 01935 | 0.2196 | 0.2622 | 0.1341 | -0.2855 | 0.0915

gs (molm?sh) | 0.1237 | 0.1939 | 0.4414 | 0.0034 | 0.3228 | 0.0626 | -0.1014 | 0.5563

-2 -1
I1E)n(;glm )| 05301 | <0001 | 0.4150 | 0.0063 | 0.3496 | 0.0427 | 0.0047 | 0.9784

R= correlation coefficient. P= p-value. Bold values indicate significant correlation (P<0.01)
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Most of the significant correlations were observed when all the RH conditions were analyzed
together, since this is the principal factor driving the biggest differences in leaf properties. The
main leaf property which is showing a large positive association (R= 0.5301) with the bacterial o
diversity is the transpiration rate. For that reason, plants grown under humid RH condition A which
had the lowest transpiration rate, also exhibited the lowest bacterial diversity. The strength of this
association gradually decreased when the RH condition was becoming dryer, because the driest
condition C was causing significantly high transpiration rates evenly in all plants, allowing higher
bacterial diversity. The high flow of water from stomata (transpiration) might be promoting the
bacterial diversity through two possible routes: first by increasing the permeability and wettability
of the leaf surface cuticle which provides leached nutrients and water to the bacteria in the
phyllosphere (146, 147), and secondly by increasing the root uptake of nutrients which are
beneficial for the plant and its associated microbiome (148). It is also important to notice that few
associations between leaf properties and the bacterial a diversity were found within humid and
intermediate conditions A and B, however under dry condition C were found several strong
associations. This might be explained by our hypothesis that under this driest condition the plants
are trying to balance their adaptations of resistance to water loss while maintaining the uptake of
CO:- for photosynthesis; for that reason, more variation might be found in the way that individual
plants or different cultivars respond to this dry condition through modifications of their leaf
properties and traits, which at the end correlate with the level of bacterial diversity promoted.

Changes in the composition of the resident bacterial communities of lettuce plants grown
under different RH conditions were observed by unweighted Unifrac B-diversity patterns (Figure
3.10). The separation along the first axis (17.3%) is mainly explained by the driest condition C
which promoted bacterial communities phylogenetically more distant to communities in RH
conditions A and B. On the other hand, a second separation along the axis2 (13.9%) is exhibiting
a succession from the humid condition A through the intermediate RH condition B. Also, it is
noticeable that only under dry condition C, bacterial communities from the lower halves of leaves
were more distant to communities from the upper halves. Therefore, as observed before with the
bacterial a-diversity, dry condition C also promoted larger disruption on the composition (-
diversity) of the resident bacterial communities and their distribution across the lettuce leaves.

When PERMANOVA was applied to the bacterial B-diversity (weighted unifrac) of plants
grown under all RH conditions, the main factor leading the overall variation was RH, accounting
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for 24.8% (F2,111: 22.8, P = 0.001). Although cultivar (P = 0.006) and distribution across the leaf
(P = 0.004) were significant factors, they accounted for less than 5% of the overall variation. For
that reason, the bacterial communities were then analyzed separately within each RH condition to
test if the distribution across the leaf had some effect on their B-diversity.
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Figure 3.10 Bacterial 3 diversity of romaine lettuce plants grown under three different relative
humidity (RH) conditions (A: humid, B: intermediate. C: dry). Visualization with principal
coordinate analysis of unweighted Unifrac distances among bacterial communities. Colors
indicate RH conditions as labeled in the legend. Shapes indicate the distribution where the

bacterial communities come from: lower and upper half of leaf, and whole leaves from entire

plant. Labels indicate the lettuce cultivar: Green Towers (GT), True Heart (TH), pool of both
(GTTH).

As the RH condition used for plant growth was the main factor explaining the significant
differences in the B-diversity of resident bacterial communities, differential abundance analysis
(DESeq) at the family level was performed to determine how these changes were occurring (Figure
3.11). These DESeq results identified bacterial families whose differential abundance was
significant (P<0.001) among the RH conditions. Interestingly, a clear succession of enriched and
depleted families was observed as a gradient from humid condition A, through intermediate
condition B until dry condition C.

When bacterial communities from humid condition A were compared with intermediate

condition B, we observed how enriched and depleted families came from non-overlapping
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bacterial classes. For instance, families enriched by the high RH belong to classes
Alphaproteobacteria, Fimbriimonadia, Bacilli, Deinoccocci and Acidobacteriae, while families
depleted under high RH were from classes Bacteroidia, Ktedonobacteria, Gammaproteobacteria
and Actinobacteria. One of the depleted families was Flavobacteriaceae; this family is known to
be highly adapted to plant carbohydrate metabolism, so it is highly abundant in the phyllosphere
of terrestrial plants (149, 150). Therefore, our results demonstrated that humid conditions (RH =
83 £ 7 %) can affect the presence of plant-associated bacteria which have been named as
“permanent residents” for their common occurrence on many plant species and previously reported
resistance to modifications of plant factors such as wax phenotype (151).

When bacterial communities from humid condition A were compared with dryer conditions
B and C, we found a consistent differential abundance of families Labraceae, Marinococcaceae,
and Thermaceae. These families were uniquely enriched by the humid condition and exhibited a
significant decline when RH was lowered. The same was observed with family Halomonadaceae,
which was consistently depleted under the driest condition C when compared with more humid
conditions A and B. Interestingly, all these families with the exception of Thermaceae are
described as moderately halophilic bacteria, which suggests that lettuce plants grown under humid
conditions might be increasing the salt concentrations on their leaf surface or providing a more
osmotically challenging environment due to the low transpiration rates. The first mechanism has
been reported as part of plant adaptations to release excess salts through salt glands (152). Future
studies on this subject are encouraged as they can elucidate bacterial biomarkers for salinity stress
or bacterial microbiomes that are more tolerant to salt concentrations which can help plant hosts
grown under environmental conditions promoting salt accumulation.

Finally, when bacterial communities from dry condition C were compared with more humid
conditions A and B, we found that most of the enriched families in dry conditions belonged to the
class Bacteroidia. Also, families Spirosomaceae, Saccharimonadaceae, and Phaselicystidaceae
were uniquely enriched under dry conditions and exhibited a significant decline when RH was
increased. Class Bacteroidia is comprised of copiotrophic bacteria, which are organisms found in
environments rich in nutrients (specially carbon) and their abundance has been associated with
available nutrient supplies (153). As described before, our plants grown under dry condition C
exhibited the highest transpiration and photosynthesis rates, which physiologically encouraged a

higher root uptake of water with nutrients, higher production of carbon sources such as glucose
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and a higher amounts of leached compounds through the leaf cuticle. Therefore, these leaf
properties and traits expressed by our lettuce plants under low RH conditions accompanied with

enough water supply can promote the enrichment of the Bacteroidia class.
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Figure 3.11. Differential abundances based on log2 fold changes of bacterial families among the
RH conditions (A: humid, B: intermediate, C: dry) used for plant growth. (A) Humid vs.
intermediate condition. (B) Intermediate vs. dry condition. (C) Each point represents one family
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(x-axis), colored by class. Points above the dashed line represent families significantly enriched,
and points below represent depleted families (log2 > 4, P < 0.001).

Figure 3.11 continued

(<] RHCvsRHA C|ass
@ ;
@ ® 0, o @ Bacteroidia
® 00 oo d
fo ol o) @ Saccharimonadia
“8’, : : ~ © Polyangia
8 Enriched in dry condition C ® Gammaprotsobacteria
O DG e e e e e e e e e e e E e s e e e s
° L g . C O Acidimicrobiia
o epleted in condition
L& P 0y, O Actinobacteria
o
o o} © Sericytochromatia
o] o © Alphaproteobacteria
e @ Bacili
101 e [ Delnocsea
QO v O N IPM OO OO ) © @ QO
T ® O @ T g T - T OO U < ®© © ©
QO F O O QN OO DO ) @ @ [T
O O 8 000 O 00 0 O g © o O
SESsEp 8 2ISFGEREXES g &
2 SES 2§ P 2s5888% 3 2
EESES £ s ®a==3 8 &
s &8y = < )y 6 &£ &6 IS
”"8588 2 €% —“13eS S
e £y, 3= 6 ) 3 S o= 9 = ~
S 8 C £ @ < = - 0 S =
8 N . n Q N -l W
N -l a v il @
@ g =
S 2
g g S
S >
Family

3.4.6 Distribution of resident bacterial communities across leaves from lettuce plants
grown under different relative humidity conditions

Measurements of a diversity (Richness and Shannon Index) revealed a significant difference in
the diversity of resident bacterial communities explained by the distribution across the leaf surface
only in plants (both cultivars) grown under the driest condition C (Richness: ANOVA: Fy3s: 45.6,
P<0.0001; Shannon Index: ANOVA: Fi3s: 47.7, P<0.0001). However, when cultivars were
analyzed separately, additional significant differences between the lower and upper halves of
leaves were found on cultivar TH under RH condition A (only Richness: P=0.0086) and condition
B (only Shannon Index: P=0.0043). In all previous significant differences, upper half of the leaf
exhibited a higher bacterial a diversity (Figure 3.12). This result reflects the significant
correlations found between bacterial a diversity and leaf properties (Table 3.5), where SD, SPI
and CA exhibited a positive strong association (R= 0.5043, 0.5844 and 0.4932, respectively)
indicating that increase of these properties could explain the increase of a diversity. These leaf
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properties were also found to be significantly different between lower half and upper half of leaves
(Table 3.3), where upper half exhibited higher values of SD, SPI, and CA. Our data therefore
suggest that leaf surface areas where there is an increase of stomatal density with consequent
increase of stomatal pore index, will experience a decrease of wettability (high CA) and promote

a higher bacterial o diversity.
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Figure 3.12. Bacterial a diversity of resident communities from different distributions across the
romaine lettuce leaf (lower and upper half). A. Richness values. B. Shannon diversity indices.
Panels correspond to relative humidity (RH) conditions used for plant growth (A: humid, B:
intermediate. C: dry). Boxplots are colored by the distribution across the leaf (Up: upper half,
Lo: lower half, Plant: whole leaves from entire plant). Experimental conditions indicate the
lettuce cultivar (GT: green towers, TH: true heart, GTTH: pool of entire plants from both).
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Figure 3.12 continued
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As observed before in Figure 3.10, changes in the composition of the resident bacterial
communities of romaine lettuce plants were mainly explained by the RH condition used for plant
growth. Also, a greater dispersion was only exhibited by dry condition C, for those reasons -
diversity analysis was performed exclusively for this condition to determine if that dispersion
within bacterial communities was caused by the distribution on the leaf (Figure 3.13). In this case,
the larger separation along the first axis (31.9%) is mainly explained by the distribution on the leaf
of the resident bacterial communities. Therefore, a low level of relative humidity (condition C)
promoted shifts in the composition (B-diversity) of the resident bacterial communities across the
lettuce leaf surface, as well as promoting the significant differences in bacterial o diversity reported
before.

When PERMANOVA was applied to the bacterial B-diversity (weighted unifrac) from all
RH conditions together, the distribution across the leaf accounted for less than 2% of the overall
variation (F2,111: 91.4, P=0.001). However, distribution combined with leaf properties explained
more of the variation; for instance, distribution together with the stomal size (D*SL*SW)
accounted for 10.8% (F1,111: 524, P=0.001). Also, distribution together with amounts of fatty acids
and alcohols (D*FA*ALCOHOL) accounted for 14.0% (F1111: 682, P=0.001). Based on these
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results, the distribution of the bacterial communities across the leaf surface by itself does not
explain much of the variation of the bacterial composition through all RH conditions, because each
RH condition caused different changes and distributions of the leaf properties. Therefore, it seems
probable that localization on the leaf must be accompanied by specific leaf properties and traits

happening in that particular niche to explain the bacterial B-diversity shifts.
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Figure 3.13 Bacterial B diversity of romaine lettuce plants grown under relative humidity (RH)
condition C (dry). Visualization with principal coordinate analysis of unweighted Unifrac
distances among bacterial communities. Colors indicate the distribution where the bacterial
communities come from: lower and upper half of leaf, and whole leaves from entire plant.
Shapes indicate the lettuce cultivar: green towers (GT), true heart (TH), pool of both (GTTH).

3.4.7 ldentification of plant-associated bacterial genera linked to different levels of relative
humidity during plant growth

To identify specific taxa at the genus-level or ASV-level which can be considered
biomarkers for the contrasting RH conditions during plant growth, linear discrimination effect size
(LEfSe) analysis was performed. This analysis detected taxa with significant differential
abundance among the RH conditions through the Kruskal-Wallis rank test, and then evaluated the

relevance or effect size of those taxa by Linear Discriminant Analysis (LDA) (154). As observed
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in Figure 3.14, more significant genera were differentially abundant under dry condition C, which
enables the discrimination of bacterial communities from plants grown under low RH conditions
causing a higher vapor pressure deficit. Therefore, the increased stress caused by low levels of RH
produced larger shifts in the composition of plant-associated bacterial communities as
demonstrated by the PERMANOVA results of comparisons RH A vs RH B, where the condition
of RH only accounted for 13.5% (F1,75: 11.7, P=0.001) of the total variation, while in comparisons
against the dry condition RH A vs RH C and RH B vs RH C accounted for 23.6% (F1,77: 24.6,
P=0.001) and 23.4% (F1,69: 25.8, P=0.001), respectively.

These bacterial genera identified as biomarkers for levels of relative humidity (RH) during
romaine lettuce growth exhibited two behaviors: 1. The genus was present under all RH conditions
and exhibited a significant gradual differential abundance through the decrease/increase of RH;
and 2. the genus was not present in one RH condition, then appeared and increased its abundance
according to the increase/decrease of RH. The first behavior was exhibited by all biomarkers from
RH condition A, for instance in the case of Pseudonocardia, this genus was part of the microbiome
core of RH condition A exhibiting a high prevalence across plants, but once RH started to decrease
its prevalence and abundance decreased too (Figure 3.15 A). Biomarkers from intermediate
condition B also exhibited this type of behavior of gradual differential abundance, Bacillus is
presented as an example of this condition (Figure 3.15 B). Finally, biomarkers from dry condition
C exhibited both types of behavior, for instance Novosphingobium showed the first described
behavior (Figure 3.15 C), while Dyadobacter exhibited the second type (Figure 3.15 D).

Lastly, we detected taxa that enabled the discrimination of the lower half of leaves from
plants grown under dry condition C (Figure 3.16). Interestingly, these taxa identified as biomarkers
for distribution in leaves, belonged to the same bacterial genera identified as biomarkers for the
low level of RH (condition C). This suggests that the plant responses which were promoted by the
low RH, promoted growth of these new bacterial taxa in the lower half of leaves, which also had
a significantly lower a diversity, as previously described. We hypothesize that the high
transpiration rates observed under this low RH condition promote a rapid root uptake of water and
nutrients (122), which created a rich environment that selects for fast-growing bacterial taxa which
is expected to lower the bacterial diversity (155, 156). Consequently, our biomarkers identified

under condition C comprised genera from classes Bacteroidia and Gammaproteobacteria, which
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are known to be copiotrophic bacteria, as well as genera known as saccharolytic bacteria such as

Saccharibacteria TM7 and Conexibacter.
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Figure 3.14. Genera identified as biomarkers of different levels of relative humidity (RH) during
plant growth: humid (condition A), intermediate (condition B) and dry (condition C). Linear
discrimination analysis (LDA) effect size (LEfSe) for comparisons of RH conditions. The length
of the bar represents the log10 transformed LDA score. The threshold on the LDA score for
discriminative features was set to 4.0, and the taxa with statistically significant change (P < 1E-

08) was selected.
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Figure 3.15. Abundance (log-transformed count) of some genera identified as biomarkers of
different levels of relative humidity (RH) during plant growth. (A) Biomarker of humid
condition A. (B) Biomarker of intermediate condition B. (C-D) Biomarkers of dry condition C.
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Figure 3.16. Bacterial taxa identified as biomarkers of distribution across the leaves of romaine
lettuce plants grown under dry condition C. Linear discrimination analysis (LDA) effect size
(LEfSe) for comparison of distribution on leaf. The length of the bar represents the log10
transformed LDA score. The threshold on the LDA score for discriminative features was set to
4.0, and the taxa with statistically significant change (P < 0.01) was selected.

Overall, we demonstrated that variations only in the level of relative humidity (RH) during
the sowing and growth cycles of romaine lettuce plants can produce significant changes in leaf
properties and traits. These leaf properties significantly varied across the leaf surface under all RH
conditions. However, the distribution of leaf properties might be associated with the diversity and
localization of the resident bacterial communities across the leaves, when the environmental and
culturing conditions produced a heterogeneous stimulus. This heterogeneous stimulus was
achieved under our condition C where the low RH produced significantly higher transpiration rates,
but at the same time our plants were watered in the required amount to be healthy. Therefore, we

observed plant responses that balanced resistance to water loss with the normal function of
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photosynthesis. Our findings provide useful fundamental knowledge of the microbial ecology
happening in romaine lettuce, which can lead to development of crop management strategies to
promote a healthy and protective microbiome. Additionally, the understanding of how
environmental conditions affect our crops and their microbiome is crucial to be prepared for the
effects of climate change. Finally, the identification of bacterial biomarkers for environmental
conditions provides tools for identification of fresh produce grown under environments that for

example might be associated with greater risk of contamination with foodborne human pathogens.

3.5 Supplemental Material

Table S1. Compounds identified and quantified from cuticular waxes were grouped in three
classes: alkanes, fatty acids and primary alcohols.

Class of compound (# carbons) Compound name
Alkane C12 Dodecane, 1-fluoro-
Alkane C12 Dodecane, 4,6-dimethyl-
Alkane C14 Tetradecane
Alkane C15 Pentadecane
Alkane C16 Hexadecane
Alkane C17 Heptadecane
Alkane C19 Nonadecane
Alkane C20 Eicosane
Alkane C21 Heneicosane
Alkane C22 Docosane
Alkane C23 Tricosane
Alkane C24 Tetracosane Standard
Alkane C25 Pentacosane
Alkane C27 Heptacosane
Alkane C29 Nonacosane
Alkane C31 Hentriacontane
Alkane C34 Tetratriacontane
Alkane C35 Pentatriacontene

Fatty Acid C7 Heptanoic acid

Fatty Acid C9 Nonanoic acid

Fatty Acid C12 Dodecanoic acid (lauric acid)
Fatty Acid C14 Tetradecanoic acid (myristic acid)
Fatty Acid C15 Pentadecanoic acid

Fatty Acid C16 Hexadecanoic acid (palmitic acid)
Fatty Acid C18 alpha.-Linolenic acid

Fatty Acid C18 Petroselinic acid
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Table S1 continued

Fatty Acid C18

Octadecanoic acid (stearic acid)

Fatty Acid C22

Docosanoic acid (behenic acid)

Fatty Acid C24

Tetracosanoic acid (lignoceric acid)

Fatty Acid C24

Tetracosenoic acid (nervonic acid)

Fatty Acid C26

Hexacosanoic acid

Primary alcohol C10

1-Decanol, 2-hexyl-

Primary alcohol C12

1-Dodecanol

Primary alcohol C18

1-Octadecanol

Primary alcohol C19

18-Methyl-nonadecanol

Primary alcohol C20 1-Eicosanol
Primary alcohol C22 Docosanol (Behenic alcohol)
Primary alcohol C23 1-Tricosanol

Primary alcohol C24

1-Tetracosanol

Primary alcohol C24

22-Methyltetracosanol

Primary alcohol C25

1-Pentacosanol

Primary alcohol C26

1-Hexacosanol

Primary alcohol C27

Anteiso-heptacosanol

Primary alcohol C28

1-Octacosanol
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CHAPTER 4. GROWTH OF ESCHERICHIA COLI O157:H7 ON
ROMAINE LETTUCE LEAVES IS AFFECTED BY ENVIRONMENTAL
CONDITIONS OF RELATIVE HUMIDITY, LEAF PROPERTIES, AND

COMPOSITION OF NATIVE BACTERIAL COMMUNITIES

4.1 Abstract

The success of a human pathogen such as Escherichia coli O157:H7 to grow and survive as
a plant-associated microbe is modulated by its interaction with the plant host, with the resident
microbial communities and its adaptability to the environmental conditions. We found that
environmental conditions in which romaine lettuce plants are grown, as well as at the time of
inoculation, influence their susceptibility to allow growth of E. coli 0157:H7. Also, we were able
to achieve actual growth of population numbers of the pathogen on intact leaves when a low
inoculum dose and less adverse relative humidity (RH) conditions are provided, demonstrating a
correlation between increase of die-off rates and high inoculum dose. The growth of E. coli
0157:H7 (log change CFU) varied significantly (P<0.05) between upper and lower halves of
lettuce leaves, as well as with leaf wettability defined by contact angle, which might explain the
higher population counts found in the upper area. Relative humidity (RH) was the main factor
modulating the fate of E. coli O157:H7 and the composition of resident bacterial communities on
romaine lettuce. Microbacterium and one unclassified genus from the Rhizobiaceae family were
found as biomarkers of bacterial communities where E. coli O157:H7 reached higher and lower
population counts, respectively. Overall, high relative humidity levels, low inoculum of E. coli
0157:H7 and localization on the upper halves of the leaves are demonstrated to promote higher
growth of this human pathogen on romaine lettuce. Based on these results, evaluation of best
strategies for crop management such as avoidance of sprinkler irrigation are encouraged, as well
as the use of resident bacterial communities as potential biomarkers for E. coli O157:H7

contamination.

4.2 Importance

Infections with the human pathogen Escherichia coli O157:H7 cause 73,000 illnesses, 2,200
hospitalizations and 60 deaths annually in the United States. The annual economic cost of this
foodborne disease is around $405 million dollars including deaths, medical care and lost
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productivity (157). Efforts to understand what factors might influence the colonization, growth
and persistence of this human pathogen on edible plants are warranted. For those reasons, we
evaluated the growth of E. coli O157:H7 on romaine lettuce leaves under different environmental
conditions of relative humidity (RH). This study demonstrates how the growth of E. coli O157:H7
is affected by RH, how it was different across location areas of the same lettuce leaf according to
the distribution of leaf properties, and how contrasting high and low growth of the pathogen lead

to specific changes in the composition of native bacterial communities.

4.3 Materials and Methods
4.3.1 Bacterial strain and culture conditions

The strain Escherichia coli O157:H7 B6-914, which does not produce Shiga-like toxins
Stx1 and Stx2, was used for laboratory safety advantages (87). To track the inoculated pathogen
in lettuce plants, this strain was transformed with the plasmid pGFP (cDNA vector, Clontech,
Mountain View, CA, USA) to express green fluorescent protein (GFP) and an ampicillin resistance
gene for selection (88). The presence of GFP in E. coli O157:H7 had no effect on its behavior
when compared with the parent strain (89) and the lack of toxin genes had no influence on the
bacterial growth (90).

Inoculum was prepared by streaking frozen GFP-labeled E. coli O157:H7 onto Luria
Bertani (LB) agar supplemented with 100 pg/ml of ampicillin (LBA-Amp) and incubating at 37°C
for 24 h. An individual colony was transferred to one milliliter of LB broth with 100 pg/ml
ampicillin (LB-Amp) and incubated at the lower temperature of 30°C to acclimatize the bacterial
strain for subsequent plant inoculations. Incubation of this liquid culture was carried out for 7 h in
constant agitation (250 rpm) to the early stationary phase of growth, when optical density at 600
nm (ODs0o) was around 1.5. For accurate quantification of E. coli O157:H7 inoculum, this liquid
culture was serially 10-fold diluted in phosphate buffer (PB) 0.1M pH 7.0 and plated onto LBA-
Amp. Plate count was performed after 16 h of incubation at 37°C, while the liquid culture was
stored at 4°C. Based on this first quantification of viable culturable cells, our liquid cultures ranged
between 1.0 — 9.9 x 108 CFU/ml, then dilutions were freshly prepared in PB 0.1M pH 7.0 to yield
10%and 10% CFU in 50 pl. These inoculum doses were plated onto LBA-Amp right before being
used to inoculate lettuce plants, so the exact number of CFU placed onto lettuce leaves was known.
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4.3.2 Romaine Lettuce Source

Two cultivars of romaine lettuce were used, Green Tower (GT) and True Heart (TH). Seeds
for these cultivars were purchased from Urban Farmer (Westfield, IN, US) and Synergene Seed &
Technology, Inc. (Salinas, CA, US), respectively. The seeds were sown in trays using a soil mix
prepared in a 2:1 ratio by volume of PRO-MIX FLX growing medium (Premier Tech Horticulture,
PA, USA) and field soil (sandy loam collected from the top 10 cm of a conventional agricultural
field in Indiana). Three weeks after germination, seedlings were transplanted into pots (15.5 cm x
17.8 cm) containing the same soil mix with 2 grams of fertilizer (Osmocote® Smart-Release®).
Plants were grown and tested between 6-8 weeks after sowing the seeds, using always the fully
developed first and second emerged leaves. Plants were not subjected to water deprivation; they
were watered with the frequency required to avoid the soil mix becoming dry under each
environmental condition. Water was added directly on top of the soil avoiding its accumulation in
the tray placed under the pots. For every environmental condition, two batches of growth (seeds
of both cultivars were sown at two different dates) were performed to carried out all the

experimental evaluations.

4.3.3 Growth chamber conditions for cultivation of romaine lettuce and inoculation of E.
coli O157:H7

Seed germination, plant growth and plant inoculations were performed in an environmental
growth chamber Percival AR-75L which was programmed for a 16-h light cycle (130 pmol m?s-
1) and 8-h dark cycle at constant temperature of 24°C (SD= 1°C). Three different conditions of
relative humidity (RH) were evaluated: A. 83% (SD= 7.0), B. 62% (SD=9.0), C. 43% (SD=7.4).
Conditions A and B were achieved through the growth chamber performance, while condition C
required the introduction of an external dehumidifier. Environmental conditions were recorded
with a HOBO MX2301 Temp/RH data logger (Figure 4.1, Table 4.1).
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Figure 4.1. Relative humidity conditions in growth chamber used for seed germination, plant
growth and experimental studies.

Table 4.1. Environmental data recorded with a HOBO MX2301 Temp/RH data logger from the
growth chamber conditions A, B and C.

Relative humidity (%) Temperature (°C)

Max Min Median Mean Max Min Median Mean

> Condition
Planting
date
Inoculation
date

11/01/19 12/14/19 969 510 811 83.0 264 215 240 242

11/27/19  01/21/20

12/04/19  01/26/20

12/22/19  02/05/20

B 02/26/20 04/09/20 915 321 622 616 260 206 238 238
03/02/20  04/17/20

C 05/26/20 07/08/20 71.7 30.2 419 431 26.0 188 237 236

06/08/20  07/21/20

4.3.4 Greenhouse Conditions for Cultivation of Romaine Lettuce

For a subset of lettuce plants, their seed germination and plant growth were performed
under greenhouse conditions, but their inoculations with E. coli O157:H7 were carried out under
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previously described Condition A in growth chamber. Greenhouse facilities allowed light-
controlled conditions operated on a daily cycle of 16 h of light and 8 h of darkness, with
temperature-controlled conditions set to 22-24°C. Relative humidity cannot be controlled, and RH
measurements ranged between 20% to 50%. When plants reached the time of growth, they were

transferred to the growth chamber for inoculation after a 24 h period of acclimatization.

4.3.5 Inoculation of E. coli O157:H7 on Romaine Lettuce Leaves

For romaine lettuce grown in growth chamber, 24 plants (6 GT and 6 TH from each batch
of growth) were inoculated using two different inoculum doses (10% and 10% CFU of E. coli
0157:H7), and two times of incubation (16 hours and 112 hours). Two leaves per plant were
divided into 12 testing areas (Figure 4.2) using petroleum jelly for delimitation, then each area was
drop-inoculated with 50 pl of PB 0.1M pH 7.0 containing the corresponding inoculum dose. The
bacterial suspension was dispensed with a pipette and sterile tip by randomly dispersing droplets
inside each area. Inoculations were performed at 6:00pm, so inoculum tested after 16 hours was

exposed to 4 hours of light, followed by 8 hours of dark, and then 4 hours of light again.

Figure 4.2. Twelve testing areas used as sampling unit for contact angle, stomatal density and
stomatal traits measurements.
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4.3.6 Sample processing for plate counts of E. coli O157:H7 CFU

Half of the inoculated leaves were harvested 16 hours after inoculation and the rest of the
leaves after 112 hours. To avoid disruption of the E. coli O157:H7 cells on the leaf surface,
harvested leaves were placed onto a flat surface, testing areas were immediately excised using a
razor blade and transferred separately to a sterile 50-ml conical tube. Afterwards, 30 ml of PB
0.1M pH 7.0 were added and samples were sonicated for 14 minutes using a Branson 5800
ultrasonic cleaner water bath (Branson Ultrasonics Corporation, Danbury, CT). Dilutions from
wash buffer were prepared and plated onto LBA-Amp. After an incubation at 37°C for 24 h, the
plate counts were recorded to calculate the growth of E. coli O157:H7. The remaining wash buffer

was stored at -80 °C until DNA extraction.

4.3.7 Statistical Analysis of E. Coli O157:H7 Growth

E. coli O157:H7 populations obtained from plate counts were log transformed and
expressed as log CFU, or as growth change (log CFU) calculated as the logarithmic change
between the number of CFU inoculated and the number of CFU after the time of inoculation on
lettuce leaves. Analysis of variance (ANOVA) followed by Tukey’s multiple comparison test were
conducted to test differences of bacterial growth among the environmental conditions and the leaf
testing areas. Zones of the leaves exhibiting outlier E. coli O157:H7 growth (very high or very
low) were defined as testing areas with growth change (log CFU) values with a distance greater

than one standard deviation from the mean.

4.3.8 Counts of Culturable Native Bacteria Across the Leaf

First or second emerged leaves from romaine lettuce plants between 6-8 weeks old were
used to enumerate the culturable bacterial populations across the leaves. Each leaf was divided
into 12 testing areas (Figure 4.2), all the leaf tissue was collected avoiding the central vein. Testing
areas were excised using a razor blade and transferred separately to a sterile 50-ml conical tube.
Afterwards, 30 ml of PB 0.1M pH 7.0 were added and samples were sonicated for 14 minutes
using a Branson 5800 ultrasonic cleaner water bath (Branson Ultrasonics Corporation, Danbury,
CT). Then, 100 pl were spread onto Plate Count Agar (PCA) plates, which were incubated at 30°C
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for 72 hours (111). After the time of incubation, colonies were counted, and the total bacterial

populations expressed as log CFU.

4.3.9 Contact Angle Hysteresis Measurements

One of the first or second emerged leaves (6-8 weeks-old) was harvested per plant to
analyze the interaction of water with the leaf adaxial surface. Three GT and three TH lettuce plants
were analyzed from each batch of growth, for a total of 12 leaves per environmental condition. To
study the differences of surface hydrophobicity across the romaine lettuce leaf, every leaf was
divided into 12 testing areas (Figure 4.2). Squared pieces of tissue of less than 10 mm were excised
from each testing area using a razor blade. These pieces were then taped (Scotch double sided tape)
to a smooth microscope glass slide to expose the adaxial leaf surface. The water contact angle
measurement was conducted by a Ramé-Hart goniometer (model 500) connected to an automated
dispensing system (model 100-22, Ramé-Hart, Netcong, NJ), using the needle-in-the-sessile-drop
method (112). A drop of 5 ul of deionized water was dispensed at the center of the leaf piece, then
0.25 pl were pumped into the drop every two seconds until the Advancing Contact Angle (ACA)
is reached. Afterwards, 0.25 pl were pumped out until the Receding Contact Angle is reached
(RCA). The contact angle hysteresis is calculated from the difference of ACA and RCA.

4.3.10 Quantification of Cuticular Waxes

The same leaves from the contact angle measurements were used to perform cuticular wax
extraction and quantification. Each leaf was divided in two samples: upper half (testing areas A to
F) and lower half (testing areas G to L) and processed separately. Wax extraction was performed
by further cutting down each half and soaking in 20ml of Hexane solution for 1 min. The leaf
tissues were removed and around 17ml £ 1 mL of clear hexane with wax content was then
separated into new tubes, 100 uL of n-tetracosane (1 mg/ml) was added as internal standard (ISTD)
and the extracts were subsequently evaporated under a gentle stream of nitrogen. Derivatization of
the waxes was performed as described previously (113). Briefly, the wax residues were re-
dissolved in a mixture of 50 pL of pyridine and 100 pL of bis-N, N- (trimethylsilyl)
trifluoroacetamide containing 10% trimethylchlorosilane (TMCS; Sigma-Aldrich, St. Louis, MO)
and heated at 75°C for 75 min. 1 pL of each sample was injected on to Agilent 7890B GC system
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equipped with Agilent 7693 autosampler coupled to the Agilent 5977B MSD mass spectrometer.
The Agilent DB-5MS capillary column (30 m x 0.25 mm; film thickness 0.25 um) was used for
the separation of waxes. The GC oven temperature program started from an initial temperature of
80°C (3 min hold) and ramped at 6°C min-1 up to 300°C with 3 min hold, the total run time was
42.6 min. Helium was used as the carrier gas at the flow of 1ml/min, the GC inlet and MS auxiliary
temperatures were set at 220°C and 230°C respectively. The MS data were acquired within the
range of 50-500 daltons.

Compound identification was performed using Agilent MassHunter Qualitative Analysis
B.07.00 software, and NIST14 database by applying score threshold of >80% similarity against
the NIST library spectra. The linear retention index calculations were performed by analyzing C8-
C40 alkanes and retention indices were assigned to each compound. Quantification of each wax
compound was performed as previously described (114). Briefly, the ratio between each peak area
and the peak area of the ISTD was calculated, then each ratio was normalized by the total amount

of ISTD (100ug) and by the weight (g) of the leaf pieces of each sample.

4.3.11 Stomatal density measurements

Seven week-old lettuce plants from both cultivars were used to characterize the stomatal
density of plants grown under each environmental condition. One of the first fully expanded leaves
was harvested per plant and the stomatal density was recorded on the adaxial surface across the
twelve testing areas of the entire leaf (Figure 3.2). Leaf pieces of 10 x 10 mm were excised to be
imaged with confocal laser scanning microscopy (CLSM) using a Zeiss LSM 880 Upright
Confocal (Carl Zeiss, Jena, Germany). To alleviate the uneven topography of lettuce leaves, the
leaf pieces were enclosed with CoverWell Imaging Chamber Gaskets (20-mm diameter, 0.5-mm
deep, ThermoFisher Scientific). Confocal z-stack images were captured using Plan-Apochromat
20x/0.8 objective, chlorophyll autofluorescence with 633nm laser and transmitted light images
with differential interference contrast (DIC).

Images were analyzed using ImageJ software (https://imagej.nih.gov/ij/). Stomatal density
was evaluated by recording the number of stomata in four randomly chosen fields of view (FOV,

20x objective) from each testing area across the leaf.
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4.3.12 Characterization of Native Bacterial Communities from Leaf Areas with Outlier E.
coli O157:H7 Growth

Frozen wash buffer from leaf testing areas identified as outliers were used for DNA
extraction. The leaf wash was thawed and filtered twice using 0.2 and 0.1 um polyethersulfone
(PES) filter membranes (Membrane solutions, WA, USA) to collect the bacterial cells. Filters were
placed in sterile Eppendorf tubes and stored at -80°C until DNA extraction.

For the amplicon sequencing analysis, leaf testing areas identified as outliers with high or
low E. coli O157:H7 growth under the same conditions of lettuce cultivar, RH, inoculum dose and
time of incubation were pooled together to be sequenced. A total of 32 samples (16 from Condition
A, 8 from Condition B, and 8 from Condition C) were processed. Additionally, three samples of
non-inoculated plants grown under conditions A, B and C, also the strain of E. coli O157:H7 used
for inoculations, and controls for the identification of contaminant reads from the DNA extraction
process with buffer extraction controls (BEC) and from the amplification method with non-
template controls (NTC) were included. Finally, to perform quality control of our entire
methodology from sample processing, DNA extraction, 16S rRNA amplification, MiSeq
sequencing and bioinformatics processing, one mock microbial community standard (D6300) and
one mock microbial community DNA standard (D6305) were included (Zymo Research, Irvine,
CA, USA).

4.3.13 DNA Extraction and Library Preparation

Frozen filter membranes were minced under liquid nitrogen in the same Eppendorf tubes
using disposable pellet pestles (Fisherbrand, CA, USA). The minced filters were placed directly
into the PowerBead Pro tubes of the DNeasy® PowerSoil® Pro DNA extraction Kit (Qiagen, MD,
USA). DNA extraction was performed following the manufacturer’s instructions, a 1600 MiniG®
Automated Cell Lyser (SPEX Sample Prep, NJ, USA) was used to homogenize samples
thoroughly by performing three repetitions of cycles of three minutes at 1500rpm and pausing one
minute. Library preparation was carried out using the Illumina 16S Metagenomic Sequencing
Library protocol with some modifications. A dual indexing protocol with a two-step PCR was
performed to amplify the V5 through V6 region of the bacterial 16S rRNA gene and to add dual
TruSeq indices. Primer for 16S sequences (underlined portion) with TruSeq adaptor tails are
shown: primer 799F (5 ACACTCTTTCCCTACACGACGCTCTTCCGATCT
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AACMGGATTAGATACCCKG 3’) was chosen to exclude chloroplast amplification (91, 92), and
primer 1114R (5 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
GGGTTGCGCTCGTTGC 3°) includes three mismatches with plant mitochondrial DNA (117).
The primary amplification of the 16S region was performed in 25-pl PCR reactions with
3.0 ul of genomic DNA (~ 10ng), 1X of 5X KAPA HiFi Buffer, 0.3 mM of dNTPS, 0.5 U of
KAPA HiFi polymerase (KAPA Biosystems, Woburn, MA) and 0.2 uM of each primer
799F/1114R. Cycling conditions were as follows: 95°C for 5 min, followed by 30 cycles of 98°C
for 20 s, 55°C for 30 s, and 72°C for 45 s, with a final extension of 72°C for 5 min. The
approximately 415-bp PCR products were purified using Agencourt AMPure XP (Beckman

Coulter, Inc., CA, USA) at a ratio of 0.7x to remove any product shorter than 200-bp.

The secondary amplification to add TruSeq dual indices and sequencing adaptors was
performed in 25-pul PCR reactions with 3.0 pl of purified first PCR product, 1X of 5X KAPA HiFi
Buffer, 0.3 mM of dNTPS, 0.5 U of KAPA HiFi polymerase (KAPA Biosystems, Woburn, MA)
and 0.3 uM of each primer i5 and i7. Cycling conditions were as follows: 95°C for 5 min, followed
by 10 cycles of 98°C for 20 s, 55°C for 30 s, and 72°C for 45 s, with a final extension of 72°C for
5 min. These second PCR products were also purified as described above.

Each sample was amplified three times and every replicate was prepared as a separate
library to be sequenced. All 108 libraries were quantified through gPCR assays using primer 1.1
(CX AATGATACGGCGACCACCGAGAT 3’) and primer 2.1 5’
CAAGCAGAAGACGGCATACGA 3’), which is the method reported with more accurate
prediction of sequencing coverage (118). A 10,000-fold dilution of the purified second PCR
products was prepared with 10 mM Tris-HCI pH 8.0 to achieve concentrations inside the limits of
the standard curve built with the KAPA Library Quantification DNA Standards 1 — 6 (KAPA
Biosystems, Woburn, MA). Quantification was performed in 10-pl qPCR reactions with 5 ul of
PowerUp™ SYBR™ Green Master Mix 2X, 2 pl of diluted second PCR products, and 0.2 uM of
each primer 1.1/2.1. Cycling conditions were as follows: 50°C for 2 min, 95°C for 2 min, followed
by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 45 s. All libraries were multiplexed into
a single pool in molar equivalent concentrations. The pool was sequenced and demultiplexed at

Genewiz (South Plainfield, NJ, USA) using Illumina MiSeq paired-end 250-bp sequencing.
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4.3.14 Sequence data processing and analysis

Data processing and analysis was performed using packages in R (v 3.6.1) and
Bioconductor (v 3.10). Reads were processed through a customized DADAZ2 (v 1.14.1) pipeline
(95) for trimming the primer sequences, filtering based on read quality, calculating error rates,
inferring amplicon sequence variants (ASVSs) instead of using OTUs (119), merging paired-end
reads, removing chimeras and assigning taxonomy with the SILVA reference database (v 138)
(120). Contaminant sequences which were present in the buffer extraction controls (BEC) and non-
template controls (NTC) were removed with the decontam package (120). Also, reads with
unclassified Phylum or identified as Chloroplast or Mitochondria were filtered out, as well as reads
from the inoculated E. coli O157:H7 strain. The a-diversity indices (richness and Shannon) were
performed with Phyloseq (v 1.32.0) package after 100 subsampling iterations to the smallest
library size and averaging the results (96). The B-diversity unconstrained analysis was performed
on weighted Unifrac distances applied to reads proportionally scaled to 1,000-bp (code adapted
from tutorial: http://deneflab.github.io/MicrobeMiseq) and were then visualized using PCoA.
Experimental conditions were compared by analysis of variance using a permutation test with
pseudoF ratios with the adonis() function (R vegan package). Normalization and differential
abundance analysis were performed on unrarefied ASV table using DESeq2 (v 1.28.1) (121), only
significant taxa (P<0.05 after multiple-hypothesis testing) were reported. Plots were generated
with the ggplot2 (v 3.3.2) package and minor aesthetic details were arranged in Inkscape (v 0.92.4).

4.4 Results and Discussion

4.4.1 Comparison of growth of E. coli O157:H7 on leaves of romaine lettuce plants grown
in greenhouse and growth chamber conditions

For this experiment, all inoculations of E. coli O157:H7 were performed under humid
growth chamber conditions (Condition A) to provide the most optimal environment for bacterial
growth and evaluate the effect of the environmental conditions in which the lettuce plants were
grown. Plants grown in greenhouse conditions (Temp: 22-24°C, RH: 20-50%) were transferred to
growth chamber condition A and allowed an acclimatization period of 24 hours before performing
the inoculations. Eighteen inoculations were carried out using greenhouse-grown plants and
twenty-four inoculations using growth chamber condition A-grown plants. As observed in Figure

4.3, romaine lettuce plants grown in greenhouse did not support growth of E. coli O157:H7; even
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though they were inoculated under humid conditions, all inoculations resulted in the decline of the
bacterial pathogen’s population as follows: Growth change mean + SD 16h: -1.16 + 0.62 logCFU,
24h: -1.67 £ 0.57 logCFU, 48h: -1.49 £ 0.71 logCFU. On the other hand, plants whose entire
growth cycle happened under humid conditions were more susceptible to growth of E. coli
0157:H7. Although some inoculations also resulted in decline, the average growth showed that
the pathogen populations were doubling in number as follows: Growth change mean + SD 16h:
0.25 £ 0.59 logCFU, 24h: 0.30 £ 0.36 logCFU, 48h: 0.28 £ 0.36 logCFU.

This finding suggests that growth conditions prior to the time of inoculation can influence
the growth and survival of E. coli O157:H7 on romaine lettuce, in addition to the environmental
conditions present at the time of inoculation as previously demonstrated in a field study conducted
in the Salinas Valley, CA. Those field trials were inoculated with a high inoculum dose (7 log
CFU/plant) and no growth of E. coli O157:H7 was observed, however they found significantly
lower declines of the pathogen’s population when inoculations happened at night when relative
humidity and leaf wetness were higher compared with when inoculations happened in the morning
(108). Our results highlight that the environmental conditions in which the romaine lettuce plants
are grown can also influence their susceptibility to allow growth of E. coli O157:H7. For that
reason, our next experiments evaluated the growth and survival of this pathogen on plants grown

and inoculated under different RH conditions.
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Figure 4.3. Comparison of Escherichia coli O157:H7 growth change after 16, 24 and 48 hours of
inoculation with 10* CFU. Leaves of romaine lettuce plants were inoculated under humid growth
chamber condition A using plants grown in greenhouse and plants grown in growth chamber
condition A. Different letters within each time after inoculation indicate significant difference (P
< 0.05).

4.4.2 Growth and survival of E. coli O157:H7 on leaves of romaine lettuce plants grown
under different relative humidity conditions

Romaine lettuce plants were germinated from seed, grown until they were 6-8 weeks old
and drop-inoculated with E. coli O157:H7 under the same relative humidity condition in growth
chamber. Three RH conditions, A (high), B (intermediate) and C (low), were used to evaluate the
fate of the human pathogen on lettuce leaves. Plants grown and inoculated under humid condition
A exhibited growth of E. coli O157:H7 on their leaves, low inoculum of this pathogen was able to
increase its population in average of 0.80 log CFU at 16 hours and 0.41 log CFU at 112 hours. On
the other hand, 16 hours after infection with low inocula, intermediate RH condition B only
allowed the preservation of the same inoculated population number with no significant growth,
while low RH condition C caused a decline in average of 1.13 log CFU (Table 4.2). Additionally,
under circumstances where E. coli O157:H7 exhibited decline in its population such as 112 hours
or high inoculum, its survival was always greater in the humid condition A (Figure 4.4). It is also

noticeable that at 16 hours, intermediate condition B and low condition C showed significantly
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different E. coli O157:H7 log CFU, demonstrating a faster decrease rate at the lowest RH. However,

at 112 hours this rate becomes equivalent resulting in similar remaining log CFU (Table 4.2).

Table 4.2. Escherichia coli O157:H7 populations (log CFU) after inoculation on leaves of
romaine lettuce plants germinated, grown and inoculated under high RH (condition A),
intermediate RH (condition B) and low RH (condition C)

RH condition- Low inoculum High inoculum

Time after E. coli O157:H7 E. coli O157:H7

inoculation (log CFU)? p-value N (log CFU)? p-value
A-0h 48 3.28+0.13 48 6.25+0.11
B- Oh 48 3.08+0.04 NAP 48 6.08+0.04 NAP
C- Oh 36 3.20+0.06 36 6.20+0.06
A-16h 96  4.06 = 0.65 (A) 144 6.36+0.72 (A)
B- 16h 144 3.14+0.81 (B) <0.0001 144 5.56+0.90 (B) <0.0001
C- 16h 144 2.08+0.64 (C) 144 478+ 1.24(C)
A-112h 120  3.65+1.03 (A) 144 4.86+1.23 (A)
B- 112h 144 1.82+0.43 (B) <0.0001 144 2.81+0.91(B) <0.0001
C-112h 144 1.72+0.14 (B) 144 2.56 +0.79 (B)

2 Values are means * standard deviations of log(CFU). Values within same time after inoculation followed by a
different letter are significantly different (P < 0.05). ® Not applicable.

Survival in the phyllosphere is highly influenced by the surrounding environmental
conditions since this is an exposed habitat. Seasonal differences have been observed in the fate of
E. coli O157:H7 on field-grown lettuce, counts of this pathogen were higher in fall than in spring
when irrigated with contaminated water containing 10’ CFU (158). The same phenomenon was
observed when leafy greens in the mid-atlantic region of US were surveyed for the presence of
Salmonella enterica, there was a higher recovery of this pathogen in fall than in spring (159).
Those research results added to the fact that 74% of the E. coli O157:H7 outbreaks linked to lettuce
consumption have occurred during summer and early fall seasons (21), highlight the important

role of the environmental conditions on modulating the growth of E. coli O157:H7 on plants.
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Figure 4.4 Growth and survival of Escherichia coli O157:H7 populations after drop-inoculation
of low inoculum dose (A) and high inoculum dose (B). Inoculations were performed on leaves of
romaine lettuce plants germinated, grown and inoculated under high RH (condition A, yellow
line), intermediate RH (condition B, blue line) and low RH (condition C, green line). Each time
point represents the mean E. coli 0157:H7 log CFU with SE bars.
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Under field conditions many environmental factors are playing a role at the same time,
such as temperature, relative humidity, wind speed, rainfall, solar radiation, among others.
Additionally, these factors are constantly fluctuating which makes it difficult to determine the
effect of each factor on the growth and survival of E. coli O157:H7 on lettuce leaves. For that
reason, although experiments under controlled environmental conditions might not entirely
represent what is happening in the field, they are very useful to study each factor individually. This
type of research leads to an understanding of which environmental factors have a stronger effect
on the plant, on the pathogen and on the native microbial communities which are the main living
components of this food safety issue. Our results indicate that with a constant temperature and
light intensity, the growth and survival of E. coli O157:H7 on lettuce leaves is highly affected by
the relative humidity in which the lettuce plants are grown and inoculated.

The greatest contrast of E. coli O157:H7 populations on lettuce leaves in our study was
observed at 16 hours when actual growth was happening at the more humid condition A, while a
die-off rate of more than 1 log CFU was happening at the driest condition C. This research
demonstrates that growth of this pathogen on intact leaves of romaine lettuce plants is possible
when a low inoculum dose and less adverse relative humidity conditions are provided.
Additionally, 100% and 77.8% of E. coli 0157:H7 log CFU (when low and high inoculum doses
were used, respectively) survived after 112 hours of inoculation in humid condition A, while only
around 45% of E. coli O157:H7 log CFU survived at this time in intermediate and dry conditions
(B and C). Similar results have been reported for survival of Salmonella enterica subsp. enterica
when iceberg lettuce plants were inoculated under humid conditions (85-90% RH) compared with
dry conditions (45-48% RH); however, this study did not find the same significant difference for
E. coli O157:H7, maybe because their plants were only inoculated and not grown under these
contrasting conditions (160).

Most of the studies on field-grown lettuce plants did not achieve growth of E. coli 0157:H7
on their leaves, instead die-off rates ranging between 0.4 to 1.64 log MPN per day have been
reported (101). Moyne et al. also obtained a reduction by 3 to 4 log CFU/leaf after one day of
performing inoculations in growth chamber under harsh environmental conditions such as low RH
of 30% and moderate temperature of 22°C (98). Our study complements these previous efforts that
low RH does not support growth of E. coli O157:H7 on lettuce leaves, but also demonstrates how

the same lettuce cultivars, grown under the same temperature regime might become susceptible
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and support increases in the pathogen population when only the relative humidity condition is
modified. Clearly, water activity of substrates is critical for growth and survival of bacterial
pathogens. Previous reports show that the required values for S. aureus, L. monocytogenes, B.
cereus, E. coli O157:H7, and Salmonella Typhimurium are 0.86, 0.92, 0.93, 0.95, and 0.95,
respectively (161).

4.4.3 Effect of inoculum level on growth and survival of E. coli O157:H7 on leaves of
romaine lettuce plants

Two inoculum levels of E. coli O157:H7 were used for the drop-inoculations of testing
areas of romaine lettuce leaves: low level (ca. 3 log CFU) and high level (ca. 6 log CFU). As
observed in Figure 4.5, the inoculum level applied to plants caused a significant difference in the
growth or die-off rates of E. coli O157:H7. Lettuce plants inoculated with a low level of pathogen
CFU exhibited a higher growth change leading to increase of populations at 16 hours in both
environmental conditions A and B (0.80 + 0.59 and 0.06 £ 0.81, respectively [mean log CFU +
SD]). On the other hand, high inoculum level caused a decline of the populations at 16 and 112
hours under all environmental conditions (16h-B: -0.52 £ 0.90, 16h-C: -1.42 + 1.24, 112h-A: -1.37
+ 1.23, 112h-B: -3.27 £ 0.90 , 112h-C: -3.64 + 0.80). The only exception was at 16 hours under
humid condition A where a small increase in population was observed 0.12 + 0.73, which was still
significantly lower than the increase observed (0.80 + 0.59 log CFU) when a low inoculum level

was applied under the same conditions.
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Figure 4.5. Growth and die-off rates of Escherichia coli 0157:H7 when was inoculated using
low level (ca. 3 log CFU) and high level (ca. 6 log CFU) of inoculum. Growth changes were
calculated 16 and 112 hours after inoculation, under relative humidity conditions A, B and C.
Within each time after inoculation, significant differences caused by inoculum level are *<0.05,
****<0.0001.

Although only low inoculum levels of E. coli O157:H7 were able to grow and increase
their populations on lettuce leaves, the risk of foodborne disease determined by the number of
CFU is significant for both levels of inoculum. After 16 and 112 hours post inoculation, both
inoculum levels allowed the survival of more than 10 CFU (Figure 4.6), which has been defined
as the infectious dose of this pathogen in humans (162). Moreover, a higher percent (53-59%) of
E. coli O157:H7 log CFU were recovered after 112 hours when low inoculum levels were used,
compared with only 41-46% when high inoculum levels were used. Despite that higher survival
rate for low inoculum levels, their total number of CFU at 112 hours is getting very low (1.82 and
1.72 log CFU) under intermediate condition B and dry condition C, respectively. This finding
suggests that times after 112 hours should be tested to determine if even though low inoculum
doses exhibit higher growth rates, they also persist for shorter time periods on lettuce plants when

compared with high inoculum doses.
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Correlation of die-off rates increasing when inoculum dose is higher was also reported by
McKellar et al. (163), who performed data analysis and modeling using several data sets from
different studies of survival of E. coli 0157:H7 in field lettuce (102, 103, 164). This phenomenon
could also explain why all studies performed under field conditions only found a decline of the
pathogen’s population. This type of study usually employs irrigation as contamination method,
therefore high inoculum doses are used to spread enough bacteria on plants and later be able to
detect them as high volumes of buffer are needed to prepare samples from entire plants. In contrast,
our research study employed a more localized approach using testing areas across lettuce leaves,
in that way we were able to evaluate very low inoculum doses which are more likely to occur in
natural events of contamination (101). Therefore, comparing our results with previous reports,
studies using high inoculum doses might be overestimating the die-off rates of E. coli O157:H7
on lettuce plants, and overlooking the fact that this pathogen can grow and increase its population
when conducive environmental conditions are present. Also, the use of high inoculum doses might
be overestimating the time that this pathogen can persist on lettuce plants, since high numbers of
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E. coli O157:H7 cells, although are not increasing in number, may take more time to be completely

undetectable compared with low numbers of cells.

4.4.4 Comparison of growth of E. coli O157:H7 across the leaf area of romaine lettuce
plants

The inoculation approach applied in this study allowed us to compare the growth of E. coli
0157:H7 on twelve different testing areas (Figure 4.2) across each lettuce leaf. Comparisons of
the growth and die-off rates were performed using different arrangements across the leaf surface.
Growth and die-off rates were compared between three vertical zones (right, middle and left areas),
four horizontal zones (by grouping testing areas as follows: [A, B, C], [D, E, F], [G, H, 1], [J, K,
L]), as well as the upper and lower halves of the leaf (by grouping testing areas as follows: upper
[A-F] and lower [G-L]). Significant differences in the fate of E. coli 0157:H7 were found between
the upper and the lower halves of the leaves. This was observed under conditions where the
pathogen’s population was increasing or declining less than 2.0 log CFU, such as Condition A at
16 and 112 hours, and 16 hours of Condition B and C (Figure 4.7). On the other hand, after 112
hours under conditions B and C, when the E. coli O157:H7 population was very reduced with a
decrease higher than 2.0 log CFU, the significant difference between the leaf horizontal halves
was lost. This finding suggests that some leaf surface properties could be differentially developed
between upper and lower halves and might affect the successful growth and initial decline of E.

coli O157:H7 populations.
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Figure 4.7. Comparison of growth and decline of Escherichia coli O157:H7 populations across
the lettuce leaf surface of upper and lower halves of leaves. Growth changes were calculated 16
and 112 hours after inoculation, under relative humidity conditions A, B and C. Within each time
after inoculation, significant differences caused by horizontal half are *<0.05. Mean with error
bars corresponding to 1 SD.

In previous studies, exposed bacterial populations on outer leaves were demonstrated to
decline more rapidly than protected populations on inner or shaded leaves (54, 103). However, this
is countered by the fact that outer leaves get higher contamination when plants are exposed to
contaminated sources such as irrigation water (158, 165). Previous observations of higher
susceptibility of exposed populations to decline was not found in this study; on the contrary, the
most exposed area of the leaves (upper half) exhibited higher E. coli O157:H7 growth and lower
initial decline of its population. Few studies have approached the relationship between the leaf
area localization and the growth of foodborne bacterial pathogens. For Salmonella typhimurium
maximal attachment was observed on surfaces localized near the petiole. The leaf topography
examined by scanning electron microscopy (SEM) was found to be most complex near the petiole
(141). However, our sample preparation method involved sonication to also release attached
bacterial cells. Additionally, in this study inoculation with Salmonella was performed by dipping
cut leaf pieces from lettuce heads bought from grocery stores into the bacterial inoculum, these

post-harvest conditions are not comparable with our pre-harvest conditions and drop-inoculations.
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Therefore, other factors such as chemical constituents, trichome or stomata density, thickness of
the leaf, nutrient level or enhanced wettability should be analyzed to identify those differences in
pre-harvest contamination with E. coli O157:H7 between upper and lower halves of the lettuce
leaves.

To evaluate some of those differences between upper and lower half of the leaves,
measurements of culturable bacterial populations, contact angle hysteresis, cuticular wax content,
and stomatal density were determined from plants grown under relative humidity conditions A, B
and C. As observed in Table 4.3, E. coli O157:H7 populations after 16 hours of inoculation were
significantly different between upper and lower halves of the leaves in all RH conditions. As
previously mentioned, the localization of the pathogen on the leaf surface seems to play a
protective role by slowing down the start of the population’s decline. To determine if the
localization on the leaf also affected the resident culturable bacteria, total plate counts were
performed, and no significant difference was found between upper and lower halves of the leaves
of plants grown under the same RH condition. However, it is noticeable how only the resident
bacterial populations of the lower half of the leaves were significantly affected by the RH condition,
exhibiting an increase in their numbers when RH decreased, while the counts of resident bacteria
of the upper half did not. This finding suggests that the resident bacteria might find an alleviation
from the harsh environmental conditions in the lower leaf area, which promotes a higher growth;
while the resident bacteria still present in the upper leaf area might be striving to survive so their
population size remains invariant.

The effect of the lower RH is evidenced by the significant difference in the wettability of
the leaf surfaces between the humid condition A and the dryer conditions B and C. The larger the
contact angle hysteresis value, the more the leaf surface tends to repel water, which means that it
is becoming more hydrophobic. The upper half area of the leaves always exhibited larger contact
angle hysteresis values than the lower half area under all RH conditions where the plants were
grown. This significant difference denotes the higher exposure to environmental conditions that
the upper half of lettuce leaves have. Although this effect is also observed in leaves of plants grown
under humid condition A, both the upper and lower half areas presented contact angles
significantly lower than those from plants grown under dryer conditions B and C. Reduction of
leaf contact angle values under humid conditions has been reported, for instance a study of 68

plant species among trees, shrubs and herbs showed this kind of surface wettability increase from
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the dry period (May to June) to the rainy period (July to August) in China (166). Leaves of plants
growing in dry, open or alpine habitats exhibited more water repellency than those in rainy, shady,
or tropical habitats (167, 168). This phenomenon has been explained as an important strategy to
decrease rainfall interception and increase throughfall to the soil in arid and semi-arid
environments (169).

As wettability is generally attributed to the chemical composition and the geometrical
microstructures of the solid surfaces (123), cuticular wax content was measured from the upper
and lower areas of the leaves. The identified compounds were separated into the three more
abundant classes of components of plant cuticles: alkanes, fatty acids and primary alcohols (see
Table S1). As observed in Table 4.3, no significant differences were found between the upper and
lower halves of leaves when content of alkanes was evaluated across all RH conditions. On the
contrary, amounts of fatty acids and alcohols were significantly higher in the lower leaf area of
plants grown under the extreme environmental conditions of low RH (condition C) and high RH
(condition A). However, leaves of plants grown under medium RH (condition B) did not develop
differences across the surface area in terms of their cuticular wax content, culturable bacterial
populations, and stomatal density. Previous studies have found that the contact angle increased
with an increase in the leaf wax content (124, 132, 170, 171), however the correlation was not
always significant and the contact angle did not decrease after wax removal using acetone for a
number of plant species (170). Therefore, as our results did not demonstrate a positive relationship
between contact angle hysteresis and cuticular wax content, we also support the previously
reported suggestion that the leaf contact angle is more dependent on the complexity of wax
structure, surface roughness, and surface heterogeneity rather than on absolute amount (126).
Further studies using scanning electronic microscopy (SEM) might reveal more differences
between the upper and lower halves of romaine lettuce leaves which can be associated with the
significantly different growth of E. coli O157:H7 obtained here.

Stomata are known as preferential sites for bacterial attachment on leaf surfaces (172), as
well as routes of internalization (45). Stomatal density was significantly higher in the upper half
of leaves from plants grown under the extreme environmental conditions of low RH (condition C)
and high RH (condition A). These conditions also resulted in significantly higher E. coli O157:H7
population counts, contact angle values, and lower contents of fatty acids and alcohols in the

cuticular waxes on the upper half of the leaves. However, it is noticeable that plants grown under
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medium RH (condition B) did not exhibit significant differences across the leaf surface in their
stomatal density or cuticular wax content, but still showed higher contact angles and E. coli
O157:H7 population counts in the upper halves of leaves. These findings suggest that the most
extreme relative humidity conditions caused changes in the leaf properties, and these changes
occurred more drastically in the leaf surface area which is more exposed. Also, within each of our
three experimental RH conditions, decreased leaf wettability (evidenced as higher values of
contact angle hysteresis) was the leaf property which was most strongly associated with slowing
down the decline of E. coli O157:H7 counts.

Table 4.3. Escherichia coli O157:H7 counts after 16 hours of inoculation with 6 log CFU,
culturable bacterial counts, and leaf surface characteristics from upper and lower halves of leaves
of plants grown at different RH conditions. ANOVA tests between leaf halves within each RH
condition A, B and C.

Condition E. coli Culturable (fb(\)r?t?gt Cuticular wax content S;grrlr;?:al
RH-Leaf 0157:H7 bacteria Hystegresis Hg/leaf g (%) (stoma)t/a
half (Log CFU)*  (Log CFU) ) Alkanes-FAs-Alcohols /mm2)a
A- 30 746 785
UpperHalf 08 A 2.83 408 18 (478 (s04) 48P
A- 62 1166 1124
LowerHalf 6172 2.56'Y ROY o7 @y @ B77
B- 18 929  103.2
UpperHalf 838 2.85 602A 099y (472 (518  °P
B- 25 1018 1265
LowerHalf ~ >28Y 20Ty 5342 h99) (843) (547) 04X
C- 103 611  42.0
UpperHalf ~ >14C 3.05 BIA ge) (550) (365 02
C- 126 868 707
LowerHalf ~ +43X 330z 4652 g1y (516) (423 OV
No. of 12 20 20 20 6
plants
ANOVA <0.01 <0.05 «0.001 <001 <0.0001
geaF];H) half <0.001 NSP <0.05 NS NS NS NSP
y
<0.001 <0.01 <0.05 <0.01 <p.0001

aDifferent letter indicate significant difference (P < 0.05) caused by RH condition between samples of upper half (A-
C) and lower half (Z-X). ® Not significant.
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Overall, the decrease of relative humidity caused E. coli O157:H7 populations to decrease
in both the upper and lower halves of leaves. However, we found that the lower wettability in the
upper area of leaves might be preventing the droplets from spreading so they retain their shape,
and therefore dry more slowly (173). This phenomenon might be increasing the time the inoculum
drops stay on the leaves, and the prolonged presence of water may increase the microbial metabolic
activity and growth, as well as increasing the rate of leaching of nutrients by diffusion across the
leaf cuticle (174). These reasons may account for why the populations of E. coli O157:H7 were
able to grow more (in the case of low inoculum dose) or decline more slowly (in the case of high

inoculum dose) in the upper leaf areas.

4.4.5 Sequencing of resident bacterial communities from leaf testing areas where E. coli
0157:H7 has been inoculated

In previously described experiments, plants grown under three environmental conditions
of high RH (condition A), medium RH (condition B), and low RH (condition C) were inoculated
with E. coli O157:H7 on twelve testing areas per leaf. A total of 576 inoculations were performed
for each RH condition, and four schemes combining low and high inoculum doses and two testing
times after inoculation were evaluated: 3 log CFU-16 hours, 6 log CFU-16 hours, 3 log CFU-112
hours, and 6 log CFU-112 hours. From those results, leaf testing areas exhibiting outlier growth
of E. coli O157:H7 (very high or very low) were selected for sequencing of the resident bacterial
communities (Table 4.4). Thirty-two samples inoculated with the pathogen were sequenced, as
well as three control samples which were pools of 10 non-inoculated plants (5 GT and 5 TH) from
each of the three environmental conditions A, B and C.

The V5-V7 region of the 16S rRNA was sequenced by paired-end 250-bp MiSeq Illumina
sequencing, yielding contigs with length sizes of 298 + 5.6 bp. After quality filtering and removal
of chimeric, non-target (archaea, chloroplast and mitochondria), and contaminant sequences (from
BEC and NTC), 1.5 million reads corresponding to 9,163 ASVs were obtained. Low abundance
ASVs (fewer than 2 reads in less than 10% of the samples) were removed and 941 significant
ASVs were left. After the reads coming from the inoculated E. coli O157:H7 strain were filtered
out from all samples, experimental conditions which yielded high growth (Hi) of the pathogen
resulted in lower library sizes than conditions where low growth (Lo) was obtained (Figure 4.8).
Conditions where plants were inoculated with 6 log CFU and tested after 16 hours showed the
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lower number of reads. We found that the percent of E. coli O157:H7 reads was significantly
correlated (P<0.0001) with the inoculum used (R=0.73) and the E. coli O157:H7 population counts
obtained at the time of testing after inoculation (R=0.64) (Table 4.4). However, the final number
of reads sequenced from the resident bacterial populations was correlated only with the E. coli
0157:H7 log CFU obtained (P=0.0024, R=-0.52) and not with the initial inoculum (P=0.1). This
finding suggests that the sequencing of resident bacterial populations is not affected by the
methods of our research, indeed it is affected by the fate of E. coli O157:H7 on lettuce leaves.
Finally, samples #5 and #21 were removed after we applied a minimum threshold of 400 reads for
library size, and the final data set for analysis consisted of 1.2 million reads, 941 ASVs, an average

of 13,285 and a median of 3,359 reads per sample.
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Figure 4.8. Library sizes of the 32 sequenced samples from leaf testing areas that exhibited
outlier growth of Escherichia coli O157:H7. Final numbers of reads after sequences of
inoculated E. coli O157:H7 were removed. Panels correspond to relative humidity conditions A,
B, and C. Inoculation method describes the inoculum dose and the time of testing after
inoculation. Control_GTTH refers to the pool of non-inoculated plants for each humidity
condition. Black line indicates the threshold of minimum library size applied.
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Table 4.4. Samples for sequencing of leaf testing areas that exhibited outlier growth of E. coli
0157:H7. High and low outliers were selected from 16 experimental conditions of lettuce
cultivar, testing time after inoculation, and inoculum dose. Average of population counts (log
CFU), growth change (log CFU) and percent of reads of E. coli O157:H7 for each outlier sample
is presented. Also, the average growth change obtained for all inoculations performed under each
experimental condition is given for comparison with outliers.

@ Lettuce & .5 Inoculum E.coli E. coli E. coli E. coli % E.
g' RH cultivar ,?_; E:G (Log outlier  (Log Cﬁ;ﬁ\é\ng chagnrggvé? all coli
& a E é CFU)  growth - CFU) “Gutliers®  inoculations® €298
1 A GT 16h 3.00 High 4.42 1.72 061 80.3
2 A GT 16h 3.00 Low 2.69 -0.25 2.2
3 A TH 16h 3.36 High 4.77 1.40 100 70.2
4 A TH 16h 3.37 Low 3.22 -0.15 22.0
5 A GT 16h 6.17 High 6.74 0.57 0.11 99.8
6 A GT 16h 6.13 Low 4.09 -2.04 95.1
7 A TH 16h 6.32 High 7.28 0.95 014 98.6
8 A TH 16h 6.30 Low 4.68 -1.62 98.6
9 A GT 112h 3.11 High 5.07 1.96 0.20 69.5
10 A GT  112h 3.54 Low 2.28 -1.26 9.8
11 A TH 112h 3.35 High 5.13 1.78 0.54 91.9
12 A TH 112h 3.56 Low 2.82 -0.74 78.6
13 A GT  112h 6.16 High 6.32 0.16 123 59.8
14 A GT  112h 6.18 Low 2.79 -3.39 88.7
15 A TH 112h 6.33 High 6.57 0.24 e 96.9
16 A TH 112h 6.30 Low 2.65 -3.66 91.8
17 B GT 16h 3.05 High 3.87 0.82 001 54.3
18 B GT 16h 3.05 Low 1.80 -1.25 34.2
19 B TH 16h 3.11 High 5.19 2.08 011 98.1
20 B TH 16h 3.12 Low 2.08 -1.04 19.1
21 B GT 16h 6.06 High 6.81 0.75 0.37 99.7
22 B GT 16h 6.11 Low 3.62 -2.42 98.8
23 B TH 16h 6.03 High 6.57 0.45 067 99.4
24 B TH 16h 6.11 Low 3.81 -2.31 98.6
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Table 4.4 continued

25 C GT 16h 3.18 High 3.58 0.40 120 17.3
26 C GT 16h 3.18 Low 1.75 -1.43 3.0
27 C TH 16h 3.23 High 3.65 0.42 105 15.2
28 C TH 16h 3.24 Low 1.75 -1.49 0.4
29 C GT 16h 6.14 High 6.45 0.30 157 99.0
30 C GT 16h 6.17 Low 3.18 -3.00 97.4
31 C TH 16h 6.26 High 6.51 0.26 107 99.0
32 C TH 16h 6.24 Low 2.88 -3.37 87.4

3GT: Green towers, TH: True Heart. ® E. coli growth change is calculated as the logarithmic change between the
inoculated CFU and the CFU obtained after the time of testing.

Therefore, it is important to highlight that the small library sizes obtained across all our
samples are not a direct effect of the inoculation of E. coli O157:H7, instead low bacterial loads
inhabiting our plants is suggested because even our controls of non-inoculated plants (pool of 10
entire plants per RH) yielded fewer than 5,000 reads. This suggestion is also supported by the
culturable bacterial counts reported above in table 4.3, which were around 3 log CFU. Low
numbers of bacterial populations in lettuce plants grown indoors, under laboratory and growth
chamber conditions have also been reported before (72, 73, 175), which is mainly attributed to the
limited microbial sources (only seed, soil and water) under experimental conditions compared to
field conditions (wind, rain, dust, animal and insect contact). Additionally, the quality control
performed with mock microbial communities showed a good performance of our methodology.
Seven out of eight standard strains were identified in the mock controls and their relative
abundances were close to the expected values, with a deviation less than 15% as recommended by
the manufacturer (Figure 4.9). The standard strain of E. coli included in the mock controls was not
reported because it is the same ASV as our strain of E. coli O157:H7 and it was removed by our

bioinformatics pipeline.
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Figure 4.9 Microbial composition (relative abundance, %) of mock community standards. A. Our
results for the microbial community culture standard (D6300: MockCell) and the microbial
community DNA standard (D6305: MockDNA). B. Theorical composition reported by the

manufacturer (Relative-abundance deviation in average: <15%).

4.4.6 Structure of romaine lettuce leaves bacterial microbiome after E. coli O157:H7 has
been inoculated

The taxonomic structure of native bacterial communities from leaves of romaine lettuce
plants grown in growth chambers and used for inoculation of E. coli O157:H7, combining all the
RH and inoculation conditions, consisted of 15 phyla and 39 classes. Most of the resident bacteria
belong to 8 classes (Figure 4.10): Actinobacteria, Acidimicrobia and Thermoleophilia from
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phylum Actinobacteria, Gamma and Alphaproteobacteria from phylum Proteobacteria, Bacilli and
Clostridia from phylum Firmicutes, and Bacteroidia from phylum Bacteroidetes. The average
relative composition of both samples inoculated with E. coli O157:H7 (IP) and non-inoculated
plants (NIP) was similar at the class level: Actinobacteria (47-49%), Bacilli (20%),
Thermoleophilia (3.2-4.0%), Acidimicrobia (1.9%), Clostridia (1.1%), Bacteroidia (0.7-1.1%),
and the group of remaining classes below 1% (4.5%). However, a change of relative abundance of
Alpha and Gammaproteobacteria was observed, for instance Alphaproteobacteria were more
abundant (13.8%) than Gammaproteobacteria (6.6%) in non-inoculated plants, while in inoculated
plants their relative abundances were 8.9% and 9.3%, respectively. A previous study also found
that considering the highly diverse phylum Proteobacteria as one group did not reveal of significant
differences resulting from abiotic stresses on plants. However, when relative abundances of
Gammaproteobacteria and Alphaproteobacteria were considered separately, the latter were found
to be significantly reduced by elevated temperature, while Gammaproteobacteria were increased
(176).

The total of 39 bacterial classes comprised 162 families and 313 genera. The average
composition at the family level was compared between inoculated samples which exhibited a high
outlier growth of E. coli O157:H7, inoculated samples which exhibited a low outlier growth, and
non-inoculated plants. For the three cases, the highest relative abundance (28-32%) was
represented by all families that were grouped together because they accounted for less than 1% of
abundance in each experimental condition. The second-most abundant family in all three cases
was Streptomycetaceae (14-17%), but from third place and on the family abundances varied. For
instance, Staphylococcaceae (10.3% and 9.9%) occupied this third place for leaves with no
inoculation and high growth of the pathogen, while Micrococcaceae (10.1%) got this place for
leaves with low growth of E. coli O157:H7.
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Figure 4.10. Bacterial community composition at class level of romaine lettuce plants grown and
inoculated with Escherichia coli O157:H7 under high (A), medium (B) and low (C) relative
humidity conditions. Non-inoculated plants (NIP) were included for comparison. Classes with
less than 1% average abundance across samples were grouped together and represented as Below
1%. Labels in x-axis correspond to the experimental conditions describe above in table 4.4.

Differential abundance results (P<0.05) at the family level between inoculated plants and
non-inoculated plants from the three RH conditions together (Figure 4.11) confirmed the
significant depletion of families mostly from the Alphaproteobacteria class after the inoculation of
E. coli O157:H7. Members of the Alphaproteobacteria class are predominant in phyllosphere
microbiotas across many different type of plants (177). This class is identifiable by its very low
level of nutrient requirements for growth, which allows them to succeed in habitats with
characteristics of oligotrophy (limitation in nutrients and fluctuating physicochemical stresses)
such as the phyllosphere (150). The maximal growth efficiency of oligotrophs is reached when the
resources are very limited due to their ability to scavenge under harsh conditions (178); this could
suggest that the inoculation of E. coli O157:H7 on lettuce leaves might lead to the depletion of
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Alphaproteobacteria observed, due to compounds produced by the metabolism of living cells of

this human pathogen or by the cell degradation of its dying cells.
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Figure 4.11. Differential abundances based on log2 fold changes of significantly enriched or
depleted families between inoculated and non-inoculated plants. Each point represents one
family (x-axis), colored by class. Points above the dashed line represent families significantly
enriched, and points below represent depleted families.

4.4.7 Impact of inoculation of E. coli O157:H7 on the romaine lettuce leaves bacterial
microbiome

Measurements of o diversity (Richness and Shannon Index) revealed a significantly lower
diversity of bacterial communities in romaine lettuce plants grown and inoculated under humid
condition A when compared with intermediate condition B and dry condition C; these last two
conditions were not found to be significantly different (Figure 4.12). This result was observed in
both non-inoculated plants (P<0.0001) and inoculated plants (ANOVA: F276: 28.3, P<0.0001). As
demonstrated before in section 4.4.2, the higher population counts of E. coli O157:H7 were

obtained after inoculation under Condition A and, in addition, the resident bacterial population
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counts were positively associated with the human pathogen counts (R = 0.204, P = 0.0103).
Therefore, we can conclude that humid conditions during plant development promoted bacterial
growth overall. These findings suggest that the increase of bacterial populations caused by high
levels of RH is dominated by few taxa, and for that reason the o diversity was lowered. The same
effect has been observed even on non-living surfaces where wetted materials showed this diversity
reduction (145). Finally, both measurements of alpha diversity were negatively correlated with E.
coli O157:H7 population counts (Richness: R = -0.36, P = 0.0012 and Shannon: R = -0.26, P =
0.0190), which indicates a medium to small inverse relationship between the diversity of resident
bacterial communities with the fate of the human pathogen on lettuce leaves. However, the
correlation was lost when samples from each RH condition were analyzed separately.

Bacterial a diversity was then evaluated within each RH condition separately to test
differences between leaf areas where growth of E. coli 0157:H7 was high or low. Under most of
the experimental conditions no significant difference was observed, with the exception of Richness
values of leaves tested 16 hours after inoculation with 3 log CFU under humid condition A
(P=0.0051) and dry condition C (P=0.0389) (Figure 4.12 A). As well as the Shannon index of
leaves tested 16 hours after inoculation with 3 log CFU only under humid condition A (P=0.0163).
These observed differences could be explained by the strong negative correlations found, only
under RH condition A after 16 hours of inoculation with 3 log CFU, between both measurements
of alpha diversity and E. coli O157:H7 population counts (Richness: R = -0.85, P = 0.0005 and
Shannon: R = -0.76, P = 0.0040). Therefore, we might conclude that the association between the
richness and evenness of resident bacterial communities with the fate of E. coli O157:H7 on lettuce
leaves is not only defined by their microbial interactions but it is also affected by additive factors
such as environmental conditions, initial number of invasive cells of the pathogen, time of
interaction, etc. In fact, regardless the level of growth of E. coli O157:H7, plants from humid
condition A exhibited a significantly lower alpha diversity after 112 h of inoculation than after 16
h (Richness F128: 18.4, P=0.0002, Shannon index: F1313: 15.3, P=0.0005).
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Figure 4.12. Bacterial o diversity of leaves inoculated with E. coli O157:H7. Panels correspond
to the relative humidity levels used for the different experimental conditions. A. Richness values.
B. Shannon diversity indices. Experimental conditions are inoculum of E. coli O157:H7 (E+03 =

3 log CFU, E+06 = 6 log CFU), testing time after inoculation (16h, 112h), and non-inoculated

plants from both cultivars (Control_GTTH).
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Changes in the composition of the bacterial communities were observed by unweighted
Unifrac B-diversity patterns. When all RH conditions were tested together, the biggest separation
along the first axis (33%) is caused by the time that E. coli O157:H7 has been inhabiting the lettuce
leaves (Figure 4.13). It is observed how bacterial communities at 112 hours after inoculation of
the pathogen were more different than at 16 hours under the same RH condition A. Additionally,
the B-diversity changes occurred after 112 hours of inoculation of E. coli O157:H7 produced a
greater differentiation of the lettuce resident bacterial communities between the plant cultivars
Green Towers and True Heart. On the other hand, a second separation among the three RH
conditions at 16 hours after inoculation was observed along the axis2 (7%), exhibiting a subtle
succession from the more humid condition A through the intermediate RH condition B to the dry
condition C. Also, it is noticeable that bacterial communities from non-inoculated plants
(Control_GTTH) clustered close to the bacterial communities from plants tested after 16 hours of
inoculation under all RH conditions. This demonstrates that 16 hours after inoculation of E. coli
0157:H7, there is not enough disturbance of the resident communities even though the pathogen
population counts were not significantly different from those after 112 hours (Table 4.4). However,
some E. coli growth changes (log change CFU) at 112 hours exhibit a slight decline, which might
suggest that the bacterial communities’ shifts occur after E. coli O157:H7 has been a resident for
a longer time and begins to die; this finding supports our previous idea that the release of

compounds from dying cells might affect certain bacterial taxa present on lettuce leaves.
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Figure 4.13 Bacterial B diversity of leaves inoculated with E. coli O157:H7 under the three RH
conditions. Visualization with principal coordinate analysis of unweighted Unifrac distance
among bacterial communities of all inoculations. Colors indicate RH conditions as labeled in the
legend. Shapes indicate experimental conditions of inoculum of E. coli O157:H7 (E+03 = 3 log
CFU, E+06 = 6 log CFU), testing time after inoculation (16h, 112h), and non-inoculated plants
from both cultivars (Control_GTTH). Labels High and Low on each sample indicates the level of
growth of E. coli O157:H7.

When PERMANOVA was applied to the bacterial B-diversity (weighted unifrac) of leaves
inoculated under all RH conditions, the main factors leading the overall variation were RH and
testing time after inoculation of E. coli O157:H7, accounting for 24.4% (F263: 154.6, P=0.001)
and 11.5% (Fye3: 145.5, P=0.001), respectively; while the level of growth of E. coli O157:H7
accounted for only 2.0% (Fy63: 26.2, P=0.001). For that reason, the bacterial communities were
then analyzed separately within each RH condition to test if the levels of E. coli growth have some
effect on their B-diversity. In this analysis, E. coli growth level accounted for 14.7% (F1e3: 41.3,
P=0.001), 14% (F1,63: 39.5, P=0.001), 8.8% (F163: 5.1, P=0.001), 15.5% (F163: 25.5, P=0.001) of
the overall variation under RH conditions A 16 hours, A 112 hours, B 16 hours and C 16 hours,
respectively. However, other factors such as cultivar and inoculation dose accounted for similar,
and in some cases a greater fraction of the variation observed in each RH condition.

Overall, our results suggest that RH is the major factor shaping the resident bacterial
communities, and the growth level reached by E. coli O157:H7 after inoculation accounted for a

small but still significant part of the communities’ variation. Non-inoculated plants grown under
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RH condition A exhibited significantly lower values of a-diversity, and they were more susceptible
to changes in richness and evenness after the introduction of the pathogen than plants with higher
a-diversity grown under less humid conditions B and C. However, the inoculation of E. coli
0157:H7 evaluated after 16 hours did not cause a greater level of disturbance in the bacterial
composition of these less diverse communities than was caused on more diverse communities from
RH conditions B and C. This finding could suggest that bacterial diversity did not confer
community stability against the introduction of E. coli O157:H7, as suggested in previous studies
(72, 73). However, 112 hours after inoculation, we observed a significant disturbance of bacterial
communities under humid condition A; future studies should evaluate if this effect is also present
under intermediate and dry conditions which exhibited higher bacterial a-diversity. It would also
be useful to perform an evaluation of cultivars with contrasting values of bacterial a-diversity
under the same environmental condition to determine their resistance to change after the
introduction of E. coli O157:H7. Finally, as part of the variation of the resident bacterial
communities is explained by the level of growth reached by E. coli O157:H7 on lettuce leaves,

differential abundances at a lower taxonomic level were investigated.

4.4.8 ldentification of genera with differential abundances in native bacterial communities
of romaine lettuce leaves after the inoculation of E. coli O157:H7

To evaluate if higher levels of growth of E. coli O157:H7 were associated with some specific
taxa, differential abundance analysis using DESeq2 was performed within each RH condition to
avoid the differences caused by the environment. Comparisons were performed first between non-
inoculated and inoculated plants, and then between inoculated plants exhibiting high and low
growth of E. coli O157:H7, so a best interpretation of the changes observed can be made. Under
RH condition A at 112 hours (Figure 4.14 A), genera Salinicoccus, Microbacterium,
Actinomycetospora, and one unclassified genus from the Rhizobiaceae family were significantly
(P<0.05) enriched in lettuce leaves after the inoculation of E. coli O157:H7. We also observed two
genera from class Alphaproteobacteria that were significantly depleted after the inoculation of the
pathogen, specifically genera Afipia and Labrys appear to be the most affected by the introduction
of a foreign microorganism. When inoculated plants exhibiting contrasting growth of E. coli
0157:H7 were compared (Figure 4.14 B), Microbacterium was significantly enriched when high

population counts of the pathogen were achieved; while genera from class Alphaproteobacteria
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such as unclassified Rhizobiaceae, Caulobacter, Methylobacterium-Methylorubrum and
Phenylobacterium exhibited a significantly larger decline when exposed to higher numbers of E.
coli O157:H7 CFU. A clear tendency of Alphaproteobacteria to decrease in response to the
presence and the increase of population of the human pathogen was observed. Microbial
competition can be the result of several factors such as overlap of nutrient requirements, production
of antimicrobial compounds, limitation of space, increase of osmotic pressure for
overconcentration, etc. (53, 59). We hypothesize that the observed changes in abundances of
Alphaproteobacteria might be caused by an accumulation of secondary metabolites from E. coli
0157:H7 which disrupt the low-nutrient requirements of this slow-growing bacterial class; similar
to what has been observed in soils where nutrient enrichment selected for more copiotrophic and
fast-growing microbes rather than for oligotrophs (179, 180).

Under RH condition B after 16 hours of inoculation (Figure 4.15), only one genus was
enriched in inoculated plants, and more dramatic was the depletion of mainly Actinobacteria.
However, no genera with significant differential abundance were found between inoculated plants
with high and low growth of E. coli O157:H7. As previously observed on the p-diversity plot
(Figure 4.13), the resident bacterial communities after 16 hours of inoculation did not exhibit big
disturbances from communities of non-inoculated plants. However, RH condition C showed a
larger dispersion in the B-diversity plot, therefore genera with significant differential abundance
were found between inoculated plants with high and low growth of E. coli O157:H7, even at 16
hours. But none of these genera corresponds with the differences observed between non-inoculated
and inoculated plants. Finally, the identification of possible bacterial ASVs as biomarkers of
lettuce leaves with high population counts of E. coli O157:H7 was performed using LEFSe (154).
Bacterial communities from non-inoculated and inoculated plants (high and low growth) were
compared, the threshold on the LDA score for discriminative features was set to 4.0, and ASVs
exhibiting statistically significant change (P < 0.05) were selected (Figure 4.17). ASV58
corresponded to an unclassified genus of Rhizobiaceae family and was defined as a biomarker for
bacterial communities where E. coli O157:H7 reached low population counts on romaine lettuce
leaves. On the other hand, ASV57 classified as Microbacterium was identified as a biomarker for
bacterial communities where the human pathogen succeeded and reached high population counts.
Interestingly, Microbacterium (genus from the Actinobacteria class) has been also reported as

significantly enriched after the inoculation of E. coli O157:H7 on lettuce plants grown in
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laboratory conditions containing microbiota from field-grown plants (73). Therefore,
Microbacterium is suggested as a possible indicator of heavy contamination of romaine lettuce
leaves with E. coli O157:H7.

Overall, disturbances of the resident bacterial communities and biomarkers were identified
after 112 hours of inoculation with E. coli O157:H7. Significant changes in abundance of certain
taxa were detectable starting at 16 hours, but as demonstrated with our B-diversity analysis, these
changes were not enough to modify the entire structure of the communities. However, a longer
exposure of the resident communities to the pathogen caused a larger disturbance of their
organization, which was associated with contrasting levels of growth of E. coli O157:H7 and the
presence of specific ASVs. Our results demonstrate that shifts in the composition of plant-
associated microbiota caused by the introduction of a foreign microbe not only can be studied on
field-grown plants as suggested by William et al. (73), but also on plants grown in a growth

chamber, as long as the environmental conditions support bacterial growth.
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Figure 4.14. Bacterial genera with differential abundances based on log2 fold changes under RH
condition A. Abundances were compared between: (A) non-inoculated and inoculated plants
with Escherichia coli O157:H7 (16 and 112 hours after inoculation together). (B) inoculated leaf
areas with high and low growth of E. coli O157:H7 at 112 hours (note: no significant genera
were found at 16 hours). Each point represents one genus (x-axis), colored by class. Points above
the dashed line represent genera significantly enriched, and points below represent depleted

genera

127



Enriched in inoculated plants

0 ___________________________________________
[
2 Class
2z
O 4 o @ Actinobacteria
) Depleted in inoculated plants O Bacilli
WL L]
> -] °® @ Alphaproteobacteria
2 e
2-
] e
@
®
€ 2 & & @ 8 @ § & §g
3 8 S S N 3 = 3 3
b= & ol © b b S @ &
8 = £
5 8§ § ~ ¢
3 5 S O - S
3 S
Genus

Figure 4.15. Bacterial genera with differential abundances based on log2 fold changes under RH
condition B. Abundances were compared between non-inoculated and inoculated plants with
Escherichia coli O157:H7 at 16 hours after inoculation. No significant genera were found
between leaf areas with high and low growth of E. coli O157:H7 at 16 hours. Each point
represents one genus (x-axis), colored by class. Points above the dashed line represent genera
significantly enriched, and points below represent depleted genera.
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Figure 4.16. Bacterial genera with differential abundances based on log2 fold changes under RH
condition C. Abundances were compared between: (A) non-inoculated and inoculated plants
with E. coli O157:H7 at 16 hours after inoculation. (B) inoculated leaf areas with high and low
growth of E. coli O157:H7 at 16 hours after inoculation. Each point represents one genus (x-
axis), colored by class. Points above the dashed line represent genera significantly enriched, and
points below represent depleted genera.
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Figure 4.17. Taxa (ASVs) identified as biomarkers of high and low growth of E. coli O157:H7
on romaine lettuce leaves. (A) Linear discrimination analysis (LDA) effect size (LEfSe) for
inoculated samples under RH condition A after 112 hours. The length of the bar represents the
log10 transformed LDA score. The threshold on the LDA score for discriminative features was
set to 4.0, and the taxa with statistically significant change (P < 0.05) was selected. (B) Boxplot
showing abundances (log-transformed counts) of the biomarkers between control (non-
inoculated leaves) and leaves with high and low growth of E. coli 0157:H7.
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CHAPTERSS. CHARACTERIZATION OF CULTURABLE
BACTERIAL COMMUNITIES OF ORGANIC AND CONVENTIONAL
ROMAINE LETTUCE USING ELASTIC LIGHT SCATTERING
TECHNOLOGY

5.1 Abstract

This study investigated the culturable bacterial communities of organic and conventional
romaine lettuce available in grocery stores, and whether the laser optical scatter technology
designated BARDOT (Bacterial Rapid Detection using Optical Scatter Technology) could be used
as a rapid classification method of the nine most abundant bacterial genera of this leafy green. The
culturable bacterial population counts and bacterial richness (number of Operational Taxonomic
Units - OTUs) were significantly different between organically and conventionally labeled lettuce
(p<0.01). The composition of their bacterial communities also differed: organic samples contained
a total of 41 genera of which 20 were exclusive, while conventional contained a total of 24 genera
of which only 3 were exclusive.

Three scatter image libraries were built to classify the nine most abundant bacterial genera
isolated from romaine lettuce, which covered around 70-76% of the total culturable bacterial
population. The training parameters achieved classifiers at the genus level with positive predictive
values (PPVs) between 90.6-99.8%. This was validated with blind samples that resulted in
sensitivity and average classification accuracy values above 90% for both pure and mixed cultures.
The sensitivity and classification accuracy per genus when new lettuce samples were tested,
showed values between 51.9-79.1% and 42.9%-100%, correspondingly. Our results show the
potential of BARDOT technology to characterize culturable bacterial communities from
environmental samples, and even to study microbial interactions. However, specific challenges
such as overlapping scatter patterns from strains of different bacterial genera, and the need of
continuously feeding the libraries with new scatter images of colonies isolated from new samples,

were identified.

5.2 Importance

Studies of biological control of colonization of human pathogens on fresh produce require
identification and preservation of the native culturable bacterial communities. The identification
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process involves multiple steps after their isolation such as biochemical tests, polymerase chain
reaction (PCR) and Sanger sequencing. We characterized the culturable bacterial communities of
romaine lettuce and applied the elastic light scattering technology to classify their nine most
abundant bacterial genera. This study demonstrates the potential and challenges of BARDOT as a
tool to identify entire culturable bacterial communities from environmental samples and suggests

improvements to mitigate the limitations.

5.3 Introduction

When human-pathogenic bacteria land on a new ecological niche such as the plant
phyllosphere, they need to overcome barriers such as plant defenses (29, 46, 181), harsh
environmental conditions (2, 3, 182) and microbial competition with the resident microbiota (53,
59). Several studies have been approaching the question of the role of microbial populations as
inhibitors or enhancers of the growth of human pathogens on plants (56, 57, 183), which is a
current global food safety concern.

The characterization of bacterial communities can be performed through culture-dependent
or culture-independent methods such as Next Generation Sequencing (NGS) (68, 74, 77).
Although NGS offers a better approximation to the real microbial diversity, it does not allow
preservation of the identified bacteria for future evaluations of potential phenotypes. Additionally,
in the field of food safety, both big and small fresh produce growers aim to assure the quality of
their products; hence, the availability of more simple, rapid, accessible and inexpensive
technologies to identify culturable bacterial populations is desirable.

The identification of culturable bacterial populations usually involves multiple steps after
their isolation such as the establishment of pure culture, the performance of biochemical tests or
polymerase chain reaction (PCR) and Sanger sequencing. These methods add more time to the
identification process and in the last case demand access to resources of molecular biology and
external sequencing services. A laser light-scattering sensor called BARDOT (Bacterial Rapid
Detection using Optical Scatter Technology) was created as a direct, real-time and label-free
identification method (78). Compared with other direct microbial identification methods such as
matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS)
(79), BARDOT is applied directly on the bacterial colonies growing onto the culture media and

preserves the viability of the microorganisms.
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The BARDOT system uses a 635-nm laser, which interrogates the whole volume of the
colony thus generating a scatter pattern influenced by refractive indices, extracellular material,
density and individual shape of the bacterial cells (184). These patterns have been used as a
fingerprint to be compared against a pre-trained scatter-signature image database which can detect
specific targets such as foodborne bacterial pathogens (78, 81-83), differentiate serovars (84),
serogroups (85), and virulence gene-associated mutant colonies (86). However, a broader
application such as the characterization of entire culturable bacterial communities from
environmental samples has not been tested yet using the BARDOT technology.

Therefore, the objectives of this study were the characterization of the culturable bacterial
communities associated with organic and conventional romaine lettuce, which is a leafy green
frequently related with foodborne disease outbreaks (9). Secondly, the evaluation of the BARDOT
technology as a tool to provide real-time differentiation and classification of the nine most

abundant bacterial genera in romaine lettuce.

5.4 Materials and Methods
5.4.1 Sample Collection and Processing

Twenty-four romaine lettuce heads were purchased from grocery stores in Lafayette,

Indiana and Chicago, Illinois, USA from November 2015 to December 2016. Twelve conventional
and twelve organic lettuce heads representing nine brands were handled by avoiding skin contact
during their transportation from store to laboratory. All samples were processed the same day or
the day after they were purchased, and they were stored in a refrigerator (4°C) when needed.
For each lettuce head, 25 grams of intact, non-washed leaves were collected and blended into 225
milliliters of phosphate buffer (PB) 0.1M pH 7.0 to isolate the culturable bacterial communities
from the phylloplane and endosphere. Then, 10-fold dilutions were performed and spread onto
Plate Count Agar (PCA) plates, which were incubated at 30°C for 72 hours (185).

5.4.2 Culture-Dependent Characterization

After the time of incubation, colonies were counted, and the total bacterial populations
were expressed as CFU g leaf tissue. Separated colonies were phenotypically classified based on

color, form, elevation and margin. Representative isolates from different observed morphologies
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were transferred onto a new plate, and the region V3-V6 of their 16S rRNA gene was amplified
by colony PCR using the primers 338F-ACTCCTACgGGAGGCAGCAG and 1046R-
AGGTGSTGCATGGCTGTCG (93, 186). To assure amplification, colonies were dissolved in
20ul of sterile PCR water, then were heated at 99°C for 5 minutes using a thermocycler, and finally
applied a short centrifugation to settle out cell debris. From this supernatant, 1l was used to
perform the PCR protocol of 95°C for 2 min, followed by 30 cycles of 95°C for 30 sec, 53°C for
30sec, and 72°C for 45 sec, with a final elongation of 72°C for 7 min. Amplicons were paired-end
sequenced with Sanger technology and assigned taxonomy to the genus level through BLAST
2.6.0 (187) and RDP classifier 2.12 (188).

5.4.3 Analysis of Culturable Bacterial Communities

Contigs from Sanger sequencing were analyzed using QIIME (189) and Uclust (190). The
total culturable population was clustered into OTUs based on a threshold of similarity of 97%. A
phylogenetic tree was built using RAXML 7.2.8 and R 3.4.2 with the GTRGAMMA method. To
evaluate the differences between organic and conventional lettuce plants, pairwise t-tests were
applied using JIMP® Version Pro 14.

5.4.4 Collection of Colony Scatter Patterns

A prototype of a commercial laser light-scattering sensor built by Hettich GmbH, was used
to collect scatter patterns. From the nine most abundant bacterial genera isolated from romaine
lettuce leaves, 29 strains were selected (Table 5.2) as representatives of the 20 most abundant
OTUs which include 76.7% of the total isolated strains. These selected strains were screened
through the BARDOT system to determine constant plate reading parameters and incubation times
which provide a well resolved scatter pattern for the different bacterial genera inhabiting romaine
lettuce (Table 5.1).
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Table 5.1. Standardized reading parameters of plates and libraries for classification of bacterial
communities from romaine lettuce using the BARDOT system

Plate

Library 21-22
hours

Library 32 hours

Library 72 hours

Agar thickness: 1.9997

Incubation time: 21

Incubation time: 32

Incubation time:

Agar volume: 20 ml and 22 hours hours 72 hours
Plate exposure: 601 Exposure: Auto150 | Exposure: Autol75 | Exposure:
Radius: 1,300 Zoom: 2X Zoom: 2X Auto150
Colony diameter: 0.3-1.2mm Zoom: 2X

Colony roundness: 0.3

Table 5.2. Nine most abundant culturable bacterial genera from romaine lettuce; 29 strains were
selected to develop the scatter image libraries as representatives of each of the 20 most abundant

OTUs
Genera Number of OTUs (97%) Selected strains Source (lettuce type)
556Ps Organic
532Ps Organic
Pseudomonas 5 143Ps Conventional
39Ps Conventional
100Ps Conventional
159Ps Organic
526Ar Organic
165Ar Organic
Arthrobacter 4 AA5 A Organic
510Ar Organic
441 Mi Organic
. . 410Mi Organic
Microbacterium 1 284Mi Organic
289Mi Organic
483Er Organic
Erwinia 2 630Er Conventional
518Er Organic
- 128Ma Conventional
Massilia 402Ma Organic
96Du Conventional
Duganella 382Du Organic
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Table 5.2 continued

7Pa Conventional
Pantoea 1 114Pa Conventional
499Pa Organic
. 536Cu Organic
Curtobacterium 1 586Cu Conventional

For collection of scatter patterns, pure bacterial cultures of each strain were grown
overnight (16 hours) in LB broth, at 30°C with shaking. After the incubation period, cultures were
serially diluted (10-fold) in 0.1M phosphate buffer pH 7.0, surface spread on plate-count agar
(PCA) and incubated at 30°C resulting in fewer than 150 colonies per plate. Scatter patterns from
each strain were collected in at least 3 independent experiments with a minimum of 50 images per

strain.

5.4.5 Development and Training of Scatter Image Libraries

For identification of the most abundant culturable bacterial genera of romaine lettuce, these
were split into three groups according to their growth rates. Three libraries at the genus level were
developed: Library A was composed of 17 strains of Pantoea spp., Erwinia spp., Pseudomonas
spp., Massilia spp., Duganella spp., Flavobacterium spp. and Arthrobacter spp which were
incubated for 21-22 hours. Library B was composed of 15 strains of Arthrobacter spp., Duganella
spp., Curtobacterium spp., Microbacterium spp., Massilia spp., Flavobacterium spp., Erwinia spp.
and Pseudomonas spp. incubated for 32 hours. Library C was composed of 13 strains of
Microbacterium spp., Arthrobacter spp., Duganella spp. and Flavobacterium spp for 72 hours of
incubation.

The training of the libraries was performed under the linear support vector machine (SVM)
classifier (191) using built-in image analysis software (192). The libraries were trained by
computing a vector of 390 features for each scatter image, including circular/ring features using
magnitudes of Zernike moments (Order=20), granular/roughness features using Haralick gray-
level co-ocurrence matrices (Distance=1, Levels=4) and spatial frequency component of images

using a Fourier transform based method (78, 191, 193).
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5.4.6 Validation of Libraries

Validation was carried out by testing the classification performance of the libraries with
three types of samples: blind samples of pure cultures, blind samples of mixed cultures and new
lettuce samples. Validation with blind samples was carried out by collecting new scatter patterns
from the same strains used to build the libraries, to test their correct classification. Pure cultures
of blind samples were grown as described above. Mixed cultures of blind samples resulted by
mixing three liquid pure cultures of different strains into fresh LB broth and then growing them
together during the overnight period. For the final validation, eight (four conventional, four organic)
new lettuce heads were bought from stores and 215 bacterial colonies were isolated, classified
using the BARDOT system with the developed libraries and corroborated their identity through
Sanger sequencing as previously described.

5.4.7 Image and Feature Analysis

Training libraries, classification of validation sets, and analysis of scatter pattern
differences were performed by using the image classifier software (192). Ten-fold cross-validation
(CV) matrices were generated to evaluate the quality of the classifiers for each library. Computed
positive predictive value (PPV) reports the probability that a colony truly belongs to the classifier
(bacterial genus or group of genera) assigned by the BARDOT system (85, 194). The classification
accuracies of the libraries were calculated, using the validation sets, as the average percent of
colonies per strain and per classifier that were correctly classified. The sensitivity for each
developed library was calculated as the proportion of the bacterial population from blind samples
(pure and mixed cultures) and from new lettuce samples that produced a true result. Limitations of
the BARDOT technology were shown by calculating the PPV of the conflicting classifiers and the
classification error when they are used for classification. The measurement of biophysical
characteristics of the colonies such as height and diameter was performed using a phase-contrast
microscope with an integrated colony morphology analyzer (ICMA) by averaging 10-20 colonies
per plate (86, 195). The analysis of number of rings was performed in MATLAB by converting 10
scatter patterns per strain from polar to cartesian coordinates, then using the function “findpeaks”
on the extracted line data. Statistical analysis was performed in R using one-way analysis of

variance (ANOV A) with Tukey’s multiple comparisons (P value < 0.05).
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5.5 Results
5.5.1 Culturable Bacterial Communities from Conventional and Organic Romaine Lettuce

Total culturable bacterial population counts from organic romaine lettuce leaves ranged
between 1.9 x 10* CFU g* and 8.9 x 10% CFU g*, while conventional leaves ranged between 5.0
x 10° CFU gtand 5.8 x 10° CFU g. Bacterial counts from organically grown romaine lettuce
were significantly higher than those from the conventionally grown lettuce (p<0.01).

A total of 645 isolates were selected, 347 coming from organic romaine lettuce leaves and
298 from conventional leaves. Sequencing of the region V3-V6 of the 16S rRNA showed that
these bacterial isolates represented 44 genera from four phyla: Proteobacteria, Actinobacteria,
Bacteroidetes and Firmicutes, and eight classes: Actinobacteria, Alphaproteobacteria, Bacilli,
Betaproteobacteria, Cytophagia, Flavobacteria, Gammaproteobacteria and Sphingobacteriia. The
total culturable bacterial communities from both types of romaine lettuce were clustered into 69
de novo OTUs based on the 97% threshold of similarity (Figure 5.1).

Pseudomonas (31.7%, 47.0%) and Arthrobacter (16.4%, 13.1%) were the most abundant
genera in both organic and conventionally grown romaine lettuce, correspondingly. Differences in
the less abundant genera of organic and conventional culturable bacterial communities were
observed (Table 5.3), for instance Microbacterium showed to have higher populations in organic
lettuce leaves while Massilia predominated in conventional ones. Organic communities were more
diverse, since they were composed by 41 bacterial genera, while conventional communities were
composed of only 24 genera. Additionally, more culturable bacterial genera appeared to be unique
to the organic leaves than to the conventional leaves (Figure 5.2). This higher bacterial richness of
organic romaine lettuce leaves was corroborated by the significant difference in number of OTUs

when compared with conventional leaves (p<0.01).
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Figure 5.1. De novo OTU clustering (similarity threshold of 97%) based on sequences of region
V3-V6 of the 16S rRNA. The 645 isolates were clustered into 69 OTUs, classified at genus level
and analyzed by the maximum likelihood GTRGAMMA method and bootstrap analysis with

1,000 replications. Colors represent the different bacterial classes, (@) abundance from
conventional lettuce, (A ) abundance from organic lettuce, («—) 20 most abundant OTUs.
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Table 5.3. Comparison of relative abundance of the genera representing around 80% of the
culturable bacterial communities of organically and conventionally grown romaine lettuce.

ORGANIC CONVENTIONAL
Genus Relative abundance (%) Genus Relative abundance

(%)
Pseudomonas 317 Pseudomonas 47.0
Arthrobacter 16.4 Arthrobacter 13.1
Microbacterium 8.9 Massilia 5.7
Bacillus 4.3 Frigoribacterium 3.7
Erwinia 4.3 Duganella 34
Flavobacterium 3.2 Erwinia 3.4
Duganella 2.6 Pantoea 3.4
Pantoea 2.3 Curtobacterium 3.0
Chryseobacterium 2.0 Microbacterium 2.7
Sphingomonas 1.7 Stenotrophomonas 2.3
Massilia, 1.4 Bacillus 2.0

Curtobacterium
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ORGANIC (20)

Brevundimonas

Carnobacterium
Dyadobacter
Epilithonimonas
Labedella
Leucobacter
Luteimonas
Noviherbaspirillum
Paenibacillus

CORE (21)

Acinetobacter

Arthrobacter
Bacillus
Chryseobacterium

Curtobacterium
Duganella
Erwinia
Exiguobacterium
Flavobacteriim
Frigoribacterium

CONVENTIONAL (3)

Phycicoccus Enterobacter
Janthinobacterium
Kocuria
Massilia
Microbacterium

Providencia Janibacter

Xanthomonas

Ralstonia
Rathayibacter

Pantoea

Rhizobium
Serratia
Sphingobacterium
Sphingomonas
Staphylococcus
Streptomyces
Variovorax

Pedobacter

Plantibacter
Pseudomonas
Rhodococcus
Sanguibacter

Stenotrophomonas

Figure 5.2. Bacterial genera isolated from leaves of organically and conventionally grown
romaine lettuce. Intersection of the circles shows the bacterial genera shared between the two

types.

5.5.2 Light-Scattering Libraries

A total of 8,418 scatter patterns were collected to develop the three light-scattering libraries
(Table 5.4). Library A was composed of three classifiers containing 4052 scatter images. Library
B was composed of seven classifiers containing 2599 scatter images. Library C was composed of
5 classifiers containing 1767 scatter images. Some classifiers were composed of more than one
genus due to the similarity of their scatter patterns. Only in the case of the classifier
Erwinia/Pseudomonas included in Library A, the development of a secondary library to
differentiate specifically these two genera increased the power of the classifiers and the
classification accuracy. Each library was trained to obtain classifiers with PPV above 90% when

generating the CV matrices (Figure S1 in supplemental material).
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Table 5.4. Structure of developed libraries: classifiers at genus level, number of strains and

number of scatter images included

Classifiers Strains # Scatter Images
Library A (21-22 hours)
Pantoea 499Pa, 114Pa, 7Pa 846
Erwinia/Pseudomonas 483Er, 630Er, 518Er, 2,227
556Ps, 532Ps, 143Ps, 39Ps, 100Ps,
159Ps
Massilia/Duganella/Flavobact |  402Ma, 96Du, 382Du, 196FI, 165Ar 979
erium/Arthrobacter
TOTAL 17 4052
Library B (32 hours)
Arthrobacter 165Ar, 445Ar 307
Duganella/Arthrobacter 96Du, 382Du, 526Ar 507
Curtobacterium/Microbacteri | 536Cu, 586Cu, 284Mi, 510Ar, 128Ma 865
um/Arthrobacter/Massilia
Massilia 402Ma 184
Flavobacterium 196FI, 378FI 382
Erwinia 630Er 175
Pseudomonas 39Ps 179
TOTAL 15 2599
Library C (72 hours)

Microbacterium 284Mi, 289Mi 420
Arthrobacter LT3-4-20, LT2-4-40 193
Duganella 382Du 143
Flavobacterium 215FI, 196FI, 378FI 430
Microbacterium/Arthrobacter | 441Mi, 410Mi, 526Ar, 510Ar, LT4-4-22 581
TOTAL 13 1767
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5.5.3 Validation of Light-Scattering Libraries

Blind samples and new lettuce samples were used to validate the classification accuracy
and sensitivity of the developed libraries. A total of 15,356 new scatter patterns were collected
from blind samples, which were the same bacterial strains included in our libraries grown in pure
(6,739 images) and mixed (8,617 images) cultures. The sensitivity of the generated libraries when
applied to the blind population ranged between 94.5-96.6% for pure cultures and 93.0-96.2% for
mixed cultures. Moreover, the average classification accuracy of our classifiers ranged between
93.7-96.1% for pure cultures and 91.4-96.0% for mixed cultures. However, some specific
classifiers had lower classification accuracy such as Flavobacterium in Library C with 86.6% and
87.5% in pure and mixed cultures; or specific strains such as Massilia 402Ma in Library B with
73.7% in mixed cultures (Table 5.5). The strain 402Ma showed a significant difference in
classification accuracy between pure (97.4%) and mixed (73.7%) cultures, which was caused by
the development of a few colonies with different morphology and scatter pattern when co-cultured

overnight with other bacterial strains (Figure 5.3).
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Table 5.5. Sensitivity (%) of developed libraries (calculated as proportion of the bacterial
population from blind samples of pure and mixed cultures that produced a true result) and
classification accuracy (%) of classifiers (average =+ SEM) included in each library when applied
to blind samples.

PURE CULTURES

MIXED CULTURES

Libra | Sensi | Classification | Classifier with | Sensi | Classification | Classifier with
ry tivity | accuracy of the lowest tivity | accuracy of the lowest
classifiers classification classifiers classification
accuracy accuracy
A 95.8 96.1+£0.5 Erwinia/Pseud | 96.2 96.0+1.1 Massilia/Duganel
omonas la/Flavobacteriu
95.3 m/Arthrobacter
93.8
A 945 05.3+2.3 Pseudomonas | 93.0 92.7+0.9 Erwinia
Erw- 93.0 91.8
Pseud
0
B 96.6 96.4+0.7 Erwinia 94.0 92.2+35 Massilia
92.6 73.7
C 95.3 03.7+3.6 Flavobacterium | 92.8 91.4+3.9 Flavobacterium

86.6

87.5
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Figure 5.3. Different scatter patterns and colony morphologies produced by Massilia strain
402Ma when grown on PCA for 32 hours. Scatter patterns and colony morphologies number 1
and 2 are produced in pure cultures, while number 3 are produced in few colonies from mixed

cultures. Colonies grown for 72h (scale bar= 1mm) exhibited the morphological differences,
since colonies at the BARDOT reading time (32h) are not fully developed (scale bar=500um).
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The generated libraries were used to classify bacterial strains isolated from new lettuce
heads bought from grocery stores. This validation showed that approximately 29.8% of the
culturable bacterial population of romaine lettuce belong to bacterial genera which are not included
in our current libraries, and these strains will be unknown for the technology. For a fair evaluation
of the technology as a method of characterization of culturable bacterial communities from new
samples, the unknown strains were not included in the validation process. Under these conditions,
the sensitivity of the libraries applied to new samples ranged between 51.9-79.1%, and the
classification accuracy per genus between 42.9%-100%. Overall, the sensitivity of the
classification of culturable bacterial communities from romaine lettuce using the BARDOT

technology with our current libraries is expected to be around 78.8% (Table 5.6).

Table 5.6. Percent of unknowns (bacterial colonies of genera not included in our libraries),
sensitivity per library (% of colonies correctly classified at each time/library), and overall
sensitivity of the classification using BARDOT technology when the developed libraries are
applied to culturable bacterial communities from new lettuce samples.

Validation excluding unknowns
Library [ Unknown

Number of Sensitivity Classification
BARDOT readings | per library | accuracy per genus
A 20.7 93 79.1 83.2+9.9
B 36.8 60 66.7 76.9+9.1
C 30.8 26 51.9 41.0+ 231
Overall 29.8 257 78.8 745+74

5.5.4 Bacterial Genera with Overlapping Scatter Patterns

The broad scope of this environmental study allowed us to identify strains from different
bacterial genera which under our experimental conditions produce very similar scatter patterns.
The overlapped features among their scatter patterns represented a limitation for the current
BARDOT technology.
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The bacterial genera with non-differentiable scatter patterns were merged as one classifier
in the respective library as shown in Table 5.4. One example in the library B is the classifier
Curtobacterium/Microbacterium/Arthrobacter/Massilia, which is composed by similar scatter
patterns of five bacterial strains (536Cu, 586Cu, 284Mi, 510Ar, 128Ma) belonging to four different
genera. Figure 5.4A shows their morphology seen with a stereoscope, their colony profiles (height
and diameter) measured through ICMA, their scatter patterns collected with BARDOT and their
number of rings visualized through the 1-D cross-sections when their colonies have grown on PCA
for 32 hours. Figures 5.4B, 5.4C and 5.4D show how the colony height, diameter and number of
rings were significantly different among these five strains, for instance 284Mi and 510Ar exhibit
colonies with lower colony height, smaller diameter and lower number of rings. However, their
aspect ratios calculated as height/diameter were not significantly different (Figure 5.4E).
Additionally, when these merged bacterial genera were tested as separate classifiers, the BARDOT
technology was not able to find differentiable features among them since their classification error
rates were up to 52.4% (Table 5.7).

Table 5.7. Average of height, diameter and aspect ratio of colonies grown for 32 hours from
bacterial strains with overlapping scatter patterns (average £ SEM). Classification error
(calculated as percent of colonies wrongly classified) when the merged bacterial genera are
tested as separate classifiers to classify colonies growing in pure and mixed culture.

Classifier Strain | Average | Average | Averag | Classification | Classification
colony colony | ecolony | error (%) in | error (%) in
height | diameter | aspect | pure culture | mixed culture

(um) (um) ratio
Massilia 128Ma | 103.8+ | 625.8* 0.17 = 6.5 16.5
3.1 29.9 0.003
Microbacterium | 284Mi 439 + 3024 + 0.14 + 50.9 51.5
2.0 8.9 0.003
Arthrobacter 510Ar | 46.0% 2774+ | 017+ 10.8 52.4
3.4 18.8 0.002
Curtobacterium [ 536Cu 948 + 588.8 = 0.16 +
1.9 10.1 0.001 14.1 34.2
586Cu | 1205+ | 7372+ | 0.16+
1.9 13.0 0.001
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Figure 5.4. Analysis of colony morphology, colony profile (height and diameter), aspect ratio
(calculated as height/diameter) and number of rings of bacterial strains of different genera with
overlapping scatter patterns when grown for 32 hours on Plate Count Agar (PCA). A. Pictures of
colony morphologies through a stereoscope (scale bar= 500um). Colony profiles based on height
and diameter measurements using a phase-contrast microscope with an integrated colony
morphology analyzer (ICMA, the line graphs represent averages for 10-20 colonies per plate).
Scatter patterns collected with BARDOT were used to plot the 1-D cross-sections to show the
number of rings. B, C, D, E. Tukey’s multiple comparisons to test differences in colony height,
diameter, number of rings and aspect ratio, respectively.
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Figure 5.4 continued
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Figure 5.4 continued
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5.6 Discussion

The study of native bacterial communities associated with fresh produce has become a
promising area which could lead to development of strategies to control the colonization of plants
by human pathogens (56, 59, 183). This study presented a comprehensive characterization of the
culturable bacterial communities associated with organic and conventional romaine lettuce from
grocery stores, since this is the leafy green commonly reported in foodborne disease outbreaks
(109).

Previous studies have reported the composition of these communities from a group of
different fresh produce items, which included romaine lettuce along with other leafy greens (68),
fruits and vegetables (74). Our survey focused only on romaine lettuce heads which are readily
available for purchase, besides the bacterial isolation was performed on plate-count agar which is
the FDA standard medium for aerobic plate counts (185) with an incubation time of 72 hours.
These parameters allowed fast- and slow-growing bacteria to be fully developed and identified,
therefore the entire culturable bacterial communities of romaine lettuce growing under our
conditions were characterized.

The total culturable bacterial population sizes from romaine lettuce from grocery stores
were 4.89 + 0.21 and 5.70 + 0.22 log[CFU g] (expressed as mean + SE) for conventional and
organic samples, respectively. Our culturable bacteria counts from ready-to-eat romaine lettuce
were higher than those from field-collected romaine lettuce in California and Arizona (67); these

higher counts were also observed in previous studies where leafy greens were collected from
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grocery stores (68, 196, 197). Fresh produce available in supermarkets has gone through a large
chain of distribution which not only exposes the product to new sources of bacteria, but also
provides less harsh conditions of relative humidity, temperature, UV light, and water availability
which affect bacterial growth and composition, when compared with open fields (76, 140, 198).

Comparison of organic and conventional labeled romaine lettuce revealed the farming

system leading to divergences in the bacterial ecology of this leafy green. Significant differences
were found in this study, where organically grown lettuce showed higher culturable bacterial
population counts and higher bacterial richness when compared with conventional production
(p<0.01). Similar results have been reported in organic-labeled spinach, lettuce and tomatoes
purchased from grocery stores in the USA (74), in leafy greens from farmers markets in Brazil
(199) and fresh lettuce from farm fields in Spain (200). However, the farming system was not a
significant factor in leafy greens collected in farms in the mid-Atlantic region of the United States
(159), and in packages of ready-to-eat leaf vegetables (68). The different results can be explained
by variations in factors affecting the composition of microbial communities such as plant cultivars,
geographical area, growing season, as well as factors related with the design of the surveys such
as sample size, specific type or group of leafy greens/vegetables being tested, microbiological
growth media, etc.
Regardless of the farming system, Pseudomonadaceae was the dominant family and it was present
in all our samples of romaine lettuce. This is consistent with the numerous reports of Pseudomonas
spp. associated with the phyllosphere and endosphere of leafy greens (66—68, 72, 196). On the
other hand, some of the previous studies are consistent with our results of Micrococcaceae as the
second-most-abundant family, while some others described Enterobacteriaceae being more
predominant. However, all these studies may not be entirely comparable due to variations
previously discussed.

The differences in the composition of organic and conventional culturable bacterial
communities of romaine lettuce in our study were evident in the less-abundant bacterial genera
(<10%). For that reason, it is important to survey a representative number of samples of the same
produce type because there are differences in bacterial community diversity and composition
across different produce types (74) which may mask the differences due to the farming system.
Furthermore, a minimum incubation time of 72 hours is necessary to allow slow-growing bacteria

to be included in the survey. According to our work, members of the Pseudomonadaceae and
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Enterobacteriaceae families are fast growers and may be the only visible bacterial colonies on a
plate incubated for only 24-48 hours. The methodological design of our study allowed us to
identify a higher number of culturable bacterial genera than previously reported in leafy greens
(66, 68). Moreover, eleven culturable representatives of Massilia were obtained, despite this genus
being identified as a constituent of the phyllosphere but only through culture-independent
approaches (67, 68, 140).

Interestingly, a higher taxonomic level, class Alphaproteobacteria, was exclusively isolated
from organic samples. This class was represented by isolates of Brevundimonas, Rhizobium and
Sphingomonas, which has been reported as plant-growing promoters (201-203). Therefore, our
finding suggests that the application of biological products to replace the conventional fertilization
might be driving the observed change of culturable bacterial community diversity and composition
between our organic and conventional romaine lettuce. Additionally, this study showed a higher
abundance of Microbacterium in organic lettuce leaves; this genus was previously found on field-
grown and not laboratory-grown lettuce (73), suggesting that a relatively high abundance of
Microbacterium might be associated with higher bacterial diversity as it was observed in our
organic samples. On the other hand, the proportion of Microbacterium has also shown to be
increased after the inoculation of E. coli 0157:H7 onto lettuce leaves (73) and strains of this genus
have exhibited antagonistic activity against this pathogen (183). Therefore, our findings might lead
to a future valuable study about the associations of plants with high bacterial diversity such as
organically grown lettuce, and the abundance of Microbacterium as a biocontrol agent against E.
coli O157:H7.

This study is the first application of BARDOT technology to characterize entire culturable
bacterial communities from environmental samples based on colony scatter patterns from different
bacterial genera. The major challenge in this kind of broad application is the huge bacterial
diversity found in the environment, in this case romaine lettuce. Our first question was how to
represent all that diversity in our developed libraries. This was addressed by clustering our total
culturable community into OTUs (97% similarity) and selecting the 20 most abundant OTUs
which accounted for the nine most abundant bacterial genera representing 76.7% of our total
population. Our methodology to define the coverage of the developed libraries corresponded with
the real coverage observed when new bacterial colonies from new lettuce samples were classified

(29.8% unknown colonies).
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When dealing with entire bacterial communities, the variation in growth rates is also a
challenge. Not all bacterial genera reached the optimal colony size to generate good scatter patterns
at the same time, even not all the strains belonging to the same genus did. For that reason, this kind
of application requires the development of libraries at different growth times. Additionally, we
found that the scatter pattern of every strain changes through the time of incubation, and strains
from the same genus can have totally different light scatter patterns under identical conditions of
growth (Figure S2 in supplemental material). This effect of growth time on light scatter patterns
has been also demonstrated in different serotypes of Shiga-toxin producing Escherichia coli (STEC)
(85).

After training the system all classifiers exhibited PPV above 90% in the cross-validation
matrices, however the validation tests with pure and mixed cultures allowed us to identify specific
classifiers or strains which exhibited lower classification accuracy. Slight variations can be
observed in pure cultures grown under the same conditions but on different experimental dates.
For that reason, it is imperative to collect scatter patterns collected on different dates to be included
in the libraries. On the other hand, some strains developed few colonies with new scatter patterns
when they were grown in mixed cultures; it is known that bacteria signal, sense and respond to
each other when they are part of a community (204-206). Recently, the effect of bacterial
interactions happening in co-cultures was observed by the formation of flower-like patterns in
colonies grown from mixtures of motile and non-motile bacterial species on a soft agar surface
(207). Therefore, the light-scattering technology could be potentially applied to study microbial
interactions modifying the spatiotemporal dynamics of colonies.

Finally, the validation of our libraries with new bacterial colonies isolated from new lettuce
samples resulted in lower values of sensitivity and classification accuracy per genus, even when
the colonies belonging to bacterial genera not included in the libraries were excluded. This result
demonstrated that bacterial genera covered by our libraries can exhibit more variations of the
scatter patterns and/or growth times when new strains are evaluated. For that reason, the
development of BARDOT libraries to classify total bacterial communities from environmental
samples should be conceived as a continuous process, where periodically new scatter patterns from
new isolated strains are incorporated. Additionally, the sensitivity and classification accuracy of
our BARDOT libraries can be increased by the ongoing improvement of the current built-in image

analysis software (192). For instance, the implementation of new features such as calculation of
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percent of similarity of the scatter patterns being tested against the patterns that are part of the
classifiers. This information will help to set a threshold of similarity which might determine what
colonies are unknown for the system (genera not included in the library) (191) or are not
sufficiently similar to what is available in the libraries, therefore their classification would be
uncertain.

Due to the broad scope of this study, strains from different bacterial genera producing very
similar light scatter patterns were identified. This finding represents a limitation for the BARDOT
technology as a tool for the characterization of entire culturable bacterial communities at the genus
level. Our ICMA results showed that the overlapping strains had significantly different colony
diameters and heights which consequently determine different number of rings (208), but their
aspect ratios (Height/Diameter) were not significantly different. The aspect ratio of a colony has
been demonstrated to determine the size of the light scatter pattern (195, 209), and this was
demonstrated to be an important feature to provide differentiation during the classification process
in our study. Therefore, our results corroborate the limitation of the single-wavelength laser scatter
technology to differentiate bacterial strains or genera developing colonies with similar aspect ratios.

Finally, we suggest possible strategies to mitigate the limitation of overlapping scatter
patterns. First, the application of the BARDOT technology as a fully automated system with an
incubator, plate-handling robot and laser scanner will allow the scatter patterns to be recorded
during the entire growth cycle. In that way, the classification process can be performed with
multiple comparison points and with the growth rate as an additional feature. Additionally, the
classification based on light scatter patterns might be complemented with phenotypic data, such as
colony morphology, color, density and size produced under the same culturable conditions of the
BARDOT readings. Last, some of the strains with overlapping scatter patterns exhibit different
colony colors when they are fully developed, therefore using a multispectral forward-scatter
instrument (210) instead of a single-wavelength laser might maximize their classification

efficiency.
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5.8 Supplemental Material

Table S1. Ten-X cross-validation (CV) matrices of developed libraries. A. Library A (21-22
hours). B. Secondary library A (21-22 hours). C. Library B (32 hours). C. Library C (72 hours).
Diagonal bold values show the positive predictive value (PPV) of each classifier.

A
Ten-fold cross-validation (CV) matrix: Library A (21-22
hours)
Classifiers Pa Er/Ps Ma/Du/Fl/ Ar
Pa 994 0.6 0.1
Er/Ps 0.3 98.3 1.4
Ma/Du/Fl/Ar 0.4 3.0 96.6
B.

Ten-fold cross-validation (CV) matrix: Secondary Library
A (21-22h) Erwinia/Pseudomonas

Classifiers Ps Er
Ps 95.4 4.6
Er 2.4 97.6
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Table S1 continued

Ten-fold cross-validation (CV) matrix: Library B (32 hours)

Classifiers Ar Du/Ar CuMif Ma Fl Ps Er
Ar/Ma
Ar 99.3 0.3 0.3 0.0 0.0 0.0 0.0

Du/Ar 0.2 99.8 0.0 0.0 0.0 0.0 0.0

Cu/Mi/

Ar/Ma 0.0 0.0 99.4 0.0 0.1 0.4 0.0
Ma 0.2 1.6 0.0 96.4 0.5 1.2 0.0
Fl 0.0 0.0 1.2 0.0 98.5 0.3 0.0
Ps 0.0 0.0 1.9 0.3 1.7 96.1 0.0
Er 0.0 0.0 0.0 0.0 0.0 1.0 99.0

Ten-fold cross-validation (CV) matrix: Library C (72 hours)
Classifiers Mi F Du Ar Mi/Ar

Mi 92.6 0.3 0.0 0.0 7.0

FI 0.0 994 0.0 0.0 0.6

Du 0.8 0.0 99.2 0.0 0.0

Ar 0.0 0.0 0.7 99.3 0.0

Mi/Ar 8.5 0.3 0.2 0.4 90.6
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Pseudomonas spp.
Strain 556Ps Strain 532Ps Strain 143Ps Strain 39Ps Strain 100Ps Strain 159Ps

Light scatter patterns on PCA at 21h, 30°C, colony diameter size <lmm

Colony morphology on PCA at 24-48h, 30°C, colony diameter size >1mm

Figure S2. Comparison of light scatter patterns of different strains of Pseudomonas spp. grown
under identical conditions: PCA medium, 30°C, 21 hours. Colony morphologies are showing
fully developed colonies after their scatter patterns were recorded.
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APPENDIX A. R CODE TO ANALYZE MISEQ 16S SEQUENCING DATA

### Used R 4.0.2 to perform this analysis
it PROCESSING OF READS WITH DAD A2#HHHHHHHHHHHHHHHHHHHHE

# The following packages and their dependencies need to be installed and loaded to run the
analysis

library(dada2); packageVersion ("dada2")

library(reshape2); packageVersion (“"reshape2™)

library(magrittr); packageVersion (“"magrittr")

library(data.table); packageVersion (“data.table”)

# Define work directory
path <- "/scratch/snyder/d/dsarriaz/PoolEcoli/Original_Reads"
list.files(path)

# Forward and reverse fastq filenames have format: SAMPLENAME_R1 001.fastq and
#SAMPLENAME_R2_001.fastq

fnFs <- sort(list.files(path, pattern="_R1 001.fastq"))

fnRs <- sort(list.files(path, pattern="_R2_001.fastq"))

## Extract sample names, assuming filenames have format: SAMPLENAME_XXX.fastq
sample.names <- sapply(strsplit(fnFs, "_"), [, 1)

sample.names

fnFs <- file.path(path, fnFs)
fnRs <- file.path(path, fnRs)

#Error plots
pdf(*/scratch/snyder/d/dsarriaz/PoolBacteria/Qualityplot_Forwl PoolBacteria.pdf")
plotQualityProfile(fnFs[1:8])

dev.off()

##Filter and Trim

filt_path <- file.path(path, "Filtered")

filtFs <- file.path(filt_path, "Filtered", pasteO(sample.names, " _F_filt.fastq"))
filtRs <- file.path(filt_path, "Filtered", pasteO(sample.names, *_R_filt.fastq"))

## Filtering parameters: maxN=0 Dada2 requires no Ns, maximum of 2 expected errors per-read,

#Truncate reads at the first instance of a quality score less than or equal to truncQ

# vectors (, ) for forward and reverse reads

# Truncate reads after truncLen bases. Reads shorter than this are discarded.

# trimleft: nucleotides to remove from the start of each read (primers). If both truncLen and

#trimLeft are provided, filtered reads will have length truncLen-trimLeft

out <- filterAndTrim (fnFs, filtFs, fnRs, filtRs, maxN=0, maxEE=c(2,2), truncQ=2,
trimLeft=c(19,17), truncLen=c(220,220), minLen=100, rm.phix=TRUE,
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compress=TRUE, multithread=TRUE)
write.csv(out, file="/scratch/snyder/d/dsarriaz/PoolEcoli/Summary_FilterAndTrim.csv")

## Learn the Error Rates
errF <- learnErrors(filtFs, multithread=TRUE)
errR <- learnErrors(filtRs, multithread=TRUE)

pdf("/scratch/snyder/d/dsarriaz/PoolEcoli/plotErrorsF.pdf", width=12.25, height=10.0,
bg="white");

plotErrors(errF,nominal Q=TRUE)

dev.off()

pdf("/scratch/snyder/d/dsarriaz/PoolEcoli/plotErrorsR.pdf", width=12.25, height=10.0,
bg="white");

plotErrors(errR,nominal Q=TRUE)

dev.off()

##Dereplicate the filtered fastq files: combines all identical sequencing reads
## into "unique sequences” with a corresponding "abundance"

derepFs <- derepFastq(filtFs, verbose=TRUE) #unique sequences analysis
derepRs <- derepFastq(filtRs, verbose=TRUE) #unique sequences analysis
# Name the derep-class objects by the sample names

names(derepFs) <- sample.names

names(derepRs) <- sample.names

## Sample Inference: Infer the sequence variants in each sample
dadaFs <- dada(derepFs, err=errF, multithread=TRUE, pool=TRUE)
dadaRs <- dada(derepRs, err=errR, multithread=TRUE, pool=TRUE)
#Inspecting the returned dada-class object

dadaFs[[1]]

## Merge the denoised forward and reverse reads

mergers <- mergePairs(dadaFs, derepFs, dadaRs, derepRs, verbose=TRUE)

# Inspect the merger data.frame from the first sample

head(mergers[[1]])

df<-data.frame(mergers = unlist(mergers))

write.csv(df, file= "/scratch/snyder/d/dsarriaz/PoolEcoli/PoolEcoli_merged.csv", row.names =
TRUE)

##construct a "sequence table” or ASV table, a higher-resolution version of the "OTU table”
#Rows are named by the samples, columns named by sequence variants

segtab <- makeSequenceTable(mergers)

#Print number of samples and number of ASVs

asv <- dim(seqtab)
write.csv(asv,file="/scratch/snyder/d/dsarriaz/PoolEcoli/PoolEcoli_Samples-ASVs.csv",
row.names = FALSE)
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#Length distribution of contigs

lengths <- table(nchar(getSequences(seqtab)))
write.csv(lengths,file="/scratch/snyder/d/dsarriaz/PoolEcoli/PoolEcoli_contiglengths.csv",
row.names = FALSE)

##Remove chimeric sequences

segtab.nochim <- removeBimeraDenovo(seqtab, method="consensus", multithread=TRUE,
verbose=TRUE)

#Print number of samples and number of ASVs without chimeras

#Interpretation: calculate percent of chimeras/merged SVs

dim <- dim(seqtab.nochim)

write(dim, file = "/scratch/snyder/d/dsarriaz/PoolEcoli/SVs_nochimeras.txt")

##Abundance of ASVs without chimeras

##Interpretation: print percent of chimeric SVs/merged sequenced reads

sum <- sum(seqgtab.nochim)/sum(seqtab)

write(sum, file = "/scratch/snyder/d/dsarriaz/PoolEcoli/percent_nochimeras.txt")

##Save ASV table (aka. OTU table)
write.csv(seqtab.nochim, file = "/scratch/snyder/d/dsarriaz/PoolEcoli/ASV-
Table_PoolEcoli.csv", row.names = TRUE, col.names = TRUE)

## As a final check of our progress, we'll look at the number of reads that made it through
#each step in the pipeline

getN <- function(x) sum(getUniques(x))

track <- cbind(out, sapply(dadaFs, getN), sapply(mergers, getN), rowSums(seqtab),
rowSums(seqtab.nochim))

colnames(track) <- c("input", "filtered", "denoisedF", "denoisedR", "merged"”, "nonchim")
rownames(track) <- sample.names

write.csv(track, file= "/scratch/snyder/d/dsarriaz/PoolEcoli/SummaryReads_PoolEcoli.csv",
row.names = TRUE)

##Assign Taxonomy

set.seed(100)

#Silva V.138

taxa.genus.50.silva <- assignTaxonomy(seqgtab.nochim,
refFasta="/scratch/snyder/d/dsarriaz/PoolEcoli/Bacterial _databases/silva_nr99 v138 train_set.fa
.0z", multithread=TRUE, tryRC=TRUE, minBoot=50)

unname(head(taxa.genus.50.silva))

write.csv(taxa.genus.50.silva, file=
"/scratch/snyder/d/dsarriaz/PoolEcoli/PoolEcoli_genus 50 silval38.csv", row.names = TRUE)

taxa.species.50.silva <- addSpecies(taxa.genus.50.silva,
refFasta="/scratch/snyder/d/dsarriaz/PoolEcoli/Bacterial_databases/silva_species_assignment_v1
38.fa.gz", allowMultiple = TRUE)

unname(head(taxa.species.50.silva))
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write.csv(taxa.species.50.silva, file=
"/scratch/snyder/d/dsarriaz/PoolEcoli/PoolEcoli_species 50_silval38.csv", row.names = TRUE)

##Save variables for Phyloseq

saveRDS(segtab.nochim, "seqtab.nochim.Ecoli.rds™)
saveRDS(taxa.genus.50.silva, "taxa.genus.50.silva.Ecoli.rds")
saveRDS(taxa.species.50.silva, "taxa.species.50.silva.Ecoli.rds")

#iHHH## DATA VISUALIZATION AND ANALYSIS WITH PHY LOSEQ #####HHHHHHIHH#H

# The following packages and their dependencies need to be installed and loaded to run the
analysis

library(reshape2);packageVersion (“'reshape2")
library(magrittr);packageVersion ("magrittr")
library(ggplot2); packageVersion (“ggplot2™)
library(RColorBrewer);packageVersion ("RColorBrewer™)
library(data.table);packageVersion("data.table™)
library(DECIPHER);packageVersion("DECIPHER")
library(decontam);packageVersion("decontam")
library(phangorn);packageVersion("phangorn™)
library(phyloseq);packageVersion("phyloseq")
library(readr);packageVersion("readr")
library(dplyr);packageVersion("dplyr")
library(vegan);packageVersion("vegan")
library(ape);packageVersion("ape™)
library(ggpubr);packageVersion("ggpubr")
library(tidyverse);packageVersion("tidyverse")
library(dada?); packageVersion ("dada2")
library(DESeq2); packageVersion ("DESeq2")
library(Rmisc); packageVersion ("Rmisc™)
library(broom); packageVersion ("broom")
library(gplots); packageVersion ("gplots")
library(tidyr); packageVersion (“tidyr")
library(stringr); packageVersion ("stringr')
library(plotrix); packageVersion ("plotrix")
library(Ime4); packageVersion ("Ime4")
library(nlme); packageVersion (*nlme™)
library(Ismeans); packageVersion ("Ismeans™)
library(rcompanion); packageVersion (“'rcompanion™)
library(ggfortify); packageVersion ("ggfortify")
library(car); packageVersion (“car")
library(psych); packageVersion (“psych")
library(plyr); packageVersion ("plyr")

# Define work directory and source functions needed
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setwd("//datadepot.rcac.purdue.edu/depot/pruittr/data/Documents_Vanessa/Thesis_IlluminaAnal
ysis/PoolBacteria/Phyloseq_Analysis")
source("misegR.r", local = TRUE)

##Bring data from DADAZ2
segtab.nochim <- readRDS(""seqtab.nochim.Bacteria.rds")

##Taxonomy edited file

edited.taxa.genus <- read.table(file="edited1 PoolBacteria_genus_50 silval38.txt") #saved as

data frame

head(edited.taxa.genus)

#convert to matrix

edited.taxa.genus <- matrix(as(as(edited.taxa.genus, "matrix"), "character"),
nrow=nrow(edited.taxa.genus),
ncol=ncol(edited.taxa.genus))

row.names(edited.taxa.genus) <- colnames(seqtab.nochim)

##Metadata file: Do not use same word for two columns Ex. SamplelD and Sample_Type
metadata.file <- "Metadata_PoolBacteria.csv"

metadata <- read.csv(metadata.file)

#convert dataframe into phyloseq format

metadata <- sample_data(metadata)

#required to merge metadata into phyloseq object: rownames must match sample names
rownames(metadata) <- metadata$SamplelD

##Create Phyloseq object

psTotal <- phyloseq(otu_table(segtab.nochim, taxa_are_rows=FALSE),
sample_data(metadata),
tax_table(edited.taxa.genus))

psTotal

colnames(tax_table(psTotal)) <- c¢("Domain", "Phylum”, "Class", "Order", "Family", "Genus")
rank_names(psTotal)
sample_variables(psTotal)

#Reorder levels of variables if neede
sample_data(psTotal)$Study <- factor(sample_data(psTotal)$Study, levels = c(""Bacteria",
"Control"”, "Mock", "EcoliStrain™))

#iHHHHHHE TAXON FILTERING #H#H#HHHHHHHHHHHHH

## REMOVE NON BACTERIAL SEQS
##Phylum NA or Unclassified, Order Chloroplast, Family Mitochondria
psTotal2 <- subset_taxa(psTotal, Domain == "Bacteria” &
lis.na(Phylum) &
IPhylum %in% c("", "Unclassified") &
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10rder %in% c("Chloroplast™) &
IFamily %in% c("*Mitochondria™)

)
psTotal2
sum(otu_table(psTotal2)) #number of reads remaining
saveRDS(psTotal2, "psTotal2.rds")
saveRDS(psTotal, "psTotal.rds")

###Rename taxa names from entire sequence to only >SV1, >SV2, etc

new.names <- paste0("ASV", seq(ntaxa(psTotal2))) # Define new names ASV1, ASV2, ...
seqs <- taxa_names(psTotal2) #### Store sequences

names(seqs) <- new.names # Make map from ASV1 to full sequence

taxa_names(psTotal2) <- new.names # Now taxa names of Phyloseq object are are ASV1, ..
# Coerce to data.frame

seqs_df = as.data.frame(seqs)

write.csv(seqs_df, “ASV_sequences_PoolBacteria.csv")

saveRDS(seqs_df, "seqs_df.rds")

##### SAVE ASV TABLES ONLY BACTERIA BEFORE CONTAMINANT REMOVAL ##

# Extract abundance matrix from the phyloseq object

filtered_otutable = as(otu_table(psTotal2), ‘'matrix’)

# transpose if necessary

if(taxa_are_rows(psTotal2)){filtered_otutable <- t(filtered_otutable)}

# Coerce to data.frame

filtered_otutable df = as.data.frame(filtered_otutable)

# OTU table with entire sequence of ASVs as columns and samples as rows, showing abundance
write.csv(filtered otutable df, “ASV_abundances.csv")

# Extract taxonomy matrix from the phyloseq object

filtered_taxtable = as(tax_table(psTotal2), 'matrix’)

# Taxonomy table with taxonomy levels as columns and entire sequence of ASVs as rows
write.csv(filtered_taxtable, "ASV_taxonomy.csv")

#iHHH#H# CONTAMINANT REMOVAL FROM CONTROLS ####HHHHHHHH

#Remove contaminant seqs with decontam, using PCR negative controls.
#Code adapted from https://benjjneb.github.io/decontam/vignettes/decontam_intro.html

#Library size as a function of whether its a negative control or not

df <- as.data.frame(sample_data(psTotal2)) # Put sample_data into a ggplot-friendly data.frame
df$LibrarySize <- sample_sums(psTotal2)

df <- df[order(df$LibrarySize),]

df$Index <- seq(nrow(df))
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ggplot(data=df, aes(x=Index, y=LibrarySize, color=Study)) + geom_point()

##Prevalence method to identify contaminants: presence/absence in samples against controls
#must remove sample with 0 reads, then code will run.

psTotal2.rm0 <- prune_samples(sample_sums(psTotal2)>=1, psTotal2)
sample_data(psTotal2.rm0)3$is.neg <- sample_data(psTotal2.rm0)$Study == "Control"
#Default threshold for statistical test is 0.1

contamdf.prev <- isContaminant(psTotal2.rm0O, method="prevalence", neg="is.neg",
threshold=0.1)

table(contamdf.prev$contaminant)

head(which(contamdf.prev$contaminant)) ##Print the rank of abundance of the SVs identified as
contaminants

write.csv(contamdf.prev, “contaminants.csv'™)

#plot contaminants based on number of control samples they appear in

# Make phyloseq object of presence-absence in negative controls

ps.control <- prune_samples(sample_data(psTotal2.rm0)$Study == "Control"”, psTotal2.rm0)

ps.control.presence <- transform_sample_counts(ps.control, function(abund) 1*(abund>0))

# Make phyloseq object of presence-absence in true positive samples

ps.sample <- prune_samples(sample_data(psTotal2.rm0)$Study != "Control", psTotal2.rm0)

ps.sample.presence <- transform_sample_counts(ps.sample, function(abund) 1*(abund>0))

# Make data.frame of prevalence in positive and negative samples

df.pres <- data.frame(prevalence.sample=taxa_sums(ps.sample.presence),

prevalence.control=taxa_sums(ps.control.presence),
contam.prev=contamdf.prev$contaminant)

write.csv(df.pres, "contaminants_presence.csv")

## Check if identified contaminants (TRUE) are more prevalent in samples or controls)

ggplot(data=df.pres, aes(x=prevalence.control, y=prevalence.sample, color=contam.prev)) +

geom_point()

#What is in controls?

ps.control = prune_taxa(taxa_sums(ps.control) > 0, ps.control)
Top.controls = names(sort(taxa_sums(ps.control), TRUE)[1:20])
ps.control.Top = prune_taxa(Top.controls, ps.control)
plot_bar(ps.control. Top, x="Type", fill = "Genus")

# What is in samples?

#ps.sample <- prune_samples(sample_data(psTotal2.rm0)$Type == "Plant", psTotal2.rm0) To
check abundances in plant samples

ps.sample = prune_taxa(taxa_sums(ps.sample) > 0, ps.sample)

Top.samples = names(sort(taxa_sums(ps.sample), TRUE)[1:20])

ps.sample.Top = prune_taxa(Top.samples, ps.sample)

plot_bar(ps.sample.Top, x="Distribution”, fill = "Genus", facet_grid = ~RH)

#Filter identified contaminants with prevalence method out of dataset
keep <- Icontamdf.prev$contaminant
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psTotal2.free <- prune_taxa(keep, psTotal2.rm0)

#Other method: Filter out the most abundant identified contaminant ASVs

ps.control = prune_taxa(taxa_sums(ps.control) > 0, ps.control)

Top.controls = names(sort(taxa_sums(ps.control), TRUE)[1:8]) ##0nly remove Top8 of controls
taxa.no.top.controls <- setdiff(taxa_names(psTotal2.rm0), Top.controls) ##Keeping taxa no
present in Top control

psTotal2.free = prune_taxa(taxa.no.top.controls, psTotal2.rm0) ##New phyloseq object with NO
#top controls

psTotal2.free

sum(otu_table(psTotal2.free))

#how many reads removed?
sum(otu_table(psTotal2.rm0)) #before filtering
sum(otu_table(psTotal2.free)) #after filtering

#Remove control samples

psTotal2.free <- subset_samples(psTotal2.free, Study !="Control")
psTotal2.free <- prune_taxa(taxa_sums(psTotal2.free) > 0, psTotal2.free)
psTotal2.free

sum(otu_table(psTotal2.free))

#Remove E.coli strain and Mock controls

pBacteria <- subset_samples(psTotal2.free, Type !="EcoliStrain") #125 samples
pBacteria <- subset_samples(pBacteria, Study !'= "Mock™) # 123 samples
pBacteria <- prune_taxa(taxa_sums(pBacteria) > 0, pBacteria)

pBacteria

sum(otu_table(pBacteria))

get_taxa_unique(pBacteria, "Genus")

#iHHAHH#E CHECK MOCK CONTROLS ###H#HHHHHHB R

pMock <- subset_samples(psTotal2.free, Study == "Mock")
pMock <- prune_taxa(taxa_sums(pMock) > 0, pMock)

pMock_genus <- pMock %>%

tax_glom(taxrank = "Genus") %>% # agglomerate at phylum level
transform_sample_counts(function(x) {x/sum(x)} ) %>% # Transform to rel. abundance
psmelt() %>% # Melt to long format
filter(Abundance > 0.01) %>% # Filter out low abundance taxa
arrange(Genus) # Sort data frame alphabetically by phylum

# Plot

ggplot(pMock_genus, aes(x = Type, y = Abundance*100, fill = Genus)) +
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geom_bar(stat = "identity") +

scale_fill_brewer(palette="Dark2") +

geom_text(aes(label=format(Abundance*100, digits = 2)), position = position_stack(vjust =
0.5)) +

# Remove x axis title

theme(axis.title.x = element_blank()) +

#

guides(fill = guide_legend(reverse = FALSE, keywidth = 1, keyheight = 1)) +

ylab("Relative Abundance (Genera > 1%) \n") +

gatitle("Genera Composition of Mock Controls")

### FILTER LOW ABUNDANCE TAXA AND LOW SAMPLE SIZES ####H#HHH##H

#Remove low abundance taxa: not seen more than 2 times in at least 10% of the samples
pBacteria.f = filter_taxa(pBacteria, function(x) sum(x > 2) > (0.1*length(x)), TRUE)
pBacteria.f ## 1516 ASV, 123 samples, 417 genera

get_taxa_unique(pBacteria.f, "Genus")

sum(otu_table(pBacteria.f)) #1,814,947

#Plot number of reads
sdt2 = data.table(as(sample_data(pBacteria.f), "data.frame™),

TotalReads = sample_sums(pBacteria.f), keep.rownames = TRUE)
write.csv(sdt2, "TotalReads_pBacteria.f.csv")

pSeqDepth = ggplot(sdt2, aes(x = Condition, y = TotalReads, fill=Cultivar)) +
ggtitle("Library sizes") + xlab("Experimental Conditions") + ylab("Number of Reads") +
scale_x_discrete(guide = guide_axis(angle = 90)) + labs(fill="Cultivar") +
theme(plot.title = element_text(hjust = 0.5), plot.subtitle=element_text(hjust=0.5,

face="italic")) + geom_boxplot() + scale_y log10()

pSeqDepth

pSeqDepth + facet_grid(~RH, scales="free")

#Remove samples with fewer than 1000 reads

pBacteria.r <- prune_samples(sample_sums(pBacteria.f)>=1000, pBacteria.f)
sum(otu_table(pBacteria.r)) # Total of segs: 1,813,464, 1516 ASV, 121 samples
mean(rowSums(otu_table(pBacteria.r))) # average of seqs:14,987

#Which samples were removed?
removed.samples <- setdiff(sample_names(pBacteria), sample_names(pBacteria.r))
removed.samples # "TH3RH65Upr1" "TH3RH65Upr2"

saveRDS(pBacteria.r, "pBacteria-r-before_tree.rds")
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#iHHHRE PHY LOGENETIC TREE #HH#H#HHHHHHHHH R

##The DADAZ sequence inference method is reference-free, so we must construct the
##phylogenetic tree relating the inferred sequence variants de novo.
##We begin by performing a multiple-alignment using the DECIPHER R package

#Get sequences back from seqs_df, only the ASVs present in pBacteria.r

seqs.pBacteria.r <- data.frame(seqs_df[row.names(seqs_df) %in% taxa_names(pBacteria.r),],
row.names = taxa_names(pBacteria.r))

write.csv(segs.pBacteria.r, "ASV_sequences_pBacteria-r.csv")

final.seqs <- segs.pBacteria.r[,1]

taxa_names(pBacteria.r) <- final.seqs #rename ASV again with sequences to add the
#phylogenetic tree

names(final.seqs) <- final.segs # This propagates to the tip labels of the tree
alignment <- AlignSeqs(DNAStringSet(final.segs), anchor=NA)

##first construct a neighbor-joining tree, and then fit a

#GTR+G+I (Generalized time-reversible with Gamma rate variation) maximum likelihood tree
using the neighbor-joining tree as a starting point.

phang.align <- phyDat(as(alignment, "matrix"), type="DNA")

dm <- dist.ml(phang.align)

treeNJ <- NJ(dm) # Note, tip order !'= sequence order

fit = pml(treeNJ, data=phang.align) ## negative edges length changed to 0!

fitGTR <- update(fit, k=4, inv=0.2)

fitGTR <- optim.pmI(fitGTR, model="GTR", optinv=TRUE, optGamma=TRUE,rearrangement
= "stochastic", control = pml.control(trace = 0,epsilon= 1e-08 ,maxit=10))

saveRDS(fitGTR, "fitGTR.rds")

#fitGTR <- readRDS("fitGTR.rds")

##Add tree to phyloseq object

phy_tree(pBacteria.r) <- phy_tree(fitGTR$tree) ##Add tree to phyloseq object
saveRDS(pBacteria.r, "pBacteria-r.rds")

tree <- phy_tree(fitGTRS$tree)

write.tree(tree, "pBacteria-tree.newick")

#iHHHHHH#E SAVE ASV TABLES OF FINAL PROCESSED DATA #######H

#Change name of ASVs

pBacteria.asv <- pBacteria.r

taxa_names(pBacteria.asv) <- paste0("ASV", seq(ntaxa(pBacteria.asv)))
### New ASV numbers NOT related with previous

# ASV table raw counts: ASVs as columns and samples as rows, showing abundance

write.csv(t(otu_table(pBacteria.asv)), "ASV_Table pBacteria-asv.csv")
# Sample Data: Metadata
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write.csv(sample_data(pBacteria.asv), "Metadata_Table_pBacteria-asv.csv")
# Taxonomy table: taxonomy levels as columns and ASVs as rows
write.csv(tax_table(pBacteria.asv), "Taxonomy_Table pBacteria-asv.csv")
#Save Tree with ASV as taxa names

tree.asv <- phy_tree(pBacteria.asv)

write.tree(tree.asv, "pBacteria-tree-asv.newick™)

saveRDS(pBacteria.asv, "pBacteria.asv-final.rds")

### FIG. STACKED BARPLOT OF RELATIVE ABUNDANCES AT CLASS LEVEL ####
## Stats

get_taxa_unique(pBacteria.asv, "Phylum™)

get_taxa_unique(pBacteria.asv, "Class™)

get_taxa_unique(pBacteria.asv, "Order")

get_taxa_unique(pBacteria.asv, "Family")

get_taxa_unique(pBacteria.asv, "Genus")

# Agglomerate at Class level

Ec.phyl <- tax_glom(pBacteria.asv, taxrank="Class")

# Transform to rel. abundance

Ec.phyl.ra <- transform_sample_counts(Ec.phyl, function(x) {x/sum(x)} )

map <- sample_data(Ec.phyl.ra)

phyla <- as.vector(tax_table(Ec.phyl)[,3]) #change column number if evaluating other tax rank
#Create Phyla relative abundance table for all samples

PhylOTU <- as.data.frame(otu_table(Ec.phyl.ra))

colnames(PhylOTU) <- phyla

##sort by sample 1D (so that they are in consecutive order)
#PhylOTU <- PhylOTUJorder(rownames(PhylOTU)),]

#combine phyla that contribute less than 1% of rel ab
below01=PhylOTUI[,colMeans(PhylOTU)<0.01]

# Sum rel ab of all phyla below 1%
below01.cs=rowSums(below01)

#remove those below01 phyla from the table
PhylOTU=PhylOTU[,colMeans(PhylOTU)>0.01]
#add the sum from all phyla below 1%
PhylOTU=cbind(PhylOTU,below01.cs)

#rename the last row
colnames(PhylOTU)[ncol(PhylOTU)]="Below_1%"

#Merge with map file
phylOTU.merge <- merge(PhylOTU, map, by="row.names")
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#Average each by variable of interest, in this case, Condition
phyl.avg <- aggregate(phylOTU.merge[,2:11], by=list(phylOTU.merge$CultivarCondition),
mean) #change number of columns including the taxa ranks

rownames(phyl.avg) <- phyl.avg$Group.1
colnames(phyl.avg)[[1]] <- "CultivarCondition"

phyl.avg.melt <- phyl.avg %>%
melt()

colnames(phyl.avg.melt)[[2]] <- "Class"

colourCount = length(unique(phyl.avg.melt$Class))
getPalette = colorRampPalette(brewer.pal(colourCount, "Dark2"))

pdf("Class_stackedbarplot_ByCultivarCondition.pdf”,width=7,height=4)
ggplot(phyl.avg.melt) +
geom_bar(stat = "identity", aes(x = CultivarCondition, y = value, fill = Class)) +
scale_fill_manual(values = getPalette(colourCount)) +
theme(axis.title.x = element_blank()) +
guides(fill = guide_legend(reverse = FALSE, keywidth = 1, keyheight = 1)) +
ylab("Relative Abundance \n") +
theme(axis.text.x=element_text(angle=90,hjust=1,vjust=0.5), axis.text = element_text(size
=10), legend.text = element_text(size =10))
dev.off()

phyl.com.summary <- phyl.avg.melt %>%
dplyr::group_by(CultivarCondition, Class) %>%
dplyr::summarize(mean = mean(value))

write.csv(phyl.com.summary, "Relative_abundances_Class.csv")

### DIFFERENTIAL ABUNDANCE BETWEEN TREATMENTS AT FAMILY LEVEL ###

# Remove samples no wanted in analysis
Ec.growth <- subset_samples(pBacteria.asv, Cultivar == "TH")

#agglomerate to tax rank
Ec.fam<- tax_glom(pBacteria.asv, "Family")
Ec.gen<- tax_glom(Ec.growth, "Genus")
#converts phyloseg-format data into a 'DESegDataSet™ with dispersions estimated, using the
#experimental design formula (~ Variable)
diagdds = phyloseq_to_deseq2(Ec.fam, ~ RH)
#calculate geometric means prior to estimate size factors
gm_mean = function(x, na.rm=TRUE){
exp(sum(log(x[x > 0]), na.rm=na.rm) / length(x))
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}

geoMeans = apply(counts(diagdds), 1, gm_mean)

diagdds = estimateSizeFactors(diagdds, geoMeans = geoMeans)

diagdds.fam = DESeq(diagdds, fitType="local") #fit dispersion by local data

#Note: The default multiple-inference correction is Benjamini-Hochberg, and occurs within the
# DESeq" function.

# Create table of results with function results

alpha =0.001

log2 =4

RtoE <- results(diagdds.fam, contrast=c("RH", "B", "C")) #first level will be used for plotting
#the fold changes

RtoE = RtoE[order(RtoE$padj, na.last=NA), ]

sigtabRtoE = RtoE[(RtoES$padj < alpha), ]

sigtabRtoE = sigtabRtoE[(abs(sigtabRtoE$log2FoldChange) > log2), ]
sigtabRtoE = chind(as(sigtabRtoE, "data.frame"),
as(tax_table(Ec.fam)[rownames(sigtabRtoE), ], "matrix™))

Comparison <- rep("RHBtoRHC", length(rownames(sigtabRtoE)))
sigtabRtoE <- chind(sigtabRtoE, Comparison)

write.csv(sigtabRtoE, "DeSeq_Family ALL-RHBvVSRHC p0.001_log4.csv")

####Visualize differential abundance

# Class order

x = tapply(sigtabRtoE$log2FoldChange, sigtabRtoE$Class, function(x) max(x))
X = sort(x, TRUE)

sigtabRtoE$Class = factor(as.character(sigtabRtoE$Class), levels=names(x))

# Family order

x = tapply(sigtabRtoE$log2FoldChange, sigtabRtoE$Family, function(x) max(x))
x = sort(x, TRUE)

sigtabRtoE$Family = factor(as.character(sigtabRtoE$Family), levels=names(x))

# Genus order

x = tapply(sigtabRtoE$log2FoldChange, sigtabRtoE$Genus, function(x) max(x))
x = sort(x, TRUE)

sigtabRtoE$Genus = factor(as.character(sigtabRtoE$Genus), levels=names(x))

colourCount = length(unique(sigtabRtoE$Class))
getPalette = colorRampPalette(brewer.pal(8, "Spectral™))

pdf("DeSeq_Family ALL-RHBvSRHC p0.001_log4.pdf”,width=7,height=3.5)
ggplot(sigtabRtoE, aes(x=Family, y=log2FoldChange, fill = Class)) +
geom_point(size=3, colour= "black™, pch = 21, position = position_jitterdodge()) +
scale_fill_manual(values = getPalette(colourCount)) +
theme(axis.text.x=element_text(angle=90,hjust=1,vjust=0.5, size = 10, face="italic"),
axis.text.y=element_text(size = 10))
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dev.off()
i ALPHA DIVERSITY STATISTICAL ANALY SIS #HHHHHHHHHHHHHHHHHHH

#alpha diversity calculations adapted from Denef lab tutorial.
#http://deneflab.github.io/MicrobeMiseq/
min_lib <- min(sample_sums(pBacteria.asv))

# Initialize matrices to store richness and evenness estimates
nsamp = nsamples(pBacteria.asv)
trials = 100

richness <- matrix(nrow = nsamp, ncol = trials)
row.names(richness) <- sample_names(pBacteria.asv)

shannon <- matrix(nrow = nsamp, ncol = trials)
row.names(shannon) <- sample_names(pBacteria.asv)

for (i in 1:100) {
# Subsample
r <- rarefy_even_depth(pBacteria.asv, sample.size = min_lib, verbose = FALSE, replace = T)

# Calculate richness
rich <- as.numeric(as.matrix(estimate_richness(r, measures = "Observed")))
richness[ ,i] <- rich

# calculate shannon diversity
shan <- as.numeric(as.matrix(estimate_richness(r, measures = "Shannon')))
shannon[ ,i] <- shan

by

# Create a new dataframe to hold the means and standard deviations of richness estimates
SamplelD <- row.names(richness)

mean <- apply(richness, 1, mean)

sd <- apply(richness, 1, sd)

measure <- rep("Richness", nsamp)

rich_stats <- data.frame(SamplelD, mean, sd, measure)

# Create a new dataframe to hold the means and standard deviations of shannon diversity
estimates

SamplelD <- row.names(shannon)

mean <- apply(shannon, 1, mean)

sd <- apply(shannon, 1, sd)

measure <- rep("Shannon Diversity", nsamp)

shan_stats <- data.frame(SamplelD, mean, sd, measure)
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#combine richness and evenness into one dataframe
alpha <- rbind(rich_stats, shan_stats)

#adds sample data

s <- data.frame(sample_data(pBacteria.asv))

alphadiv <- merge(alpha, s, by = "SamplelD")
write.csv(alphadiv, "Alpha_diversity pBacteria-asv.csv")

alphadiv.shan <- subset(alphadiv, measure == "Shannon Diversity")
alphadiv.shan <- alphadiv.shan[order(alphadiv.shan$mean), ]
alphadiv.rich <- subset(alphadiv, measure == "Richness")
alphadiv.rich <- alphadiv.rich[order(alphadiv.rich$mean), ]

colourCount = 3 #number of elements to be colored (ex. 3 RH)
getPalette = colorRampPalette(brewer.pal(3, "Dark2"))

#plot alpha diversity
pdf("Alpha diversity Richness.pdf*”,width=6.5,height=4)
#ggplot(alphadiv.rich, aes(x = CultivarCondition, y = mean)) + geom_boxplot() +
ylab("Richness™) + xlab("E.coli growth level")
ggplot(alphadiv.rich, aes(x = CultivarCondition, y = mean, color = Distribution)) +
geom_boxplot() +
facet_grid(. ~ RH, scales = "free", space = "free_x") +
#geom_point(aes(fill = Distribution), size = 1, shape = 21, position = position_jitterdodge()) +
scale_color_manual(values = getPalette(colourCount)) +
scale_fill_manual(values = getPalette(colourCount)) +
theme(axis.text.x = element_text(angle = 90, size = 10), legend.position ="bottom™) +
ylab("Richness") + xlab("Experimental conditions™)
dev.off()

pdf("Alpha diversity Shannon.pdf",width=6.5,height=4)

ggplot(alphadiv.shan, aes(x = CultivarCondition, y = mean, color = Distribution)) +
geom_boxplot() +
facet_grid(. ~ RH, scales = "free", space = "free_x") +
#geom_point(aes(fill = EcoliGrowth), size = 1, shape = 21, position = position_jitterdodge()) +
scale_color_manual(values = getPalette(colourCount)) +
scale_fill_manual(values = getPalette(colourCount)) +
theme(axis.text.x = element_text(angle = 90, size = 10), legend.position ="bottom") +
ylab("Shannon Diversity") + xlab("Experimental conditions")

dev.off()

HittHHHHEHH A BETA DIVERSITY #HHHHHH T
set.seed(3)

i Subset samples if needed

GT <- subset_samples(pBacteria.asv, Cultivar == "GT")

RHA <- subset_samples(pBacteria.asv, RH =="A")
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###Unconstrained Ordination##t#H
# Scale reads to even depth
pBacteria_scale <- RHC %>%
scale_reads(round = "round™)
#Smallest sample size in dataset (it is the default in scale_reads if n is not given)
min(sample_sums(pBacteria.asv))

# Ordinate

pBacteria_scale_pcoa <- ordinate(
physeq = pBacteria_scale,
method = "PCoA",
distance = "bray"

)

# Plot for all RH together
plot_ordination(
physeq = pBacteria_scale,
ordination = pBacteria_scale_pcoa,
color = "RH",
shape = "Distribution",
#label = "EcoliGrowth",
title = "PCoA-Bray of Romaine lettuce bacterial communities”
) + geom_point(aes(color = RH), alpha = 0.7, size = 4) +
geom_point(colour = "grey90", size = 1.5) +
geom_text(aes(label= Cultivar), size = 3, vjust = 1.5) +
labs(shape= "Distribution™)

# Plot for each RH separate
plot_ordination(
physeq = pBacteria_scale,
ordination = pBacteria_scale_pcoa,
color = "Distribution™,
shape = "Cultivar",
#label = "Plant",
title = "PCoA-Bray of RH-C",
) + geom_point(aes(color = Distribution), alpha = 0.7, size = 4) +
geom_point(colour = "grey90", size = 1.5) +
geom_text(aes(label= Plant), size = 3, vjust = 1.5)

# Ordinate
pBacteria_scale_pcoa <- ordinate(
physeq = pBacteria_scale,
method = "PCoA",
distance = "unifrac" ##Needs phylogenetic tree!

)
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# Plot for all RH

plot_ordination(
physeq = pBacteria_scale,
ordination = pBacteria_scale_pcoa,
color = "RH",
shape = "Distribution”,

#label = "SamplelD",
title = "PCoA-Unifrac of all”

) + geom_point(aes(color = RH), alpha = 0.7, size = 4) +
geom_point(colour = "grey90", size = 1.5) +
#geom_text(aes(label= EcoliGrowth), size = 3, vjust = 1) +
#geom_text(aes(label= Cultivar), size = 3, vjust = 1.5) +
labs(shape= "Distribution™)

# Plot for RH separate

plot_ordination(
physeq = pBacteria_scale,
ordination = pBacteria_scale_pcoa,
color = "Distribution",
shape = "Cultivar",

#label = "SamplelD",
title = "PCoA-Unifrac of RHC"

) + geom_point(aes(color = Distribution), alpha = 0.7, size = 4) +
geom_point(colour = "grey90", size = 1.5) +
#geom_text(aes(label= Plant), size = 3, vjust = 1.5)
#labs(color= "Experimental conditions", shape = "Ecoli growth™)

#Permanova: use scaled data

# Calculate unifrac distance matrix

pBacteria.nc <- subset_samples(pBacteria_scale, Distribution != "Plant™)
unif <- phyloseq::distance(pBacteria.nc, method = "unifrac™)

bray <- phyloseq::distance(pBacteria.nc, method = "bray")

wunif <- phyloseq::distance(pBacteria.nc, method = "wunifrac")

# make a data frame from the sample_data
sampledf <- data.frame(sample_data(pBacteria.nc))

# Adonis test

set.seed(3)

adonis(unif ~ Cultivar*Distribution, data = sampledf)
adonis(bray ~ Cultivar*Distribution, data = sampledf)
adonis(wunif ~ RH*Distribution, data = sampledf)
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