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Abstract
The role of phyllosphere microbiome in plant health: Understanding the complex processes that
shape the services bacteria provide for their host organism
by
Elijah Curtis Pederson Mehlferber
Doctor of Philosophy in Integrative Biology
University of California, Berkeley
Professor Britt Koskella, Chair

Host associated microbial communities can provide a broad set of functions to the organisms
they inhabit. However, while these communities can be critically important to host health and
development, the interactions and mechanisms that underly these functions, as well as the
context in which they matter, are less well understood. The work presented here seeks to provide
a better understanding of these host-microbial interactions by utilizing a plant phyllosphere (the
bacteria inhabiting the aboveground portion of the plant) model system, and a model microbial
community (Synthetic Community) that is a simplified representation of the bacteria that would
interact with the plant in a natural setting.

This research begins by outlining the development of the Synthetic Community that will
be used throughout the rest of the work to investigate these host-microbe interactions. This
chapter highlights the methods used to build the community, the resources that were developed
to aid in the use of the community, and a selection of experiments in which the community is
initially used. These initial experiments show the importance of understanding functional
potential when predicting interactions among species, as well as the ability of individually
protective species to work synergistically to yield better outcomes when their host is challenged
by a pathogen.

In the following chapter, the Synthetic Community is used to investigate the importance
of the phyllosphere to the development and reproductive success of the host plant, specifically
looking at colonization and growth of tomato plants. This begins with the hypothesis that
phyllosphere interactions will be disrupted in a greenhouse setting where microbial dispersal is
limited, and that adding the synthetic community will yield important benefits to the host plant,
allowing for a better understanding of the role of these bacteria in plant development. In a series
of experiments taking place over several trials, I confirm that greenhouse-grown plants have a
depauperate phyllosphere microbiome and that the addition of the Synthetic Community is
responsible for a clear and repeatable increase in fruit production in this setting, but not in the
field. I further show that this effect is synergistic with the addition of micronutrient-based soil
amendments, and that modulating nutrition through conventional fertilizer can alter the
protective capacity of these communities. These results suggest that greenhouse environments
have poor phyllosphere microbiome establishment, with negative impacts on the plant. The
results also implicate the phyllosphere microbiome as a key component of plant fitness,



emphasizing that these communities have a clear role to play in the ecology and evolution of
plant communities.

In the final chapter, I focus on the role that host condition plays in modulating the
reliance on the microbiome. To do this, I look at the effect of whole-genome duplication in
Arabidopsis thaliana on the phyllosphere microbiome, using the Synthetic Community, and
determine the interacting impacts of ploidy and microbiome on disease outcome. This chapter
shows polyploids fare better against the pathogen than diploids, regardless of microbial
inoculation, while diploids harboring an intact microbiome have lower pathogen densities than
those without. In addition, diploids have elevated numbers of defense-related genes that are
differentially expressed in the presence of their phyllosphere microbiota, while polyploids
exhibit some constitutively activated defenses regardless of colonization by the synthetic
community. These results imply that whole-genome duplication can enhance immunity resulting
in a decreased dependence on the microbiome for protection against pathogens.
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Chapter 1. Introduction

1.1 Host-Microbiome Interactions

Most multi-cellular organisms are closely associated with a diverse consortia of microbial
species, collectively termed (inclusive of their genes and environment) the microbiome (Berg et
al., 2020). These microbes, which are primarily bacterial or fungal, live in, or on their hosts, and
are capable of modulating host outcomes through the various functions that they provide. The
importance of these host-associated microbial communities is of broad interest across scientific
fields, comprising studies focused on their roles in the health, development, and evolution of
their hosts (Stappenbeck & Virgin, 2016; Foster ef al., 2017; Dominguez-Bello et al., 2019;
Malard et al., 2021). For example, the gut microbial community of Drosophila melanogaster has
been shown to influence development and reproductive success, as well as life span, with more
diverse communities linked to greater fecundity but also shorter life spans (Gould ef al., 2018).
Meanwhile, in plants, it has been shown that exposure to certain non-pathogenic bacteria can
induce long lasting defense responses that protect against future pathogen establishment
(Conrath et al., 2002).

In fact, these interactions, and their fitness consequences, are so profound that some
scientists argue that the host and its microbiome should be considered a single evolutionary unit,
the; hologenome (Zilber-Rosenberg & Rosenberg, 2008; Bordenstein & Theis, 2015). This
theory proposes that the symbiotic relationships between hosts and their associated microbial
communities influence the fitness of the collective “holobiont”, these communities are capable of
being transmitted transgenerationally, allowing for the inheritance of microbial associations, and
that differences in the composition of microbial communities represent variation on which
selection can act. Consequently, this “super-organism” should be considered to have a single
“hologenome”, which can be shaped by evolutionary forces. While the interactions between
some species and their symbionts fulfill the requirements to be linked as a single unit of
selection, for example aphids and their obligate intercellular bacteria Buchnera (Douglas, 1998;
Braendle ef al., 2003), it is unclear, and hotly debated, to what extent this idea can be generalized
across host associated microbial communities (Leggat et al., 2007; Moran & Sloan, 2015; Theis
et al., 2016). Despite this controversy, it is clear that these communities can be critically
important to their hosts, and their interactions and functions warrant further study.

When attempting to study the importance of a host-associated microbial community there
are several questions to ask. First, what functions can this community perform for its host? Are
these microbes important in the development of the host? Can they provide disease protection?
How do they influence host fitness? Second, it is important to understand the mechanisms by
which these benefits take place. Do certain bacteria produce inhibitory compounds that prevent
pathogen colonization? Do the functions arise from emergent properties of the interactions
within the system? Is the diversity of the community important? Etc. Finally, there is the
question as to when these interactions are important. Like in the hygiene hypothesis, which
posits that the immune system requires exposure to pathogens early in its development in order
to be optimally functional (Okada et al., 2010), there could be certain times throughout the
development of the host where they are receptive to the effects of their microbiome, or certain
conditions under which the microbial species are more or less important (Metcalf ef al., 2019).



1.2 The Phyllosphere Microbiome

To better understand the importance of host-associated microbial communities, including the
functions they can perform, the mechanisms underlying those functions, and the context in which
they are important, a model system must first be selected. For the purposes of this dissertation,
the research herein focuses on understanding the contribution of the plant associated
phyllosphere microbiome (comprising species living on the aerial surfaces of the plant, primarily
the leaves), and its functional importance to the host. Plant associated microbial communities are
known to provide a broad set of functions for their host organisms, including the aforementioned
drought protection, aiding in nutrient acquisition (Adesemoye et al., 2008), and protection from
pathogen development (Innerebner et al., 2011). The bacteria that interact with the plant can be
broadly characterized as inhabiting three different locations, either internal to the plant, the
endosphere, external and in the soil, the rhizosphere, or external and on the aboveground surface
(primarily the leaves), the phyllosphere (Dastogeer ef al., 2020).

Certainly, the bacteria residing in each of these locations have important implications for
host fitness, but the Phyllosphere is both a conveniently tractable system, and relatively less is
known about the function and importance of its microbial inhabitants. Compared to the
rhizosphere, a greater proportion of bacterial species are culturable (Burch et al., 2016), further,
these species can be easily applied throughout the life of the plant and can be sampled with
minimal destructive sampling, or, in some cases, capable leaving the surface intact (Remus-
Emsermann et al., 2014). Additionally, the Phyllosphere constantly recruits species from
surrounding plants (Santl-Temkiv et al., 2018; Meyer et al., 2022) and a large pool of both
atmospheric (Bowers et al., 2011; Ottesen et al., 2016) and soil microbes (Bodenhausen ef al.,
2013a; Copeland et al., 2015), making it a convenient model to study ecological process such as
competition, immigration and invasion (Meyer & Leveau, 2012).

The phyllosphere is made up of a diverse consortia of bacteria, with densities ranging
from 1076 to 1077 cells per square centimeter on leaves (Lindow & Brandl, 2003). These
epiphytes must contend with a hostile environment, encountering high levels of UV stress,
temperature changes, and desiccation (Jacobs ef al., 2005; Beattie, 2011). Additionally, the
phyllosphere is believed to be a very heterogeneous habitat with regard to resource distribution,
with some patches able to support high levels of bacterial growth, interspersed across what might
be considered a microbial wasteland (Remus-Emsermann ef al., 2012). Despite hosting many
species, it is unclear the extent to which most of these bacteria are adapted to this environment or
are unfortunate accidental colonizers. A recent study showed that passaging phyllosphere
associated microbes in a greenhouse environment led to significant shifts in community
composition over time, potentially indicating that many of these species are unable to
successfully persist on the leaf surface over time (Morella ef al., 2020). While the bacteria
inhabiting the phyllosphere have been investigated in terms of their ability to prevent disease
(Mercier & Lindow, 2001; Innerebner ef al., 2011; Berg & Koskella, 2018; Morella et al., 2019;
Qin et al., 2019), relatively little is known about the mechanisms or conditions that influence this
protection, and even less is known about the other functions that they might perform for their
hosts.

The potential functions of the phyllosphere associated microbiome can be grouped into
several (sometimes overlapping) sub-categories, enhanced nutrient acquisition, phytohormone
modification, buffering against environmental stress, and the biocontrol of pathogens (Glick,
2012), though broadly they function by either allowing the plant to achieve greater development



than would otherwise be possible, or mitigating harm that would otherwise come to the host
(Finkel et al., 2017; Vannier et al., 2019; Trivedi et al., 2021; Ke et al., 2021). These functions
are better understood in the context of the below-ground plant associated communities, and the
mechanisms that have been elucidated in those compartments will be explored in greater detail in
the following section.

1.3 Mechanisms of Growth Promotion

The ability of certain microbes to enhance plant growth has been exploited for millennia (Finkel
et al.,2017), and the mechanisms by which they are able to promote that growth have been a
topic of scientific curiosity since at least the late 1970’s with the introduction of the term plant
growth promoting rhizobacteria (PGPR) to describe bacteria that enhanced growth through
biocontrol of pathogens (Kloepper et al., 1980). Since that time, the term has been modified to
plant growth promoting bacteria (PGPB) as it has become clear that the mechanisms of growth
promotion are not limited to inhabitants of the rhizosphere, and to include other mechanisms of
growth enhancement beyond disease suppression (Bashan & Holguin, 1998). As previously
mentioned, this growth promotion can occur through several mechanisms that either enhance
plant growth or stress tolerance, and there is reason to believe that these mechanisms could be
occurring in the phyllosphere as well.

First, plant associated bacteria can directly enhance the growth of their host through
aiding in the acquisition of nutrients. This can occur either through the production of those
compounds themselves, a common example being the release of ammonia (NH3) through
nitrogen fixation (Mus et al., 2016), or by concentrating compounds that are already available
but difficult for the plant to access, such as increased iron acquisition as a result of bacterially
produced siderophores (Sharma et al., 2003). Nitrogen fixation has been previously described in
phyllosphere associated bacteria (RUINEN, 1965), and has been linked to increased yield (Pati
& Chandra, 1981). Further, these bacteria can produce phytohormones that stimulate plant
growth, or modify the functions of the plant immune system, with auxin and ethylene being two
key examples (Remans et al., 2008; Galland ef al., 2012). Bacteria inhabiting the phyllosphere
are frequently reported to produce auxin (Lee ef al., 2004; Ali et al., 2009), which has been
reported to have both positive (Etesami ef al., 2015) and negative (Lindow et al., 1998) impacts
on plant outcomes.

Growth promotion can also happen through mechanisms that buffer abiotic and biotic
stress, allowing the plant to grow more efficiently. A common example of abiotic stress
reduction in plants is the increase in drought tolerance achieved through the recruitment of
Actinobacteria in the rhizosphere (Xu ef al., 2018). Some mechanism of increased drought
tolerance have also been reported through the application of phyllosphere bacteria (K et al.,
2020). Finally, these bacteria can benefit their host through protection against pathogen
establishment. This can occur through direct inhibition of pathogen growth through chemical
production or competition (Sturz & Christie, 2003; Compant ef al., 2010), or through the
activation of induced systemic resistance (ISR) or priming, by the plant recognition of common
bacterial epitopes such as flagellin (Felix et al., 1999a; Conrath ef al., 2002; Mauch-Mani et al.,
2017). This is the most commonly studied aspect of phyllosphere associated microbial growth
promotion, with several studies showing that certain bacteria, or communities, can effective
prevent pathogen colonization and disease (Innerebner et al., 2011; Berg & Koskella, 2018).



Again, while the potential for the functions highlighted throughout this section to take place is
broadly understood, key questions remain about the exact benefits that occur, the circumstances
under which they are important, and the mechanisms that influence how communities provide
them.

1.4 The Synthetic Community Approach

A useful approach to understanding complex bacterial communities, and their interactions with
their host organism, is to use a defined collection of species that mimic the natural diversity of
the natural communities but at a tractable level of complexity. This is called the Synthetic
Community approach, and was pioneered in a mouse gut model system (Faith ez al., 2011;
McNulty et al., 2011), and eventually used in the phyllosphere (Bodenhausen et al., 2014). This
approach allows for a reduced complexity community to be developed and then manipulated to
investigate the functions that the phyllosphere will provide, the interactions that underly these
functions, and the context in which they are important. The principles of designing SynCom’s,
and their use will be expanded upon in the second chapter of this dissertation, within which I
design a model phyllosphere community.

1.5 Concluding introductory remarks

In the following chapters, I describe three projects that provide, at least in part, a clearer
accounting of the complex interactions underlying the functions that phyllosphere bacterial
communities can provide for their host organisms. In Chapter 2, I report the process of designing
a SynCom to use as a model system in investigating these phyllosphere-microbiome interactions.
This community, named PhylloStart, contains 16 species that are broadly representative of the
species seen on field grown tomato plants, our model plant system. This chapter also highlights
the resources that were developed to aid with the use of the community, including performing
whole genome sequencing to understand the phylogenetic and functional traits of the
community, measuring colony morphology to allow for identifying and distinguishing these
species, and performing a resource utilization assay to understand the patterns in resource use
across the members of the community. Finally, two preliminary experiments using these
resources are reported, showing that members of the community have different competitive
interactions with the model pathogen Pseudomonas syringae DC3000, potentially relating to
their resource use patterns, and also that different combinations of species can lead to different
levels of additive or subtractive disease protection.

In Chapter 3, I use the PhylloStart SynCom to understand the importance of phyllosphere
communities in the development and reproductive success of tomato plants in the greenhouse.
This environment provides an ideal natural experiment, as I show that these plants are
depauperate of their natural communities, allowing for the inoculation of the SynCom and a
comparison of the performance of plants that were and were not supplemented with these
bacteria throughout the course of their development. Repeated over the course of several
growing seasons, these experiments show that the plants with a complex phyllosphere
community have significantly more flowers and yield more fruit (without any tradeoff in fruit
size) than the plants that are relatively un-colonized. Comparing these plants to tomatoes that are
grown in the field, where they can be colonized by a more complex natural community, we see



that the effect of phyllosphere supplementation is only important in the greenhouse. Further, we
show two examples of the community providing broad biotic and abiotic stress resistance in the
greenhouse environment, in cases of over-fertilization with a micronutrient amendment (which
otherwise decreases yield), and during powdery mildew disease incidence (a common threat to
greenhouse grown plants). Finally, we employ a growth chamber based experiment to show that
the community is able to provide protection against pathogen development in cases of plant
nutrient stress, but that the protective benefits of this community might be limited in a higher
nutrient environment. In total, these experiments show that the phyllosphere community is
critical for the reproductive success of the plant, and that it can provide broad protection from
biotic and abiotic stress.

Finally, in Chapter 4, the PhylloStart community is used to investigate the role of host
condition in their reliance on the community to provide functions, in this case, disease
protection. Leveraging an Arabidopsis model system, we first compare the development of the
community across whole genome duplicated polyploid lines and their diploid ancestors.
Interestingly, we see no conserved difference in the composition of these communities across
ploidy level, which might seem to indicate that there would be no effect on disease outcomes.
However, this is not the case, and when challenging these plants, as well as plants that were not
inoculated with PhylloStart, with the pathogen P. syringae DC3000, we see a significant
interaction between ploidy, the microbiome and pathogen development. Despite hosting
relatively similar communities, the diploid plants require the presence of these bacteria to mount
a defense against the pathogen, while the polyploids are broadly protected regardless of having a
phyllosphere community or not. Using RNA sequencing we show that diploids respond to the
community through a complex modulation of their gene expression patterns, including numerous
defense associated genes, while the polyploids respond through relatively fewer changes in
expression. Further, focusing on genes that are associated with DC3000 response, and are
upregulated in the diploids in response to community exposure, we show that the polyploids
constitutively express these at higher levels regardless of having a Phyllosphere microbiome.
These results highlight the importance of context in terms of the functions that a community
might provide for its host, as under certain conditions the host might rely on these bacteria.



Chapter 2. The design and use of a phyllosphere synthetic
community

2.1 Introduction

Most living organisms harbor a diverse collection of microbial species, many of which play
important roles in modulating their host’s health. Plants, for instance, host bacteria both in their
belowground compartments, the rhizosphere and root endosphere, as well as on their above
ground surfaces, primarily their leaves. The role of the microbes residing in the rhizosphere and
endosphere is a subject of great fascination, and studies have shown them to be important in a
variety of circumstances, such as the modulation of flowering time (Wagner et al., 2014),
inducing resistance to disease (Hu et al., 2016), and conferring tolerance to drought conditions
(Naylor et al., 2017). Recently, the field has begun to take greater interest in the bacteria
inhabiting the aboveground portion of the plant, the phyllosphere (Lindow & Brandl, 2003;
Knief et al., 2010; Vorholt, 2012; Bodenhausen ef al., 2014; Copeland et al., 2015).

The phyllosphere contains a diverse collection of bacterial residents, which can impact
host health through the production of phytohormones (such as auxin) that influence their host’s
growth and development (Lee ef al., 2004; Meir et al., 2010), as well as through the direct (due
to competition for resources) and indirect (through activation of the plant immune system)
protection from pathogens (Morella ef al., 2019). This compartment represents a tractable model
for understanding inter-microbial and host-microbial dynamics due to its ease of manipulation
(Meyer & Leveau, 2012), and the high oxygen environment lends to a relatively high proportion
of culturable strains. Beyond its importance to theory, the phyllosphere is also implicated in
global resource cycling, for example, through the activity of methane degrading microorganisms
(Knief et al., 2010) or nitrate assimilation (Parangan-Smith & Lindow, 2013), and is of critical
interest for its potential applications in agriculture (de Souza et al., 2020). As such, this
compartment represents an ideal system to study the intersection of microbial dynamics and host
health, lending itself to useful modeling and a clear path to applied science.

Despite being well poised as a model environment to study host-microbial dynamics,
there are several practical issues to consider when working with the phyllosphere and its
microbiota. First, the species associated with this compartment can be highly variable, with
individuals arriving from wind and rain (Lindow & Brandl, 2003; Vorholt, 2012), from other
nearby plant species (Meyer et al., 2022) but also through larger patterns of aerial bacterial
dispersal (Bowers ef al., 2011), though it is important to point out that these communities are in
many ways distinct from broader airborne communities (Lymperopoulou ef al., 2016). Second,
while there are strong selective forces shaping the composition of communities inhabiting this
compartment, with these bacteria having to contend with desiccation stress, UV stress, as well as
the pressures of the plant immune system, it is still unclear how many of these organisms are true
phyllosphere residents versus unfortunate bystanders. Indeed, there is significant overlap
between the species that colonize leaf surfaces and other non-organic surfaces nearby (Ottesen et
al., 2016), though there is the added complication that the arriving species on these non-leaf
surfaces may be dispersing from populations that successfully established on nearby leaves.
These issues can make it difficult to assess which species might play important roles in their
communities or underly benefits to their host’s fitness. Third, the sheer diversity of phyllosphere



associated bacteria can make it difficult to ascertain the importance of individual species. Across
various studies a vast number of unique phyllosphere inhabitants have been identified through
16s rRNA amplicon sequencing, with, for example; 1556 unique OTUs (Operational Taxonomic
Unit, individual sequences binned at 97% similarity) identified in (Copeland et al., 2015), 5476
OTUs identified in (Redford et al., 2010), and a staggering 19,818 ASVs (Absolute Sequence
Variants, a technique used to reconstruct and group exact sequences through the DADA2
pipeline) identified in (Meyer ef al., 2022). Some studies have worked around these problems by
using communities sourced directly from the environment (Morella et al., 2020), and while they
are quite successful at identifying generalizable trends, it can be difficult to study specific
mechanisms as they are inherently un-repeatable, their exact starting community can never be
sampled twice.

One popular approach to address these types of issues is to utilize a defined collection of
bacterial species that are representative of the natural diversity from the system in question, but
at tractable complexity. These Synthetic Community’s (commonly called SynComs) were first
applied in a mouse gut model to investigate the role that diet plays in influencing gut bacterial
community composition, as well as understanding the influence of probiotic strains on
community structure and function (Faith et al., 2011; McNulty et al., 2011). The approach has
gained traction among a number of different systems as a tool for understanding both ecological
and host-microbial interactions (Grokopf & Soyer, 2014; Bodenhausen et al., 2014), and has
been used in a number of studies within the plant-microbiome field, for example to keystone
species in root communities (Niu et al., 2017), probe the role of diversity in disease protection in
the rhizosphere (Hu et al., 2016), and understand priority effects in phyllosphere colonization
(Carlstrom et al., 2019).

When designing a SynCom there are a number of choices that can be made (given an
excellent and through review in Vorholt 2017), but these decisions break down essentially to
how many, and which, species to include. A greater number of species will allow for a more
faithful reproduction of the natural system and will be more likely to include species that play
important roles in the community. However, a larger SynCom is inherently harder to work with,
increasing combinatorial load and experimental complexity. Meanwhile, the choice of which
species to include follows primarily from a consideration of the purpose of the SynCom. For
example, a community that is designed to replicate a specific function of interested must at least
include the species necessary to recapitulate that function, and so may initially include a very
diverse assemblage, while a study focused on the role of strain variation in community dynamics
might include relatively few unique species, but with several within strain variants of each.

By generating a model phyllosphere SynCom I was able to gain insight into what
functions, broadly, these microbiota are playing in their host fitness and development, and how
microbial, and host-microbial interactions can influence those functions. In this chapter I
describe both the rationale behind and development of this SynCom, which has allowed me to
address several key questions regarding how phyllosphere communities interact with their host
plants (as described in chapters 3 and 4), as well as the genomic and phenotypic resources that I
developed to aid in the use of this model system.

2.2 Methods
2.2.1 Strain Collection



PhylloStart was designed to mimic the composition of a field grown tomato phyllosphere
community, but at reduced complexity to remain tractable. The community was initially
designed based on communities sequenced from tomato plants in the student organic garden at
UC Davis (Tab 1). The full methods associated with this sequencing is available in (Morella et
al., 2020) and are described in brief below. Leaves were collected from nine different sites
spread across four fields and stored on ice before being transferred into 4°C until processing.
Sterile phosphate freezing buffer was added to each bag and the leaves were sonicated for 10
minutes and pooled by site before being pelleted for 10 minutes at 4000xG and frozen in glycerol
freezing buffer until sequencing. DNA was extracted using the Qiagen PowerSoil DNA-
extraction kit, with buffer controls for each set of extractions. Libraries were prepared using
primers targeting the 16s rRNA gene V3-V4 region, and were sequenced via 300-paired end
reads using [llumina MiSeq V3 at the The California Institute for Quantitative Biosciences
(QB3) at the University of California, Berkeley (UC Berkeley). PNAs were added to reduce
contamination due to chloroplast and mitochondria (Lundberg et al., 2013). Sequences were
processed in mothur (Schloss et al., 2009) using the MiSeq SOP (Kozich et al., 2013), with a
97% similarity cut-off for defining OTUs. The Silva reference database (Quast ef al., 2013) was
used for sequence alignment and taxonomic assignment.

In order to select candidate species for the SynCom, all samples were pooled and species
were ranked based on total relative abundance across samples. We found five bacterial families
that were present across all pooled samples with a relative abundance greater than 1% these were
(in decreasing order), Enterobacteriaceae, Pseudomonadaceae, Oxalobacteraceae, Bacillaceae,
and Microbacteriaceae. To collect representative species from each of these families isolates
leaves were collected from the UC Davis student organic garden (as previously described), and
also from the endpoint of a greenhouse selection experiment (Morella ef al., 2020). These
isolates were initially plated on KB and LB agar, followed by MacConkey, and 1% Tryptic Soy
agar plates to isolate more fastidious species. In total, 93 potential isolates showing differential
colony morphology were collected, and identified through 16s sanger sequencing [Include
primer], using NCBI’s BLASTn to match them to the closest sequenced relative. Of these 93
isolates, 43 were selected for whole genome sequencing, the methods of which are described
below. After sequencing, several isolates were identified to be strain level variants, and so 16
species were selected as unique strains/species for inclusion into the working stock of the
PhylloStart SynCom. These 16 species are representative at the family level of 97.8% of the
bacterial families that were found at a relative abundance greater than 1% in this dataset,
including the Enterobacteriaceae, Oxalobacteraceae, Pseudomonadaceae, Bacillaceae,
Microbacteriaceae, with the addition of a member of the family Brevibacteriaceae that was
identified at a high prevalence on our plated field samples during collection and so included.
Within these 16 species, several families, including Enterobacteriaceae and Pseudomonadaceae
had several unique species that were included, which is representative of their relative
dominance in both our initial phyllosphere sequencing and throughout the literature (Vorholt,
2012; Ottesen et al., 2013). After whole genome sequencing strain identification was performed
by sequencing the genomes of each bacteria and matching the sequences for the 16s rRNA using
BLAST to publicly available databases on NCBI.

2.2.2 Genome sequencing



The 43 isolates selected for whole genome sequencing were grown from their freezer stocks in
5ml KB for 3 days, including a negative control for freezer contamination and another for KB
contamination. The samples were spun down at 4000xG for 10 minutes, after which the
supernatant was removed, and lysis buffer was added directly to the tubes. Afterwards, they were
transferred into a 2ml tub for DNA extraction using the DNeasy Blood and Tissue kit from
QIAGEN, following either the Gram Negative or Gram Positive DNA extraction protocols based
on their identification through 16s Sanger sequencing. Libraries were prepared for paired 150-
paired-end reads in Illumina’s HiSeq4000 platform (Illumina) at The California Institute for
Quantitative Biosciences (QB3) at the University of California, Berkeley (UC Berkeley).

2.2.3 Genome assembly and functional predictions

The quality of the resulting paired-end Illumina reads was assessed using Fastqc v0.11.8, and
reads were trimmed using Sickle v1.33. The reads were then assembled using Spades v3.13.1
(Bankevich et al., 2012). After assembly, genomes were annotated using Prokka v1.12
(Seemann, 2014), and functional pathways were identified using MinPath (Ye & Doak, 2009).
The 16s region of each bacteria was identified using BARNAPP 0.9, and the entire 16s gene was
used to identify them through their closest match via BLAST to the NCBI 16s database. After
the 16 species were selected for inclusion into the PhylloStart working community. These
genomes were further quality controlled and analyzed using tools available in KBase. First the
completeness of their genome assembly was assessed using CheckM v1.0.18, with default
parameters, which calculates a set of genes with only one copy present across closely related
species and identifies how many of those genes are present in the assembly (completeness) and if
any genes are present at higher-than-expected abundances (>1, meaning contamination). Detailed
assembly statistics for each PhylloStart member are shown in Table 2. Then, functional
annotation was performed again using RAStK v1.073, with default parameters. The data
illustrated in Figure 1 represents functional annotation using RAStK, functional annotations from
Prokka are not included. Phylogenetic tree construction was performed using MUSCLE
(Madeira et al., 2022) to align the 16s v4 sequencing, and the tree was then constructed using the
EMBL-EBI Simple Phylogeny program using default parameters, with Thermococcus
piezophilus as the outgroup. The resulting tree was visualized using using iTOL (Interactive Tree
of Life) with branch lengths included and default parameters.

2.2.4 Bacterial phenotypic identification

Each member of the PhylloStart community was grown for 3 days in a 50ml tube with KB broth.
After which point, they were dilution streaked to generate single colonies under the flame onto
one half of a square KB agar plate (leaving the other half of the plate for the next member) and
allowed to develop overnight. Photos were taken and used to morphologically describe the
species. Photo analysis was performed in R using magick.

2.2.5 Resource utilization assay (Biolog Plates)

Each member of the PhylloStart SynCom was grown for 3 days in 4x 2ml tubes KB broth
shaking at setting 150 on a VWR orbital shaker at 28°C. After that time tubes were spun down in
a centrifuge at 3500rpm for 10 minutes, and the supernatant was removed. Bacteria were then
resuspended in 1ml of MgCL, and combined in a 15ml falcon tube. Bacterial abundance was
established by reading optical density at OD=600 in triplicate for each member. Bacteria were
adjusted to a density of OD600 = 0.02 and were added into the Biolog Ecolplate at a volume of
150ul per well. Biolog Ecoplates were read at OD590 and OD750 three times the first day, two



times the second and third day, and then again at seven days to establish that they had indeed
reached carrying capacity by the end of the third day (which was found to be true for each
species tested). In between readings each plate was stored statically in the incubator at
[temperature], and plates were stacked to prevent fogging which would inhibit optical density
readings. The Biolog readings for the model pathogen P. syringae DC3000 were performed at a
later time, using the methods described above, but incubated in the plate reader statically at 25°C
for 50 hours with OD590 and OD750 readings taken every 8 minutes.

2.2.6 In Planta Competition Assay

To assess microbial growth and competition in planta, tomato (cultivar moneymaker) seeds were
grown in 15ml clear falcon tubes containing approximately Sml of 1% water agar. Seeds were
sterilized by shaking with 70% ethanol for one minute, followed by 5 minutes of shaking in a
solution containing 3% NaOCl w + 0.02% Tween20, then rinsed five times with autoclaved
ddH>O. A selection of seeds were placed on KB agar plates and incubated for 3 days at 28°C to
test for sterility. Seeds were placed into a 21°C dark chamber until germination, at which point
they were transferred into a growth chamber at 28°C with a 15h-9h light/dark photoperiod. The
selected PhylloStart strains were grown from freezer stocks overnight in liquid KB broth at 28°C,
and after transferring them into 10Mm MgCl,, density was adjusted to OD600 = 0.002, and
0.02% SilWet was added. Plants were inoculated 10 days post germination by flooding the tubes
with the bacterial suspension, after which they were allowed to sit for five minutes before the
solution was poured off and the plants were left to dry for 1.5 hours in a biosafety cabinet. For
co-inoculation treatments the two microbial suspensions were added at equal volumes and mixed
via vortexing for 15 seconds prior to inoculation. After seedlings had dried they were transferred
back into the growth chamber.

Microbial growth was assessed seven days after the initial inoculation. Prior to homogenization,
seedlings were removed from their tubes under the flame with sterile tweezers and transferred
into a sterile homogenization tube (1.5 ml, MP Biomedicals). This tube was then weighed on a
precision scale and this measurement was used to normalize bacterial density to plant mass.
Subsequently, 10 mM MgCl, was added and the plant were homogenized in a FastPrep-24 G5
(MP Biomedicals) at 4m/s for 60s using two sterile ceramic beads. Bacterial density was
quantified by plating out serial dilutions and counting CFUs after incubation at 28°C for 24 and
48 hours. In the co-inoculation experiments the two sets of bacteria were enumerated by
differentiating between their colony morphologies, with the aid of a dilution set at 10° spread
onto round petri dishes with glass beads to allow for better resolution and differentiation of
morphology and CFU number.

2.2.7 Disease Assay

The plants used in the disease protection assay were prepared largely as described in the previous
section, with the following adjustments. First, seeds were allowed to soak in the 3% NaOCl w +
0.02% Tween20 for 20 minutes instead of five, and they were rinsed in autoclaved ddH>O three
times instead of five. Three days after inoculation with Pantoea, or Pantoea and another focal
species, of interest P. syringae DC3000 was added at a density of OD600= 0.0002 in 10Mm
MgCl> with .01% SilWet. Seedlings were randomized and disease progression was tracked for
the following seven days, with the plants being scored using a standard disease severity scoring
index: 1 = mildly diseased, 2 = moderately diseased, 3 = severely diseased, and 4 = loss of leaf
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or death (Morella ef al., 2019). To prevent un-conscious bias in disease scoring plant treatment
was hidden until the completion of the experiment.

2.2.8 Data Analysis

Genomic functional similarity and resource usage similarity were assessed in R using a
PERMANOVA from the adonis2 package with default parameters. Competition outcomes were
analyzed using the ¢ _fest function from the rstatix package with default parameters to compare
growth of the focal species alone to growth with the competitor, and p-values were adjusted for
multiple comparison testing using the Holm-Bonferroni method. Disease assay data was first
transformed into Area Under the Disease Progression Curve (AUDPC) (Madden & Hughes,
2017) and then analyzed using ¢ test to compare the disease progression for P. syringae DC3000
alone to each other combination of species, again using the Holm-Bonferroni method for
multiple test adjustment.

2.3 Results

2.3.1 Genomic Information

A total of 43 genomes were sequenced and assembled, with 27 of the isolates representing strain
level variants of other species. As a result, 16 unique species were selected that represent 97.8%
of the bacterial families that were found at a relative abundance greater than 1% in the dataset
that we used to guide the design of this community. Genome length varied from 3.16 Mb in
SC13 to 6.3 Mb in SC35, with an average length of 4.7 Mb. Meanwhile, GC content ranged from
34.69% in SC35 to 73.28% in SC1, with an average of 59.48% (Tab 2).

Genomic assembly results in a collection of contigs, which are the longest sections of
DNA that can be resolved from the assembly of individual reads. Contig number is generally
regarded as an indication of assembly quality, with the goal of a complete assembly being the
recovery of a (or some number of) circular chromosome/s representing the completely resolved
structure of the bacterial genome. However, achieving a circularized genome is only currently
possible through a combination of short (for example Illumina HiSeq, used for their accuracy)
and long (for example Pacbio, used to understand genome structure) read sequencing
technologies, and so many bacterial genomes (such as the current draft Genomes of the
PhylloStart SynCom) are only assembled using short reads. These 16 genomic assemblies
resulted in a median contig assembly number of 26, with a range of as few as 4 contigs and as
many as 263, though that number is considered an outlier and most of the assemblies had a much
lower contig number.

Genome quality is also frequently measured in terms of contiguity, which is represented
by a score known as N50. N50 is calculated by ordering all contigs from longest to shortest,
identifying the longest contigs that have summed base pair counts representing 50% of the
genome length, and then taking the length of the shortest contig in that group. Across the
PhylloStart genomes the median was 0.513 Mb, with the longest being 1.71 Mb, and the shortest
(again an outlier) being 0.096 Mb. In general, a score of over 1 Mb is considered good in a
context of long read sequencing, so with 3 genomes above 1 Mb, and 6 in total above .8 Mb,
these represent relatively contiguous genomic assemblies for using short read technology.
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Genome assembly can also be assessed in terms of completeness, and while this can be a
difficult metric to measure objectively, there are several tools available that are capable of
estimating completeness by calculating a list of phylogenetically conserved essential genes that
appear once per genome, and using that to measure the assembled genome’s completeness (is it
missing any marker genes) or contamination (does it have any copies >1). These metrics were
calculated using the package CheckM, with an average completeness of 99.5% and an average
contamination of 0.69%.

Over 400 functional pathways (412) were identified across all genomes using the RasTK
annotation pipeline. The mean number of assigned genes was 1261, with a range of between 803
and 1600 genes per genome being assigned to a functional category (Tab 2). As illustrated in
Figure 1 most of the annotated genes were associated with Amino Acid and Carbohydrate related
functions (synthesis and metabolism), with a high number of genes also being associated with
Potassium metabolism, DNA metabolism, Cofactors etc., and in the Pseudomonads and
Enterobacteriaceae, Stress response. Phylogenetic similarity is commonly used as a proxy for
functional similarity, with the assumption being that more closely related species should share a
larger proportion of their functional capacity. It is therefore unsurprising that when looking at the
similarity in annotated pathway content across members of the PhylloStart community we see a
pattern of more closely related taxa sharing a higher percentage of functional pathways (Figure
2). Analyzing this pattern with an adonis PERMANOVA (permutational analysis of variance),
we see that family is a significant factor in structuring dissimilarity (p = 0.001).

2.3.3 Phenotypic Characterization

For morphological descriptions and exemplar images of the bacteria in the PhylloStart SynCom,
each member was plated onto KB agar and allowed to develop for 3 days at 28°C. F.
endophyticum presents punctiform colonies, with a smooth surface, and a semi-transparent
yellow pigmentation. P. aggolomerans develops large round colonies, with a convex surface and
a highly mucoid yellow/clear appearance. C. herbarum shows punctiform colonies with a smooth
surface and opaque orange pigmentation. E. tasmaniensis presents large slightly raised round
colonies with a smooth surface opaque yellow pigmentation. B. frigoritolerans develops very
large circular colonies with a smooth raised appearance and a tan/white pigmentation. M. aurea
develops small slightly raised round colonies with a smooth surface, semi-transparent yellow
pigmentation. P. asturiensis shows very large irregular shaped raised colonies with a somewhat
mucoid appearance and a dark yellow or orange color, further, it exhibits weak fluorescence on
KB. E. sibiricum develops medium sized circular colonies with a flat appearance and a slightly
translucent white pigmentation. P. rhizosphaerae presents circular small colonies with a flat
appearance and a semi-transparent yellow pigmentation and exhibits weak fluorescence on KB.
P. moraviensis shows small slightly raised round colonies with an opaque white color showing
strong fluorescence on KB. R. festucase develops punctiform colonies with a very slight yellow
or white opaque tint. C. pusillum also exhibits punctiform colonies that are slightly raised with
an opaque yellow pigmentation. P. rhodesiae develops small round colonies that are slightly
raised with a semi-transparent white tint and exhibits strong fluorescence on KB. P. allii presents
large yellow colonies with a convex surface that are highly mucoid. M. oleivorans shows
punctiform white/yellow colonies with a slightly raised appearance. Finally, B. wiedmannii
develops large round colonies with a crateriform elevation and an extensive filiform margin.

2.3.4 Resource Utilization
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Resource utilization patterns were determined using the Biolog Ecoplate system, described in
detail within the methods section. An OD590 greater than 0.1 was judged to indicate
consumption of that resource. Overall, resource consumption was highest on Carbohydrates,
Amino Acids, and Carbocylic Acid based carbon sources, with relatively lower consumption of
carbon sourced from Phenols, Polymers and Amines. Resource utilization showed a strong
phylogenetic signature (Figure 4 and Figure 5), with the Enterobacteriacia consuming the
greatest number of resources with the highest affinity (Figure 6), and the Pseudomonads
consuming a similar number of resources, but with a lower preference towards them (Figure 5).
Importantly, while the number of resources that the Enterobacteraicia and the Pseudomonadacia
consumed were similar, the resource utilization profiles (Figure 5) analyzed using an adonis
PERMANOVA showed a significant effect of family identity (p = 0.001). The model pathogen,
Pseudomonas syringae DC3000 showed a similar pattern of resource consumption to the other
Pseudomonadacia in the PhylloStart community (Figure 4, Figure 5, Figure 6).

2.3.5 In Planta Competition

To determine in planta competitive interactions between the different species in the PhylloStart
community, representative members of each group, as well as the model pathogen, P. syringae
DC3000 were applied to tomato plants both alone and in pairs. All data were log- transformed
and analyzed using pairwise t-tests with Holm—Bonferroni multiple test correction, to determine
if there were significant differences between growth alone and growth with each challenger. All
representative bacteria grew to relatively high abundances (Figure 7), with P. moraviensis
reaching an average of 3 x 10”8 CFU/g of plant mass, P. agglomerans reaching an average of
1.5 x 10”8 CFU/g, B. wiedmannii developing to an average of 1.7 x 10”8 CFU/g, and DC3000
reaching 2.4 x 1078 CFU/g. P. moraviensis showed no significant reduction in growth when it
was grown in combination each other representative species, while P. agglomerans density was
only significantly reduced when grown in combination with DC3000 (p = 0.001). B. widmannii’s
development was significantly impeded by every competitor (p < 0.001, p <0.001, and p = 0.003
for growth with P. moraviensis, P. agglomerans, and DC3000 respectively). Finally, DC3000
abundance was only significantly reduced by the presence of P. agglomerans (p = 0.02), though
there was as trend of reduced abundance in the presence of B. wiedmannii (p = 0.08).

2.3.6 Additive Disease Protection

Given that P. agglomerans significantly reduced the DC3000 pathogen development on the leaf
surface, an experiment was developed to determine if pairing it with another member of the
PhylloStart community could lead to enhanced protection against disease development. This
experiment compared the disease protective effect on developing tomato seedlings in a sterile
environment, inoculated either with DC3000 alone, or previously inoculated with P.
agglomerans, or P. agglomerans paired with B. wiedmannii, E. tasmaniensis, M. aurea, or R.
festucae. Disease outcomes were transformed into a single metric, area under the disease
progression curve (AUDPC), and results were analyzed with an ANOVA, which identified
treatment as a significant factor (p = 0.03). Post-hoc analysis with a TukeyHSD indicated that
only the combination of P. agglomerans and B. wiedmannii provided a significant reduction in
disease development throughout the course of the assay (p = 0.045), though there was a trend of
lower disease curves in P. agglomerans and each of the other species (Figure 8). Notably, this
was not the case with the addition of E. tasmaniensis to P. agglomerans, which showed a nearly
identical disease progression curve to DC3000 alone. Scoring disease progression is an
inherently qualitative process, and as such, future experiments to quantitatively measure changes
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in P. syringae DC3000 abundance under these conditions might be useful to further establish
these protective effects.

2.4 Discussion

This chapter described the process of developing a SynCom to investigate the interactions
between the plant host and their associated phyllosphere microbiota. After assessing 93 potential
strains, followed by the sequencing and assembly of 43 candidate taxa, 16 unique species were
selected from the other 27 strain level variants for inclusion in the PhylloStart synthetic bacterial
community. Genome assembly was largely successful, with a median contig number of 26, a
median N50 of 0.513 Mb, and an average genome completeness of 99.5%. The two species with
the highest contig number and the lowest N50, both outliers, were SC6, Brevibacterium
frigoritolerans (with 80 contigs and an N50 of 0.12) and SC35, Bacillus wiedmannii (with 263
contigs and an N50 of 0.10), representing the phyla Actinobacteria and a Firmicutes respectively.
Interestingly, CheckM scored both assemblies as being high quality, with a completeness of
98.91% and 99.43%, and with contamination scores of 3.33% and 0%, for B. frigoritolerans and
B. wiedmannii respectively. The primary cause of poor assembly outcomes is insufficient
sequencing depth (coverage), with most sequencing experiments aiming for 50x or 100x
(Segerman, 2020) however, this is likely not an issue with these particular sequences, as SC6 had
322x coverage, and SC35 had 187x coverage, which should be more than sufficient. The most
likely cause of these poor assembly scores is due to the bacteria’s relatively low GC content
(40% for B. frigoritolerans and 35% for B. wiedmannii), which has been linked to issues with
uneven read coverage during library preparation, and difficulties during genome assembly
(Oyola et al., 2012; Browne et al., 2020). Even so, there are other potential causes of high contig
number, including a relatively high frequency of repeat sequences (Phillippy ef al., 2008), or the
presence of insertion sequences (Smits, 2019). Issues arising due to GC content could be
addressed by optimizing the library preparation using PCR additives (Browne et al., 2020),
though in general, assemblies can be improved through additional long-read (PacBio) sequencing
in order to correctly map the location of contig sequences. Combining short and long-read
sequencing to obtain complete genome structural resolution is becoming increasingly popular,
though cost per genome for long-read sequencing is still relatively high, around $250 per
genome at the time of writing this (Derakhshani et al., 2020).

The combination of functional annotation, phenotypic characterization, and resource
utilization data lay the groundwork for using this community as a resource to understand
interactions between bacterial species, and to understand how these species might provide
functions for their host organism, such as pathogen protection. Morphological characterization of
each bacterial species facilitated the in planta competition experiment, allowing for accurate
counts of each member to be distinguished through simple CFU plating, though it is important to
point out that competing species could alter plating efficiency, and the utilization of culture
independent quantification techniques such as ddPCR might improve reliability. Meanwhile, the
functional annotation and carbon utilization patterns allowed for predictions of bacterial
interactions. These data both showed that phylogenetic grouping was a significant predictor of
functional similarity, which is generally accepted to be a good indication of competitive
interactions due to their similar resource use patterns (Violle et al., 2011; Morrissey et al., 2016;
Russel et al., 2017).
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While phylogenetic similarity may be a good indicator of functional overlap and resource
use patterns, it does not necessarily predict competitive interactions a-priori. For example, when
testing pairwise strain competition in planta, we see that P. agglomerans (an Enterobacter) and
the pathogen P. syringae DC3000 (a Pseudomonad) both significantly reduce the other’s growth,
despite not being particularly closely related, while P. moraviensis (another Pseudomonad), does
not significantly alter DC3000 growth or vice versa. For one thing, it is important to point out
that the specific carbon sources in Biolog Ecoplates are not necessarily available on the leaf
surface, whose primary carbon resources are Glucose, Sucrose, and Fructose (Tukey, 1970;
Leveau & Lindow, 2001). This does not diminish the utility of the Biolog resource model
though, as it still gives important information on resource utilization and growth rates, allowing
us to predict performance with any given resource, as, on average, the species that consumes the
greatest number of resources will be most likely to consume some other un-tested resource.
Further, the extent to which resource overlap is a useful metric may vary among the species
tested, as previous work with Biolog plates found a higher overlap of resource utilization

between successful competitors and the pathogen they were able to exclude (Innerebner et al.,
2011).

In this environment, resource utilization rate may be more important in predicting
competitive outcomes, as we see that the Enterobacteracea are, on average, able to consume
more resources within the tested timeframe than any member of the Pseudomonadaceae. A faster
basal growth rate is associated with a higher likelihood of invasion success (Kurkjian ef al.,
2021), which may explain why P. agglomerans inhibits DC3000 growth while P. moraviensis
does not. Another potential explanation for this effect is the known antagonism between some
Pantoea species and P. syringae, with a study showing a significant reduction in live cells when
these two species physically interact on bean leaves (Monier & Lindow, 2005). Further, that
study noted that there was an asymmetric effect of the interaction between the two species, with
more dead P. agglomerans cells than P. syringae, an effect that we recapitulate in our study as
evidenced by a greater reduction in the density of P. agglomerans in the presence of DC3000
than is experienced by DC3000 in the presence of P. agglomerans. Further evidence of this as a
potential mechanism is provided by the lack of reciprocal inhibition between P. agglomerans and
the other tested Pseudomonad, P. moraviensis. One potential mechanism for these interactions
could be through the Type IV secretion system, where toxic effectors are directly injected into
neighboring rival cells (Sgro ef al., 2019), though it is unclear if either of these bacteria possess
these capabilities. Further genomic and experimental work would be needed to investigate this
possibility.

Considering these results, it is important to note that competition for resources is not the
only mechanism that could lead to efficient exclusion of an invading pathogen. For example, the
competing species could produce inhibitory compounds (Helfrich et al., 2018) or alter the plant
immune system to enhance its defense against pathogen establishment (Vogel et al., 2016;
Mauch-Mani et al., 2017). This is illustrated in the case of B. wiedmannii, which is a poor
performer in the Biolog tests, with a low resource utilization rate and restricted resource breadth.
As predicted, B. wiedmannii also competes poorly on the plant surface, having its maximum
density significantly reduced across all tested pairings. However, despite this poor performance,
it is also capable of reducing the abundance of DC3000, and while this reduction does not reach
significance, a clear trend is seen. Likewise, its own abundance, through still significantly
reduced in the presence of DC3000, is qualitatively less impacted than when compared to its
abundance in competition with any other species. Bacillus species have been identified as
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modulators of the plant immune system, and studies have found that their presence in
rhizosphere communities can induce protection against P. syringae infections in the leaves (Niu
et al., 2011). Further experiments will need to be done to determine the exact mechanism of B.
wiedmanni’s negative impact on DC3000 growth.

Given the clear effect of P. agglomerans on the development of DC3000 on these plants,
an experiment was designed to determine if this protection would be altered with the inclusion of
an additional species. Notably, the impact on disease protection was strain dependent, with the
addition of M. aurea and R. festucae having no qualitative difference from the addition of P.
agglomerans alone, while the addition of B. wiedmannii was the only treatment that provided a
significant reduction in disease development from the DC3000 alone control (through it should
be noted that each of these other treatments did lead to a qualitative decrease in disease
symptoms). The effectiveness of this pairing is unsurprising, given that both species can reduce
DC3000 density alone, through it shows that community induced disease protection can show
additive effects, highlighting the importance of having multiple pathogen antagonistic strains in a
community. Research in the rhizosphere has indicated that certain combinations of bacteria can
induce the production of anti-microbial compounds that would not be produced when cultured
alone (Mendes et al., 2011; Garbeva et al., 2011), so it is also possible that these effects could be
emergent rather than just additive. It is also important to note that there was no qualitative
difference in the disease curves produced by DC3000 alone and competing with P. aggolmerans
supplemented with E. tasmaniensis, which both trended higher than the addition of P.
aggolmerans alone. It is possible that, similar to how certain species parings can lead to
enhanced disease protection, others could lead to a decrease in the effectiveness of a strain’s
disease protective capacity. This highlights the importance of understanding the interactions
between strains, and their impact on the host, when designing communities with the purpose of
reducing disease incidence in their hosts.

2.5 Perspective

This chapter highlights the resources that I have developed to aid in using the PhylloStart
SynCom as a model system for understanding the functions that microbes can provide to their
host organism, as well as presenting some experiments investigating these interactions. The
following two chapters will highlight two projects utilizing the Phyllostart SynCom to
investigate the importance of the phyllosphere community in the reproductive success of their
plant hosts, and the role that plant status plays in modulating the reliance on the community for
disease protection. It is important the note that these projects, and the SynCom resources
developed for them, represent only a small fraction of the potential for this model system. In the
following paragraphs I will outline a small selection of further resources that could be developed
to aid in the use of this system, and some of the open questions these would allow the system to
address in the field of plant phyllosphere microbiome interactions and host microbial interactions
more broadly.

One of the primary limitations in performing experiments with a Syn Comm system is
determining individual bacterial abundances. The primary method for assaying individual
abundance at some endpoint, or changes in abundance throughout time, are through either 16S
rRNA Amplicon sequencing or CFU plating. Amplicon sequencing is relatively costly, and with
a simplified community and a limit to the number of samples that can be multiplexed, most of
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the sequencing depth is wasted. On the other hand, CFU plating, while cheap, can become
difficult when pairing multiple species with similar morphologies. Considering these limitations,
it would be useful to develop an alternative method of assaying individual densities among
PhylloStart communities. One option, which represents likely the easiest and cheapest method
for assaying individual density is through the development of an antibiotic resistant mutant of
each PhylloStart strain. Rifampicin is an attractive option, as it is relatively easy to develop
resistance to through de novo selection, resulting from a mutation in the rpoB gene (Goldstein,
2014) and it has been used for some time as marker to recover focal bacteria from environmental
studies (Glandorf et al., 1992). With this being said, it has been shown to induce pleiotropic
changes in fitness (Sonenshein et al., 1974; Jin & Gross, 1989), so it would be wise to re-assay
relevant phenotypic traits in these mutants. Another relatively popular option used to study
phyllosphere associated bacteria would be through the introduction of fluorescent tags (Remus-
Emsermann & Schlechter, 2018), which, while it can be time consuming and technically difficult
to accomplish, would allow for assessment of both focal bacterial densities, and through
fluorescent microscopy, the resolution of spatial structuring of a focal species, or, multiple
species through the use of several different fluorescent tags. Finally, droplet digital PCR
(ddPCR) can be employed to exactly quantify the density of a certain focal species using a strain
specific primer (a technique used to assay pathogen density in chapter 3), or multiple strains
through probe multiplexing (Morella et al., 2018b). In ddPCR the sample is split into tens of
thousands of individual droplets in which a PCR reaction takes place, and positive samples can
be identified by a counting machine that measures the presence of probe fluorescence in each
droplet. This method requires the identification of sequences in each PhylloStart member that are
divergent enough to prevent off target amplification, but in practice this is quite achievable, for
example, a section of the rpoB gene was found in P. syringae DC3000 whose targeted primers
did not amplify any of the closely related PhylloStart Pseudomonad strains.

Another important question, both in terms of phyllosphere microbial ecology, and
ecology on a broader scale, relates to understanding how competing species can coexist. Studies
leveraging SynCom approaches to address these questions can often yield surprising results, with
a recent study showing that complex communities can be maintained in single carbon resource
environments through cross feeding between species (Goldford ef al., 2018). To further utilize
the PhylloStart community as a resource for understanding coexistence and competition in
microbial communities it is necessary to employ both metabolic modeling and further in vitro
competition assays. Using the genomic resources that are available from sequencing these strains
flux balance analysis (FBA) models, which use a constraint-based modeling strategy to predict
phenotypic responses to specific resources (O’Brien et al., 2015; Cuevas et al., 2016), can help
formulate a-priori hypotheses about bacterial competition and cooperation on specific resources.
In addition to developing resource utilization models, a further set of in vitro resource utilization
assays would clarify bacterial coexistence patterns. The first goal should be to assay the
utilization of Glucose, Sucrose, and Fructose that are prevalent on the leaf surface (Leveau &
Lindow, 2001) at various concentrationss across each species in the PhylloStart community.
Preliminary data (Supplemental Data) gathered on a subset of the PhylloStart species indicates
that they have different minimum uptake concentrations, below which they cannot effectively
obtain the resource from their environment, which could allow different species to persist under
different local resource conditions on the leaf surface. Further study of the hypothetical and
actual resource use patterns of the PhylloStart members will allow for a better understanding of
the processes influencing microbial coexistence in the phyllosphere habitat.

17



Beyond being just a system to study microbial ecology, the phyllosphere is also a key
interface through which bacteria and their plant hosts can interact. As shown in the third chapter,
these phyllosphere bacteria are critically important for the development and reproductive success
of their hosts. To better understand the mechanisms underlying these observations, further
experiments assaying plant growth promotion should be employed, combining both phenotypic
and transcriptomic approaches. The simplest experiment would utilize growth pouches, a
frequently used technique to determine the growth promoting (or inhibiting) effects of different
bacterial strains (Penrose & Glick, 2003). In the growth pouch assay a sterilized paper pouch is
inoculated with a bacterial strain and seeds are allowed to germinate at the top of the paper, as
they grow their roots will spread down the pouch, allowing for measurement of changes in
growth phenotype due to bacterial exposure. This method, combined with the functional analysis
of the bacteria’s genome, should allow for the identification of putative mechanisms by which
the species interacts directly with its host, though it is important to note that the plant roots may
be more sensitive to bacterial signals than the leaves would be. Further analysis of plant gene
expression in response to different bacteria, or combinations of bacteria would then allow for a
determination of the mechanisms by which they confer these phenotypic changes (similar to how
this method is employed in chapter 4 to determine the changes in reliance on PhylloStart species
for protection in polyploids).

These approaches: developing mechanisms to assay bacterial abundance, measuring and
predicting comprehensive resource overlap, and quantifying plant growth promotion, are only a
small subset of the many future directions in which the PhylloStart community could be
developed as a resource. Other potentially interesting tools could include a paired phage library
to measure the impact of bacteriophage on phyllosphere growth of various species, a topic of
current interest (Morella ef al., 2018a), or to model apparent competition among species
(Brockhurst et al., 2006). Another useful resource for the community would be a measurement of
direct and indirect inhibition between strains, an important component beyond resource overlap
that influences coexistence and community composition (Helfrich et al., 2018). Beyond the
purely ecological questions that can be tackled with a SynCom model system, this resource also
provides the opportunity to understand how these interactions might be shaped over longer time
scales through experimental evolution.

In conclusion, it should be clear that the development of a SynCom model system
represents an ever-evolving resource that can be utilized to study a variety of plant microbial,
ecological, and even evolutionary, interactions. The next chapters of this dissertation will
highlight a selection of projects that have leveraged this SynCom resource, and the role that is
has played in furthering the understanding of the complex interactions in the phyllosphere
microbiome.
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2.6 Tables and Figures

Count Kingdom Phylum Class Order Family Genus Percent_Abundance
7716  Bacteria Proteobacteria Gammaproteobacteria ~Enterobacteriales Enterobacteriaceae  Enterobacteriaceae_unclassified 58.40
1294  Bacteria Proteobacteria  Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia 9.80
946 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae Pseudomonas 7.20
811 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 6.10
688 Bacteria Proteobacteria Gammaproteobacteria ~Enterobacteriales ~ Enterobacteriaceae Pantoea 520
524 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Exiguobacterium 4.00
324 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales  Enterobacteriaceae Rahnella 2.50
166 Bacteria Actinobacteria Actinobacteria Micrococcales Microbacteriaceae ~ Microbacteriaceae_unclassified 1.30
118 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Exiguobacterium 0.90
88 Bacteria  Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter 0.70
51 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales ~ Pseudomonadaceae Pseudomonas 040
47 Bacteria Proteobacteria ~ Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia 0.40
26 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 0.20
23 Bacteria Proteobacteria ~ Betaproteobacteria Burkholderiales Oxalobacteraceae Duganella 020
22 Bacteria  Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter 0.20
22 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 0.20
20 Bacteria Proteobacteria ~ Betaproteobacteria Burkholderiales Oxalobacteraceae Janthinobacterium 020
19 Bacteria Proteobacteria Gammaproteobacteria  Enterobacteriales ~ Enterobacteriaceae Pantoea 0.10
17 Bacteria Actinobacteria Actinobacteria Micrococcales Micrococcaceae Pseudarthrobacter 0.10
16 Bacteria Actinobacteria Actinobacteria Micrococcales Microbacteriaceae Curtobacterium 0.10
16 Bacteria Proteobacteria Gammaproteobacteria ~ Enterobacteriales Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
16 Bacteria Proteobacteria ~ Alphaproteobacteria Rhizobiales Rhizobiaceae Rhizobiaceae_unclassified 0.10
13 Bacteria Proteobacteria Gammaproteobacteria ~Enterobacteriales ~ Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
13 Bacteria  Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Pedobacter 0.10
12 Bacteria Proteobacteria Gammaproteobacteria ~ Enterobacteriales  Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
11 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonadaceae_ge 0.10
10 Bacteria  Actinobacteria Actinobacteria Micrococcales Micrococcaceae Arthrobacter 0.10
10 Bacteria Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
9 Bacteria Actinobacteria Actinobacteria Micrococcales Microbacteriaceae ~ Microbacteriaceae_unclassified 0.10
9 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae Pseudomonas 0.10
9 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales  Pseudomonadaceae Pseudomonas 0.10
9 Bacteria Proteobacteria ~ Betaproteobacteria Burkholderiales Comamonadaceae  ~ Comamonadaceae_unclassified 0.10
8 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 0.10
8 Bacteria Proteobacteria  Alphaproteobacteria Rhizobiales Methylobacteriaceae Methylobacterium 0.10
7 Bacteria Proteobacteria Gammaproteobacteria  Enterobacteriales Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
7 Bacteria Proteobacteria Gammaproteobacteria ~ Enterobacteriales ~ Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
7 Bacteria Proteobacteria Gammaproteobacteria ~ Enterobacteriales Enterobacteriaceae  Enterobacteriaceae_unclassified 0.10
7 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 0.10
7 Bacteria Actinobacteria Actinobacteria Micrococcales Micrococcaceae Paenarthrobacter 0.10

Table 1. Species abundance from field sequencing used to identify candidate taxa for inclusion

in the PhylloStart SynCom.
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SC13: E. sibiricum

SC25: P. rhodesiae SC26: P, allii SC33: M. oleivorans SC35: B. wiedmannii

Figure 3. Exemplar photos of each member of the PhylloStart SynCom that were used to
describe their morphology.
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Group . Enterobacter . Pseudomonad . Other . Pathogen

Pseudomonas asturiensis

Pseudomonas rhizosphaerae
Pseudomonas rhodesiae
P. syringae DC3000

Pseudomonas moraviensis

2.51

N

N

S Brevibacteriu Curtobacterium pusillum
.. 0.04 Ma d

N

O Rathavibacter fe a

a

Exiguobacterium sibiri
. .
Frigoribacterium endophyticum M

Erwinia tasmaniensis
Pantoea allii

Pantoea agglomerans

-5 0 5
PC1: 38.6%
Figure 5. PCA depicting resource utilization patterns across members of the PhylloStart

community, as well as the pathogen P. syringae DC3000, in Biolog Ecoplates. More closely

related species show more similar resource utlization, both in terms of the specific resources that

they are capable of consuming and the rate at which they consume them (measured by the

amount consumed in the allocated assay time), family is identified as a signficant effect in a

PERMANOVA analysis of the resource utilization patterns.
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Group - Enterobacter . Pseudomonad . Other . Pathogen

Pantoea agglomerans

Erwinia tasmaniensis

Pantoea allii

1.0 Pseudomonas rhizosphaerae

P. syringae DC3000

Pseudomonas rhodesiae
Pseudomonas moraviensis

0.51

Curtobacterium herbarum
Bacillus wie -

Average maximum OD590 for resources consumed

[ Frigoribacterium endophytioum JuSiium]
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Number of consumed resources (OD590 > 0.1)

Figure 6. Scatter plot depicting the number of consumed resources (measured as an OD > 0.1
on that resource) and the average maximum OD590 (intenstiy of resource use) for each member
of the PhylloStart community and the model pathogen P. syringae DC3000. The Enterobacter
and Psuedomonad groups consume a similar number of resources, though importantly, the
resource overlap differs, with the Enterobacter’s showing a higher affinity for the resources that
they can consume (higher average OD590). Meanwhile, the “other” group, consisting of the rest
of the PhylloStart community, does not consume a large number of resources, and does not, on
average, have a particularly strong affinity for those resources.
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Figure 7. Barplots depicting the reciprocal effects of pairwise co-inoculation onto tomato plants
for representative members of the PhylloStart community. Each focal member is identified on
the top axis, with the plot representing their density (in CFUs) in response to co-culture with the
identified species on the bottom axis, compared to their growth alone in grey. P. moraviensis
growth is not significantly impacted by any other species, while P. agglomerans is significantly
reduced by co-inoculation with the pathogen P. syringae DC3000. Meanwhile, B. wiedmanni’s
growth is significantly reduced in the presence of all other tested species, though qualitatively it
is the least reduced when paired with DC3000. Finally, DC3000 density is only significantly
reduced in the presence of P. agglomerans, though there is a trend towards lower abundance in

the presence of B. wiedmanni.
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Figure 8. Disease progression curves for seedlings grown with the pathogen P. syringae
DC3000, either alone or co-inoculated with P. agglomerans, or some pairing of P. agglomerans
and another PhylloStart member. Interestingly, only the combination of P. agglomerans and B.
wiedmanni lead to a significantly lower area under the disease progression curve (AUDPC),
though there was as clear trend of lower disease in the P. agglomerans alone. No other pairing
produced an effect that was significantly different from P. agglomerant alone, though co-culture
with E. tasmiensis did show a trend of less protection.
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Chapter 3. Early phyllosphere microbial associations impact plant
reproductive success

Parts of this chapter have been adapted from the following with permission:

Mehlferber, Elijah C., Kent F. McCue, Reena Debray, Griffin Kaulbach, Jon E. Ferrel, Rajnish
Khanna, and Britt Koskella. "Early phyllosphere microbial associations impact plant
reproductive success." bioRxiv (2022).

3.1 Introduction

Microbial associations have been shown to be critical in the development and functioning of
plant and animal host organisms (Shin et al., 2011; Wagner et al., 2014). For plants, there exists
a wealth of data on how the root and soil-associated microbial communities can shape plant
growth, competition with neighbors, disease resistance, and nutrient uptake (Berendsen et al.,
2012). In contrast to the well-defined role of belowground plant-associated communities, less is
known about the importance of bacteria inhabiting the above-ground portion of the plant, the
phyllosphere. Thus far, the investigation of phyllosphere microbiomes has generally been limited
to their role in protection from disease, such as in cases of pear fire blight (Mercier & Lindow,
2001), tobacco wildfire disease (Qin ef al., 2019), or tomato bacterial speck (Innerebner et al.,
2011; Morella et al., 2019) and frost injury and fruit russet (Lindow pubs). Although some
evidence suggests that these microbial communities can have key functions beyond disease
resistance (Stone et al., 2018), for example through nitrogen fixation (Fiirnkranz et al., 2008) or
the production of growth-regulating signals (Madhaiyan et al., 2006), there remains limited
direct evidence for their role in plant growth or yield.

The phyllosphere is inhabited by a relatively diverse consortia of bacteria, with densities
ranging from 1076 to 10”7 cells per square centimeter (Lindow & Brandl, 2003). These
epiphytic bacteria are subject to a hostile environment, often encountering high levels of UV
radiation, temperature fluctuations, and desiccation (Jacobs et al., 2005; Beattie, 2011). The
majority of phyllosphere-inhabiting bacteria are believed to arrive via aerial transmission,
including wind and rain (Vorholt, 2012; Ottesen et al., 2016), and much of this transmission is
likely to originate from neighboring plants (Santl-Temkiv et al., 2018; Meyer et al., 2022) . In
contrast, plants that are grown in greenhouses are relatively isolated from microbial dispersal
through wind, rain, and insects or from neighboring plants. In line with this, greenhouse-grown
plants have been shown to develop communities distinct from those developing in outdoor
environments (Maignien ef al., 2014; Marco lettuce mBio). Since greenhouse plants are typically
grown in commercial soil mixes, it is also unlikely that they have the full breadth of bacteria
available for recruitment from the soil reservoir (Knief et al., 2010). Given this, greenhouse-
grown plants are likely depauperate in their microbial associations, providing a unique
opportunity to study the importance of the phyllosphere microbiota in a more complex
environment, as opposed to a highly constrained gnotobiotic system.

One promising avenue for investigating the causative effects of plant-microbiota
interactions in plant health is through the use of synthetic bacterial communities. Ideally, these
synthetic communities represent the phylogenetic diversity of natural phyllosphere communities,
but at a tractable level of complexity, allowing for repeatable experimentation. This approach has
been used to investigate a wide variety of plant-microbial interactions (Bodenhausen et al., 2014;
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Bai et al., 2015; Hu et al., 2016; Castrillo et al., 2017; Berg & Koskella, 2018), but these
synthetic communities also hold great potential as microbial 'probiotics' or biostimulants. Such
microbial amendments would be especially useful in environments where microbial diversity is
otherwise reduced and/or where host-microbiome associations have been disrupted by, for
example, pathogen establishment or antimicrobial treatments. We examine this question using a
defined set of naturally occurring bacteria to establish a synthetic community (herein referred to
as 'PhylloStart’) that we developed to mimic the composition of microbial communities
associated with field-grown tomato plants.

Our primary objective was to determine the importance of phyllosphere-associated
microbiota in agriculturally relevant plant traits, under realistic conditions, and so we focused on
early microbiome establishment in a greenhouse setting, where we show that initial microbiome
recruitment is highly limited. To investigate potential interactions between microbial
associations and nutrient status we included a popular commercially available micronutrient
supplement (Azomite) at various concentrations. Over a series of trials we demonstrate both
long-term establishment of the synthetic microbiome on plants and a highly repeatable and
significant increase in plant growth and yield compared to control plants, with an additive effect
from the micronutrient supplement. In the case of field-grown plants that were treated in the
same way (i.e., sprayed pre-transplantation with PhylloStart), however, we did not see a
significant effect of early life phyllosphere amendment. This differential effect of the
phyllosphere on plant fitness across the greenhouse and field is likely the result of reduced
microbiome colonization in low diversity/dispersal environment such as the greenhouse.
Moreover, higher levels of competition and environmental pressures under field conditions could
reduce the efficacy of early life application of probiotic treatments, potentially requiring different
application protocols. Overall, our results demonstrate that, typically, phyllosphere microbial
communities establish poorly under common greenhouse growth conditions and highlight the
underappreciated role of the above-ground microbiome in shaping plant fitness.

3.2 Materials and Methods
3.2.1 Plant generation

Seeds of tomato (Solanum lycopersicum) variety 'Moneymaker' were surface sterilized by gently
shaking in a solution of sodium hypochlorite and Tween 20 for 20 min, followed by two rinses
with filter-sterilized H>O. Seeds were placed into pots containing Sunshine mix number 1 (Sun
Gro) soil and germinated in the greenhouse. When the seedlings were 3 to 4 inches tall, they
were transplanted into larger pots, and randomly distributed across the greenhouse, where they
were grown for the remainder of their development, which was 20 weeks in the first trial, 19
weeks in the second trial and 24 weeks in the third trial. Plants were grown in the greenhouse
under controlled conditions with supplemented lights to maintain long days and fans to control
high-temperature fluctuations. Liquid nutrient supplementation consisting of Peters Professional
20/20/20 water-soluble fertilizer was applied (1:64 ppm) once per week, as well as a disease
suppression program consisting of Floramite and Decathlon at a rate of 1/4 tsp per gallon of
water, mixed/agitated, was applied through a controlled sprayer at the rate of 1 to 2 gal per 100
plants. Plants in the field trial were started in the greenhouse and received the same treatment as
the plants in the third trial until a time of 7 weeks, when they were moved outside to harden, and
subsequently transplanted into the Oxford Tract field at UC Berkeley at 8 weeks. After
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transplanting into the field plants were watered upon establishment as needed, and then once a
week for approximately 6 hours thereafter, and 20-20-20 water-soluble fertilizer was applied
during watering at a rate of .93#N/ac.

3.2.2 Bacterial strains

PhylloStart was designed to mimic the composition of a field grown tomato phyllosphere
community, but at reduced complexity to remain tractable. The community was initially
designed based on communities sequenced from tomato plants in the student organic garden at
UC Davis (Supplemental Table 1), and isolates were collected to be representative at the family
level. These isolates were collected directly from the UC Davis Student Farm, and from the
endpoint of a greenhouse selection experiment (Morella ef al., 2020) by plating initially on KB
and LB agar plates, followed by MacConkey, and 1% Tryptic Soy agar plates to isolate more
fastidious species. The isolates that were selected for inclusion comprise 97.8% of the bacteria
that were found at a relative abundance greater than 1% in this dataset, representing the families
Enterobacteriaceae, Oxalobacteraceae, Pseudomonadaceae, Bacillaceae, Microbacteriaceae, with
the addition of a member of the family Brevibacteriaceae that was identified at a high prevalence
on our plated field samples during collection. In total, 16 unique species were selected to
comprise PhylloStart (out of the 93 screened isolates), with several members representing
species level variation within the selected families. Information on the identity of the PhylloStart
synthetic community is available in Supplemental Table 2. Strain identification was performed
by sequencing the genomes of each bacteria and matching the sequences for the 16s rRNA using
BLAST to publicly available databases on NCBI.

3.2.3 PhylloStart and Azomite application

For preparation of consortia, all strains were grown individually for three days at 28°C on a
media shaker in liquid culture in KB (King's Broth) nutrient broth (King et al., 1954). Cultures
were spun down for 10min at 2500g in a centrifuge and the KB supernatant was replaced with
fresh KB. The optical density at 600nm (OD600) of each sample was read and the samples were
mixed together at densities equal to 0.2. This suspension was frozen in 50/50 KB/Glycerol at -
80°C until inoculation. On the day of inoculation, the community was thawed and resuspended in
sterile 10Mm MgCl buffer with 0.01% SilWet surfactant. For the second greenhouse trial and the
field trial we included two concentrations of the PhylloStart, one at OD600=0.02 and another
diluted 100-fold at OD600=0.0002. Plants were inoculated by spraying either this suspension, or
for controls, the same but without the addition of PhylloStart, onto both sides of all leaves until
runoff. Plant inoculation time varied among experiments but was generally performed for three
consecutive weeks starting either two- or three-weeks post seedling emergence (See Figure 1 for
exact timing across experiments).

The micronutrient supplementation differed between trials, with different preparations
and quantities of Azomite® (Azomite Mineral Products, Inc., UT), a soil additive and fertilizer
derived from volcanic ash that has previously been shown to increase the growth and yield of
tomato plants (Noorani Azad et al., 2016; Mehlferber et al., 2022). There were three trials
performed (Figure 1). In the first greenhouse trial we used three Azomite treatments, first, with
the plants either amended with 5% wt/wt Azomite Granular grade during sowing and
transplanting (n = 10), second, with 1g of Azomite Ultrafine grade applied after transplanting to
the soil surface at the base of the plant at 7, 9, and 12 weeks after sowing (n = 10), and finally,
with both Azomite Granular and Azomite Ultrafine applied as described (n = 10). Trial 1
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included a control treatment with no Azomite or PhylloStart (n = 10), as well as a PhylloStart
only treatment and a treatment with both PhylloStart and Azomite Granular and Ultrafine (n =
10). In the second greenhouse trial we applied the same Azomite Granular and Ultrafine
treatment as described, but with the modification of Azomite Ultrafine concentration, using 1, 2
and 3 grams (n = 3 for each). This experiment included plants that were inoculated with these
concentrations of Azomite as well as PhylloStart (n = 3 for each), PhylloStart alone (n = 3), and
a control treatment that did not receive either Azomite or PhylloStart (n = 3). In the third
greenhouse trial, and the field trial, we included treatments with Azomite Granular and Ultrafine,
using 1 and 2 grams in the greenhouse, and 1 and 3 grams in the field (n = 4 for each). Trial 3
included plants that were amended with these concentrations of Azomite and were inoculated (as
described in Figure 1) with either a low, or high dose of PhylloStart (n = 4 for each), a
PhylloStart only treatment at both concentrations (n = 6 for each), and a control treatment that
did not receive either Azomite or PhylloStart (n = 6). A second field trial was performed at UC
Davis to confirm the results from our initial field trial, using the same methods as previously
described, with the following treatments; PhylloStart (n = 6), Control (n = 6), PhylloStart with 3
grams of Azomite (n = 6) and Control with 3 grams of Azomite (n = 6).

3.2.4 Plant measurements and harvest

Plant height was measured from the soil surface to the terminal node, recorded weekly during
vegetative growth in Days After Sowing as indicated (Supplemental Figure 1). Plant width was
determined by measuring the combined lengths of the two longest opposing-side branches at the
base of each plant, recorded along with plant height. During reproductive growth, total numbers
of flowers and fruit attached per plant were counted as indicated (Supplemental Figure 1 and
Figs. 3, 4). Tomatoes were weighed individually, and as total harvested weight per plant as
described (Supplementary Figure 2, 3, 4). Tomato number and weight were recorded multiple
times per plant from onset of fruit production to plant termination in the greenhouse, but these
metrics were measured only once after harvest from each individual plant grown in the field.

3.2.5 Leaf sample collection

Leaves were sampled in the first and third experiments to assay the composition of the
phyllosphere microbial community. In each case, 5 leaves were collected into 50ml conical tubes
from random locations across each plant. These leaves were weighed and 40ml of sterile 10mM
MgCl> was added. They were sonicated for 10 minutes, followed by five seconds of vortexing to
ensure that the bacteria separated from the leaves. The bacteria were pelleted, and the
supernatant was removed. These samples were frozen at -80°C until DNA extraction and
sequencing.

3.2.6 Pathogen protection experiment

Moneymaker tomato seeds were prepared as described above, then germinated onto plates of 1%
water agar. After 1 week, seedlings were transferred to individual pots containing autoclaved soil
consisting of calcined clay medium (Profile Porous Ceramic Greens Grade, Sierra Pacific Turf
Supply). In the fertilizer treatment, 960 mg of organic fertilizer (0-11-0 Seabird Guano, Down to
Earth) was added to each pot at the transplant stage. Plants were randomized with respect to
treatment and maintained in a growth chamber at a 15 h day:9 h night cycle for the duration of
the experiment.
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When plants were three weeks old, PhylloStart communities were applied to leaves at a
concentration of OD600=0.02 with 0.01% SilWet surfactant. One week after spraying, an
overnight culture of Pseudomonas syringae pathovar tomato PT23 was diluted in 10 mM MgCl,
to a concentration of OD600=0.0002. Three leaves per plant were challenged via blunt-end
syringe inoculation. At 24 hours post-infection, 3 hole punches (6-mm diameter) were taken
from each inoculated leaf (9 total leaf discs per plant). Leaf discs were homogenized in 1 mL 10
mM MgCl in a FastPrep-24 5G sample disruption instrument at 4.0 m/s for 40 seconds.
Pseudomonas syringae population density on leaves was obtained through colony forming unit
(CFU) plating.

3.2.7 DNA extractions, qPCR, 16s rRNA amplification, and sequencing

DNA extraction and sequencing was performed by Microbiome Insights using the following
protocols. Bacterial pellets were placed into a MoBio PowerMag Soil DNA Isolation Bead Plate.
DNA was extracted following MoBio's instructions on a KingFisher robot. For qPCR, bacterial-
specific (300 nM 27F, 5' -AGAGTTTGATCCTGGCTCAG-3") forward primers coupled to (300
nM 519R, 5" -ATTACCGCGGCTGCTGG-3" ) reverse primers were used to amplify bacterial
16S rRNA. 20 pl reactions using iQ SYBR Green Supermix (Bio-Rad), with 10ul Supermix,
0.6ul Primer F, 0.6ul Primer R, 6.8ul H20 and 2ul template, were run on Applied Biosystems
StepOne Plus instrument in triplicate using the following cycle conditions; 95°C for 3 min., 95°C
20 sec., 55°C for 20 sec., 72°C for 30 sec., return to step two 45 times. For standards, full-length
bacterial 16S rRNA gene was cloned into a pCR4-TOPO vector, with Kanamycin-Ampicillin
resistance. The total plasmid fragment size is expected to be 5556 bp. A bacterial standard was
prepared via. 10-fold serial dilutions, and the copies of 16S was determined by the following:
Copy# = (DNA wt. x 6.02E23)/(Fragment Size x 660 x 1E9). Linear regression was used to
determine copy numbers of samples, based on CT of standards. Reaction specificity was
assessed using a melt curve from 55°C to 95°C, held at 0.5°C increment for 1s. For 16s rRNA
amplification and sequencing, bacterial 16S rRNA genes were PCR-amplified with dual-
barcoded primers targeting the V4 region (515F 5’-GTGCCAGCMGCCGCGGTAA-3', and
806R 5’-GGACTACHVGGGTWTCTAAT-3"), as per the protocol of Kozich et al. 2013 (Kozich
et al., 2013). Amplicons were sequenced with an Illumina MiSeq using the 300-bp paired-end kit
(v.3). The potential for contamination was addressed by co-sequencing DNA amplified from
specimens and from template-free controls (negative control) and extraction kit reagents
processed the same way as the specimens. A positive control from samples consisting of cloned
SUPO5 DNA, was also included. The only modification to this standard protocol was the
addition of peptide nucleic acid (PNA) PCR clamps according to the method developed in
Lundberg et al. (Lundberg et al., 2013). In brief, mPNA, to reduce mitochondria amplification
and pPNA to reduce chloroplast amplification, were added into the PCR step during library prep
at a concentration of SuM per PNA. The PCR reaction was then modified with the addition of a
PNA annealing step at 78°C for 10s.

3.2.8 Data analysis

Forward and reverse paired-end reads were filtered and trimmed to 230 and 160 base pairs (bps),
respectively using the DADA?2 pipeline with default parameters (Callahan ef al., 2016).
Following denoising and merging reads and removing chimeras, DADA2 was used to infer
amplicon sequence variants (ASVs), which are analogous to operational taxonomic units
(OTUs), and taxonomy was assigned to these ASVs using the DADA2-trained SILVA database.
Using DNA extraction and PCR negative controls from 16s sequencing the decontam package
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was implemented using default settings to identify and remove potential contamination from the
samples (Davis et al., 2018). The assigned ASVs, read count data, and sample metadata were
combined in a phyloseq object (McMurdie & Holmes, 2013) for downstream analyses. The
phyloseq package was used to calculate field and greenhouse beta diversity, and a permutational
analysis (PERMANOVA) was performed on data rarified to 400 reads (in order to account for
the extraordinarily low read count in untreated greenhouse samples) using the adonis function in
the vegan package (Oksanen ef al., 2022).

All plant growth was analyzed using a linear mixed-effects model in R with the function
Ime from the n/me package (Pinheiro et al., 2022). Model fit was assessed using ANOVA with
the anova function to test if the inclusion of additional factors and interactions significantly
improved model fit compared to a null model including only the intercept. In each model plant
ID was included as a random effect to account for repeat sampling over time.

3.3 Results
3.3.1 PhylloStart community colonizes the plant phyllosphere

We hypothesized that greenhouse-grown plants would be relatively depauperate in their
microbial associations. To test this, we inoculated seedlings with the PhylloStart community by
spraying the synthetic microbiome inoculum directly onto the leaves over the course of three,
weekly applications. Using an adonis PERMANOVA we saw no differences in the communities
from plants treated with or without Azomite, F = 0.92, p = 0.543, and so for the sake of
simplicity these sequences are not included in the figure (Figure 2).

We used qPCR to estimate the total number of bacteria on the leaves of PhylloStart
treated and control plants, finding that there was a significantly higher abundance of bacteria on
the inoculated leaves, tis = -3.97, p = 0.003, with an average of 1327.7 (£950.93 SD) bacterial
sequences in the inoculated group, compared to 132 (£52.14 SD) in the controls. Further, in the
treated plants, the vast majority of the bacterial sequences were associated with PhylloStart
members with an average of 1217.05 (£946.68) PhylloStart-matching sequences per plant. This
indicates both that there is robust representation of the PhylloStart on the plant leaves, and that
there is minimal development of leaf associated bacteria from the greenhouse environment.

3.3.2 PhylloStart and micronutrient type interact to increase flowering and fruit
production

To determine the role of phyllosphere bacteria, and their interaction with micronutrient
supplementation, on greenhouse-grown tomato plants we collected data on a variety of plant
characteristics throughout their development. This included plant height, width, flowers, fruit on
the plant, and the total weight of fruit harvested. We analyzed the data using a linear mixed
effects model, selecting only terms identified by an ANOVA to significantly improve the
model's fit. For height and width, only the model including time was selected as significant (p
<0.0001 for both), and unsurprisingly there was a significant effect of time on these traits, as
both height and width increase as the plant grows, for height, to99 = 106.10, p <0.0001, and for
width, ti19=39.26, p <0.0001 (Supplemental Figure 1).

When analyzing flowers and on-plant fruit, we found that the full model (including
treatment) was significantly better than the null for both (for flowers, p = 0.0303, and for
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tomatoes counted on plant, p = 0.007; Supplemental Figure 1). For flowers, we again saw, as
expected, a significant effect of time, too4 = 13.31, p = <0.0001, as well as a significant impact of
the granular and ultrafine Azomite + PhylloStart on number of flowers per plant, ts4 =-2.32, p =
0.024, with a significant interaction term between this treatment and time, tyo4 = 1.88, p = 0.003
(Supplemental Figure 1). For fruit counted on the plants, we found a significant effect of time,
t292 = 12.34, p <0.0001, and a significant effect of the interaction between both the PhylloStart
only treatment and time, tz9o = 2.21, p = 0.027, and the granular and ultrafine Azomite +
PhylloStart treatment and time, t292 = 2.361, p = .019 (Supplemental Figure 1). Given these
results, we chose to focus only on the production of fruit in our two subsequent experiments.

3.3.3 PhylloStart inoculation and micronutrient supplementation increase tomato
production

The first experiment fruit was harvested in bulk, preventing the statistical analysis of the
resulting harvest data. However, there was a qualitative increase in the total weight of tomatoes
harvested from plants inoculated with the PhylloStart bacteria, from 8003.92 grams total yield in
control to 9705.54 grams in the PhylloStart treatment and 9302.92 grams in the granular and
ultrafine Azomite treatment compared to 10990.6 grams for the granular, ultrafine and
PhylloStart treatment (Supplemental Figure 2).

After establishing that the primary impacts of the PhylloStart bacteria were in the
numbers of flowers (which transition into fruit) and fruit, we repeated the experiment focusing
on the total number of tomatoes produced across bacterial conditions and micronutrient
supplement. In this experiment, we found a significant increase in the total number of tomatoes
produced by plants that were inoculated with PhylloStart bacteria, t24= 3.81, p = 0.001, with an
average of 8.89 (£2.93 SD) tomatoes produced per treated plant per harvest, compared to an
average of 7.63 (+4.72 SD) tomatoes in the control group (Figure 3).

Micronutrient supplementation also significantly increased the number of tomatoes
produced per harvest, with the 2-gram treatment increasing the average number of tomatoes from
7.63 (+4.72 SD) to 9.89 (£3.41 SD), t(24) = 3.045, p = 0.006. We found no significant
interaction between PhylloStart application and Azomite concentration. The highest level of
micronutrient supplementation, however led to a significant decrease in yield, with an average of
4.11 (+2.32 SD) tomatoes produced, t24 =-2.18, p = 0.039 (Figure 3). As it was clear that the
highest concentration of micronutrient supplementation was deleterious to the plant. It is
interesting that, while not identified as statistically significant in the model, we observed a trend
in which the plants treated with 3 grams of micronutrient supplement and the PhylloStart were
less severely affected than those treated with the micronutrient supplement alone (Figure 3),
indicating that the presence of Phyllosphere bacteria was partially rescuing the plants from this
abiotic stress.

In order to rule out that the plants were producing more but smaller tomatoes, we
measured both tomato number and weight. Using a linear mixed-effects model, we saw no
significant impact of treatment with PhylloStart on the weights of individual tomatoes produced
(Supplemental Figure 3). In treated plants, the average tomato fruit weight was 46.05 (£14.99)
grams, as compared to an average weight of 46.12 (£11.98) grams in the control group (t24 =
1.556, p = 0.133). However, we did see a significant impact of the micronutrient supplement,
with 1 and 2 grams significantly increasing the individual tomato weight, t24 = 3.83, p = 0.001
and t24 = 6.07, p < 0.001 respectively, with average tomato weights of 50.66 (+12.41 SD) grams
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and 53.46 (+12.39 SD) grams, compared to the control group at a mean of 46.05 (x11.98 SD)
grams. Meanwhile, the higher concentration of micronutrient supplementation, at 3 grams per
plant, was associated with a significant reduction in the weight of the tomatoes produced, t24 = -
2.48, p=0.021, with an average weight of 41.26 (+15.55 SD) grams per tomato. Again, there
was no significant interaction between the micronutrient supplementation and PhylloStart
bacterial application.

3.3.4 Phyllosphere amendment increases fruit production in a dose-dependent manner, and
these effects persist under disease pressure

To determine if the increased fruit production in PhylloStart inoculated plants was dose-
dependent, we repeated the experiment in the fall of 2020, including both the standard inoculum
density (OD600=0.02, High) and a lower density (OD600=0.0002, Low). The trends we see in
this experiment are consistent with the results from our first and second trials. Notably, these
plants were impacted by powdery mildew, a common disease in greenhouse tomato production.
The plants began to show signs of infection around week 13, and by week 15 powdery mildew
was uniformly present across the surface of most leaves on each plant, regardless of treatment.
The plants were randomly dispersed throughout the greenhouse, and regardless of location we
did not see a noticeable difference in presence of powdery mildew, so there is no reason to
believe that the impacts of disease (beyond the broad impact to the plants as a whole) would bias
these results.

Interestingly, despite this disease pressure, the number of tomatoes produced was again
significantly increased in the plants inoculated with the PhylloStart bacteria, but only in those
treated with the higher inoculation density, ts= 2.70, p = 0.036 (Figure 4; A). These plants
produced an average of 16 (£11.68 SD) tomatoes per plant per harvest, as opposed to 12 (+8.98
SD) tomatoes in the control group. Unlike in the previous experiment, we did not see any
significant impact of the micronutrient supplementation on the numbers of tomatoes produced.
We also did not see any significant impact of either PhylloStart application (as expected) or
micronutrient supplementation (in contrast to our previous experiment) on the average weight of
the tomatoes produced (Supplemental Figure 3).

3.3.5 Phyllosphere amendment limits subsequent colonization of a bacterial pathogen

Previous work in tomato plants has observed that the native microbiota of the phyllosphere is
protective against colonization of the foliar pathogen Pseudomonas syringae pv tomato,
especially under low resource conditions (Berg & Koskella, 2018). We asked whether the
reduced community described in this study would be sufficient to replicate this effect. We
applied PhylloStart bacteria to three-week-old plants under either nutrient-limited conditions
(grown in autoclaved calcined clay medium) or high nutrient conditions (supplemented with an
organic phosphorus fertilizer, Seadbird Guano). One week after PhylloStart bacterial inoculation,
leaves were infected with P. syringae via blunt-end syringe inoculation. Analysis with ANOVA
indicated a significant effect of PhylloStart on pathogen abundance. Post-hoc analysis with a
Tukey HSD showed that under nutrient limitation, pathogen load was significantly lower on
plants inoculated with PhylloStart bacteria than on plants inoculated with a sterile buffer control,
indicating a protective effect, t =2.67, p = 0.037, however, and as previously observed (Berg &
Koskella, 2018), this effect disappeared among plants treated with the phosphorus fertilizer, t =
0.07, p = 0.948 (Figure 5).
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3.3.6 Greenhouse plants maintain PhylloStart bacteria over time, while field plants did not
under the conditions tested

In order to determine if the effects of PhylloStart bacteria on plant reproductive success would be
seen in an environment with greater dispersal of phyllosphere bacteria and/or whether early
inoculation of plants changed subsequent microbiome assembly in the field, we included a field
component in the third trial experiment. We transferred both PhylloStart-inoculated and control
plants at the end of treatment into the field for the remainder of their development. These plants
were sampled concurrently with the plants from the same cohort that remained in the greenhouse
(three weeks after their last inoculation), and their phyllosphere communities were sequenced.
Using an ANOVA we found that there is a significant effect of inoculation density on the relative
abundance of the PhylloStart-associated bacteria in the greenhouse (p = 0.002), which,
interrogated with a Tukey HSD, indicated that there was a significantly higher relative
abundance in the Phyllostart high treatment compared to the Phyllostart low treatment (p =
0.015) and the control (p = 0.002). Meanwhile, there was no significant effect of PhylloStart
treatment on the relative abundance of the PhylloStart-associated bacteria in the field (p = 0.432),
(Figure 4; B).

Furthermore, when looking at a PCOA of community similarity using Bray-Curtis
distance metrics (Figure 4; D) we see that the PhylloStart-treated greenhouse plants clearly
separate out from the control plants, with the plants treated with high concentrations of
PhylloStart distinct from the controls, and the plants treated with low concentrations of
PhylloStart falling between the controls and the high inoculation. Indeed, when analyzing
dissimilarity using an Adonis PERMANOVA, we see that the PhylloStart High treated plants are
significantly different in community composition from the controls (p=0.004). In contrast, we
see no significant difference in PhylloStart relative abundance on the plants that were
transplanted to the field, with each treatment containing relatively few of the PhylloStart-
associated bacteria. Further, analysis with the Adonis PERMANOVA reveals that there is no
significant difference between any of the bacterial treatments in field plants under the conditions
tested.

3.3.7 Early PhylloStart inoculation did not impact field-grown plants

Given that the field-grown plants were able to establish bacteria beyond what was initially
inoculated, we sought to determine whether there would be differences in tomato production
over the development of the plant. Unlike in the greenhouse experiment, where we found a
significant effect of PhylloStart on the total number of tomatoes produced, we did not observe
any significant effect of phyllosphere amendment on yield in the field (Figure 4; C). An ANOVA
to test the appropriateness of including PhylloStart in a general linear mixed-effects model,
found that inclusion of this factor did not significantly improve the model compared to the null
with only the intercept. Like in the greenhouse, we saw no significant effect of PhylloStart on
tomato weight (Supplemental Figure 3). In order to verify these results, we performed another
field trial in a subsequent year, finding broadly the same results of no significant effect of
PhylloStart on the number of tomatoes harvested. In this second experiment we again did not see
any significant improvement of the PhylloStart term when compared to the null in a glmm
(Supplemental Figure 4). It remains to be seen whether these amendments can provide benefits
in larger field trials, including under biotic or abiotic pressures where we have observed
particularly pronounced effects of PhylloStart in the greenhouse.

37



3.4 Discussion

This study provides robust evidence that the phyllosphere-associated microbiome enhances the
reproductive success of the host plant. Our initial experiment established that greenhouse-grown
plants develop a significantly more abundant microbial community when inoculated with
phyllosphere native bacterial taxa, and that the effect of early exposure to these bacteria persists
throughout the development of the plant. With two additional studies, we verified that these early
microbial associations lead to a significant increase in the total number (but not size) of fruit
produced by greenhouse-grown tomato plants and that these effects are resilient to both biotic
and abiotic stressors. We found these effects to be predominant in the greenhouse setting, as
plants that were transplanted into a field environment did not appear to further benefit from the
initial inoculation of PhylloStart bacteria. Field performance relies on a combination of
additional variables that are commonly controlled in the greenhouse setting. Further field trials
under a broad spectrum of conditions and locations are needed to determine whether bacterial
amendments to the phyllosphere can potentially confer benefits to commercial field tomato
production.

Our qPCR assessment of bacterial abundance indicates minimal development of the
phyllosphere community in non-treated greenhouse control plants. This supports previous work
that found greenhouse-grown plants develop bacterial communities distinct from those in
outdoor environments (Maignien et al., 2014). This lack of appreciable bacteria in the absence of
amendment allowed us to examine the importance of phyllosphere bacteria to plant fitness by
inoculating plants with a microbial community designed to mimic phyllosphere communities of
field-grown plants. We find that the presence of PhylloStart bacteria, inoculated during the early
development of the plant, is associated with increased flowering and fruit production, and that
these plants produce a significantly higher amount of fruit throughout their lifetimes. As
expected, given microbial dispersal outside of the greenhouse, we did not see these effects persist
when transplanting seedlings into a field setting. In this case, PhylloStart-associated bacteria
were not found at significant abundances on these plants after a month in the field, and their
initial community structure did not seem to shape the future composition of the phyllosphere
communities. This may indicate that priority effects during early microbiome establishment are
minimally important in a setting with strong colonization pressure from other sources.

There are various mechanisms by which the phyllosphere bacterial community might
provide these essential benefits to its host. These primarily include: 1) through altering the plant
hormone signaling, either directly through the production of phytohormones or indirectly
through the elicitation of a plant response; 2) by increasing the nutrients available to the plant
either through enhanced nutrient fixation or availability; and 3) through reduction of stress, either
environmental or due to pathogen pressure (Esitken et al., 2005; Paul & Nair, 2008; Adesemoye
et al., 2008; Beneduzi et al., 2012; Bhattacharyya & Jha, 2012). While our current study does not
seek to explain the mechanism underlying observed biostimulant effects, it likely relies on a
combination of these. However, that the effects of Azomite fertilization and PhylloStart
inoculation acted primarily in an additive fashion throughout our study suggests that altered
nutrient acquisition as a result of phyllosphere amendment is not a particularly dominant force.
Moreover, that the impact of PhylloStart application on yield seemed to be resilient against both
the impacts from over-fertilization and disease across our experiments could indicate that these
communities play a particularly important role in buffering host plants against stress.
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One potential explanation for this increased reproductive success is linked to the
phytohormone auxin (or IAA), which is a major regulator of plant growth, is commonly
produced by bacteria inhabiting the phyllosphere (Brandl & Lindow, 1998) and has been linked
to increased biomass accumulation in rice and corn (Mwajita ef al., 2013; Abadi et al., 2020). In
this context, increased fruit yield could be mediated by the action of auxin, decreasing flower
abscission (Sexton & Roberts, 1982; Meir ef al., 2010), potentially leaving more flowers
available to set. In support of this idea, we did observe a significant increase in total flowers on
the plant over time in our first greenhouse trial (the only one in which this was explicitly
measured) in response to PhylloStart application with Ultrafine Azomite (Supplemental Figure
1). Further, using BLAST to search the genomes of the PhylloStart bacteria, we found that
several members (Bacillus wiedmannii, Erwinia tasmaniensis, Pantoea agglomerans, and
Pantoea allii) have matches for idpC (indole-3-pyruvate/phenylpyruvate decarboxylase), a key
protein in auxin production (Brandl et al., 2001). Future work will have to be done to confirm
that these bacteria can produce auxin /n Planta, and if this may explain some of their plant
beneficial effects.

It is also possible that the PhylloStart bacteria alter the plant’s response to environmental
cues, allowing the plant to better optimize its growth strategy and invest more resources in
reproduction. Recent work has focused on the phenomenon of microbiome-dependent ontogenic
timing (MiDOT), by which the presence of certain bacterial species acts as essential cues in the
developmental timing of their host organism (Metcalf ef al., 2019). For example, the
composition of the Boechera stricta (a relative of Arabidopsis) soil-associated bacterial
community has been found to significantly alter the timing and duration of flowering. There is
further evidence using genetic approaches, such as with the Arabidopsis gene AtBBX32
(Khanna, et al., 2009), when introduced into transgenic commercial crops, is responsible for
large-scale shifts in the timing of growth responses to external cues like light, which leads to
modulation of the timing of reproductive development, including flowering and yield promotion
(Holtan et al., 2011; Preuss et al., 2012). These studies show that the plant is capable of large
phenotypic changes triggered by its altered abilities to respond to the incumbent environment,
which could be achieved through gene modification or alternative approaches capable of
influencing plant physiological responses via the assortment of phytohormones or signals of
microbial origin. Further research should continue to assess the role that host-associated
microbes play in developmental timing.

Interestingly, we saw that the effects of PhylloStart were particularly pronounced under
stressful conditions. In our second trial, where we tested a range of Azomite amounts applied to
the soil, it was apparent, in contrast to the benefits at lower concentrations, that the highest
concentration of micronutrient supplement produced undesirable results in terms of plant growth
and productivity. However, the plants treated with PhylloStart bacteria in addition to this high
dose did not see a severe reduction in fruit weight or number of fruit produced, showing
performance that was broadly similar to the plants that were not treated with any micronutrient
supplement. This effect was apparent again in our third trial, in which powdery mildew severely
impacted the plants. In this case, we did not see an impact of the micronutrient fertilizer on the
number of fruits produced; however, we still saw a significant impact of association with
PhylloStart bacteria on fruit number. Throughout these trials we saw no evidence of a significant
direct interaction between the nutrient status of the plant (through micronutrient
supplementation) and the effect of the PhylloStart bacteria; instead, these two treatments worked
additively to increase the total fruit yield further. Given these observations, we were curious if
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the PhylloStart community would show the same nutrient dependent pathogen protection as
found in our lab’s previous work using a conventional fertilizer (Berg & Koskella, 2018).
Indeed, we found that the addition of this community limited the growth of the pathogen P.
syringae in nutrient-limited plants, but that these effects were abolished when organic
phosphorus fertilizer was added. These results are in line with the stress gradient hypothesis,
which posits that inter-species interactions should become more facilitative under adverse
conditions (Bertness & Callaway, 1994; David et al., 2020), and highlight the important role that
phyllosphere bacterial associations play in stress response. With that in mind, it is also possible
that the protection seen in the nutrient-limited plants was due to competition among the
PhylloStart species and the pathogen for these nutrients, and so adding the fertilizer lessened the
competitive exclusion. Further, we see these responses persist well after the initial exposure to
PhylloStart bacteria in their early development. This suggests that there may be a critical window
in which the plant is receptive to exposure to phyllosphere-associated microbiota, much like
what is posited in the hygiene hypothesis for human-associated microbes.

3.5 Conclusion

In summary, we find that the presence of phyllosphere-associated bacteria has important
benefits to their plant host when they are grown in a microbially depauperate greenhouse
environment, primarily through an increase in reproductive success as measured by total fruit
production, with further evidence for an increase in stress tolerance. These results are important
for understanding the role of microbial communities in host outcomes and are broadly relevant in
an agricultural context where, for example, 32% of domestic and 56% of imported tomatoes in
the United States are grown in greenhouses that may not provide adequate colonization of
phyllosphere bacteria (Baskins et al., 2019). Further, we show that bacterial inoculation provides
an additive increase in fruit production when applied with a common supplement containing
micronutrients, opening avenues for further optimization of agricultural production by
harnessing the biostimulant properties of phyllosphere microbes.
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3.6 Figures
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Figure 1. Experimental design for the three greenhouse experiments. Text in Blue indicates the
times when the plants were inoculated with the PhylloStart bacteria. Text in Yellow indicates
times when leaves were sampled for sequencing. Text in Red indicates timing of tomato
harvests. Note the inclusion of the approximate onset of powdery mildew in Trial 3.
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Figure 2. Relative and absolute abundance of ASVs from greenhouse tomato leaves from the
first trial. One week after inoculation with the PhylloStart bacteria or a buffer control, only the
plants that have been inoculated with PhylloStart have an appreciable number of bacteria
residing on their leaves.
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Figure 3. Cumulative number of tomatoes produced across PhylloStart and micronutrient
(Azomite) supplemented treatments from the second trial. Both application of the PhylloStart
bacteria and Azomite addition lead to a significant increase in the total number of fruit produced.
Of note, when adding Azomite in excess (3 grams), total productivity of the control plants was
reduced below that of the 0 gram controls. However, when these plants are additionally
inoculated with PhylloStart they are rescued to at least the level of the control plants.
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Figure 4. In the third trial greenhouse grown plants show a significant dose dependent effect of
PhylloStart, where only the high inoculation density is associated with a significant increase in
fruit production. Looking at the relative abundance of PhylloStart bacteria on treated and control
plants, one month after inoculation, there are relatively few PhylloStart associated ASVs
detected across any of the treatments in the field, while at that time in the greenhouse there are
still a marginal number associated with the PhylloStart low density inoculation, and a large
portion with the PhylloStart high density inoculation retained on the plants. In contrast to the
greenhouse data, there are no significant differences between any of the PhylloStart treatments in
the Field grown plants. Finally, looking at Beta Diversity (Bray Dissimilarity), communities
group both by treatment and location, with the field communities grouping together, and the
greenhouse control and PhylloStart low communities separated from the greenhouse treated
PhylloStart high communities.
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Figure 5. Plants inoculated with PhylloStart bacteria are protected against the establishment of
the foliar pathogen P. syringae under low nutrient levels. However, the addition of an organic
phosphorus fertilizer leads to a decrease in protection, with both the PhylloStart treated and
control plants showing similar levels of pathogen development. Note that, for illustrative
purposes, the Y axis is condensed to specific window of density observed on plants and thus
does not begin at zero.
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3.7 Supplemental Data and Figures
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Phylum
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Proteobacteria
Actinobacteria
Firmicutes
Bacteroidetes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Bacteroidetes
Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteria
Actinobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Bacteroidetes
Proteobacteria
Proteobacteria
Actinobacteria
Proteobacteria
Actinobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteria

Class
Gammaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Bacilli
Gammaproteobacteria
Actinobacteria

Bacilli
Sphingobacteriia
Gammaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Betaproteobacteria
Sphingobacteriia
Gammaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Actinobacteria
Actinobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Sphingobacteriia
Gammaproteobacteria
Gammaproteobacteria
Actinobacteria
Gammaproteobacteria
Actinobacteria
Gammaproteobacteria
Gammaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Actinobacteria

Order
Enterobacteriales
Burkholderiales
Pseudomonadales
Pseudomonadales
Enterobacteriales
Bacillales
Enterobacteriales
Micrococcales
Bacillales
Sphingobacteriales
Pseudomonadales
Burkholderiales
Pseudomonadales
Burkholderiales
Sphingobacteriales
Pseudomonadales
Burkholderiales
Enterobacteriales
Micrococcales
Micrococcales
Enterobacteriales
Rhizobiales
Enterobacteriales
Sphingobacteriales
Enterobacteriales
Pseudomonadales
Micrococcales
Enterobacteriales
Micrococcales
Pseudomonadales
Pseudomonadales
Burkholderiales
Pseudomonadales
Rhizobiales
Enterobacteriales
Enterobacteriales
Enterobacteriales
Pseudomonadales
Micrococcales

Family
Enterobacteriaceae
Oxalobacteraceae
Pseudomonadaceae
Pseudomonadaceae
Enterobacteriaceae
Bacillaceae
Enterobacteriaceae
Microbacteriaceae
Bacillaceae
Sphingobacteriaceae
Pseudomonadaceae
Oxalobacteraceae
Pseudomonadaceae
Oxalobacteraceae
Sphingobacteriaceae
Pseudomonadaceae
Oxalobacteraceae
Enterobacteriaceae
Micrococcaceae
Microbacteriaceae
Enterobacteriaceae
Rhizobiaceae
Enterobacteriaceae
Sphingobacteriaceae
Enterobacteriaceae
Pseudomonadaceae
Micrococcaceae
Enterobacteriaceae
Microbacteriaceae
Pseudomonadaceae
Pseudomonadaceae
Comamonadaceae
Moraxellaceae
Methylobacteriaceae
Enterobacteriaceae
Enterobacteriaceae
Enterobacteriaceae
Pseudomonadaceae
Micrococcaceae

Genus
Enterobacteriaceae_unclassified
Massilia

Pseudomonas

Pseudomonas

Pantoea

Exiguobacterium

Rahnella
Microbacteriaceae_unclassified
Exiguobacterium

Pedobacter

Pseudomonas

Massilia

Pseudomonas

Duganella

Pedobacter

Pseudomonas
Janthinobacterium

Pantoea

Pseudarthrobacter
Curtobacterium
Enterobacteriaceae_unclassified
Rhizobiaceae_unclassified
Enterobacteriaceae_unclassified
Pedobacter
Enterobacteriaceae_unclassified
Pseudomonadaceae_ge
Arthrobacter
Enterobacteriaceae_unclassified
Microbacteriaceae_unclassified
Pseudomonas

Pseudomonas
Comamonadaceae_unclassified
Acinetobacter
Methylobacterium
Enterobacteriaceae_unclassified
Enterobacteriaceae_unclassified
Enterobacteriaceae_unclassified
Pseudomonas

Paenarthrobacter

Percent Abundance
0.5837936 58.4
0.09790421 9.8
0.07157449 7.2
0.06136037 6.1
0.05205417 5.2
0.03964591 4
0.02451388 2.5
0.01255958 1.3
0.0089279 0.9
0.00665809 0.7
0.00385867 0.4
0.00355603 0.4
0.00196716 0.2
0.00174018 0.2
0.00166452 0.2
0.00166452 0.2
0.0015132 0.2
0.00143754 0.1
0.00128622 0.1
0.00121056 0.1
0.00121056 0.1
0.00121056 0.1
0.00098358 0.1
0.00098358 0.1
0.00090792 0.1
0.00083226 0.1
0.0007566 0.1
0.0007566 0.1
0.00068094 0.1
0.00068094 0.1
0.00068094 0.1
0.00068094 0.1
0.00060528 0.1
0.00060528 0.1
0.00052962 0.1
0.00052962 0.1
0.00052962 0.1
0.00052962 0.1
0.00052962 0.1

Supplemental Table 1. Bacterial taxonomic information and abundance from initial sequencing
of UC Davis student organic farms.
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PhylloStart_ID Genus_Species

SC1 Frigoribacterium_endophyticum
SC2 Pantoea_agglomerans

SC3 Curtobacterium herbarum
SC4 Erwinia tasmaniensis

SC6 Brevibacterium frigoritolerans
SC9 Massilia aurea

SC10 Pseudomonas asturiensis
SC13 Exiguobacterium sibiricum
SC14 Pseudomonas rhizosphaerae
SC16 Pseudomonas moraviensis
SC21 Rathayibacter festucae

SC23 Curtobacterium pusillum
SC25 Pseudomonas rhodesiae

SC26 Pantoea allii

SC33 Microbacterium oleivorans
SC35 Bacillus wiedmannii

Supplemental Table 2. PhylloStart member identity, as well as 16s sequence and idpC amino
acid sequence.
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Supplemental Figure 1. Plant metrics measured during the first greenhouse trial. These include
plant height, width, flowers, and fruit as measured throughout the growth of the plants. These
data were analyzed with a linear mixed effects model selecting only terms that are identified by
an ANOVA to lead to a significant improvement in model fit. For height and width only time
was identified as a significant factor (p <.0001 and p <.0001 respectively), with height, t(299) =
106.10561, p <.0001, and for width, t(119) = 39.26810, p <.0001, while for both flowers and
fruit the full model including PhylloStart and Azomite treatment was found to yield a
significantly improved fit (p =.0303 and p = .0074 respectively). Interrogating the full model for
flowers there was a significant effect of time, t(294) = 13.314218, p =<.0001, as well as a
significant impact of the granular and ultrafine azomite + PhylloStart on flower development,
t(54) =-2.317938, p =.0243, with a significant interaction term between this treatment and time,
t(294) = 1.881083, p = .0028. Further, for fruit, there was a significant effect of time, t(292) =
12.336256, p <.0001, and significant interactions between both the PhylloStart only treatment
and time, t(292) = 2.213625, p = .0276, and the granular and ultrafine azomite + PhylloStart
treatment and time, t(292) =2.361273, p =.0189
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Supplemental Figure 2. Final harvest weights for the initial greenhouse trial. Due to sampling
methods, in which each treatment was binned, we cannot statistically analyze the total final
harvest. However, we do see a trend where Azomite and PhylloStart treatments yield a larger
total harvest, with the combination of Azomite Granular and Ultrafine with PhylloStart showing
the greatest increase over the control.
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Supplemental Figure 3. Tomato weights as measured throughout the greenhouse and field
trials. In the second greenhouse trial, several individual tomatoes from each plant were collected
and weighed (a). Analyzing the data with a linear mixed effects model indicated that there was
no significant impact of treatment with PhylloStart on the weights of individual tomatoes, t(24) =
1.55582, p =.1328, with treated plants having an average tomato weight was 46.05 (+£14.99)
grams, as compared to an average weight of 46.12 (£11.98) grams in the control group, there
was, however, a significant impact of the micronutrient supplement, with 1 and 2 grams
significantly increasing the individual tomato weight, t(24) = 3.83212, p =.0008 and t(24) =
6.07488, p <.001 respectively, with average tomato weights of 50.66 (£12.41 SD) grams and
53.46 (£12.39 SD) grams. In the third greenhouse trial (b), average tomato weight was
determined based on the number of total fruit and the total harvest weight per plant. Again, there
was no significant effect of PhylloStart on tomato weight, and in contrast to the previous trial
there was no significant effect of Azomite treatment. Likewise, there was no significant effect of
PhylloStart or Azomite on tomato weight in the field trial (c).

50



Control

Azomite

w
L

Harvest Weight (kg)
N

Control

Supplemental Figure 4. In order to confirm that there was no effect of PhylloStart treatment on
the number of tomatoes in the field, the experiment was repeated in a subsequent year. Again,
there was no significant impact of PhylloStart treatment, or in this case micronutrient

PhylloStart
Treatment

PhylloStart

supplementation on the total harvest weight at the end of the field season.
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Chapter 4. Polyploidy and microbiome associations mediate similar
responses to pathogens in Arabidopsis

Parts of this chapter have been adapted from the following with permission:

Mehlferber, Elijah C.*, Michael J. Song*, Julianne Naomi Pelaez, Johan Jaenisch, Jeremy E.
Coate, Britt Koskella, and Carl J. Rothfels. "Polyploidy and microbiome associations mediate
similar responses to pathogens in Arabidopsis." Current Biology (2022).

* These authors contributed equally

4.1 Introduction

Whole-genome duplications (WGDs), or “polyploidizations”, are evolutionary events where the
entire genome is doubled. Despite its dramatic nature, WGD is a common mutation in plants
(Leitch & Bennett, 1997) and is found throughout the tree of life (Dehal & Boore, 2005).
Polyploidy is associated with many novel and potentially adaptive phenotypes including changes
to biomass, photosynthesis, water- and nitrogen-use efficiency, and secondary metabolism
(Levin, 1983; Huang et al., 2007; Ni et al., 2009; Coate et al., 2012), with polyploids having
larger cells and organs and more chloroplasts per cell (Coate ef al., 2012). For these reasons,
polyploidy is often considered to be a mechanism by which short-term adaptations may arise in
response to changes to the environment or stress (Van de Peer et al., 2017). Polyploidy is also
implicated in an increased resistance to parasites and pathogens (Oswald & Nuismer, 2007), and
there is some experimental evidence that supports this conclusion. For example, in Actinidia
chinensis (kiwifruit), hexaploids are the most resistant to pathogenic Pseudomonas syringae,
followed by tetraploids and then diploids (Saei ef al., 2018), and inducing polyploidy in
Impatiens walleriana (cultivated impatiens) confers increased resistance to mildew (Wang et al.,
2018).

Another way that plants can achieve increased pathogen resistance is via the associated
microbial community (the microbiome), which has also been found to play a critical role in
defense against pathogens (Wei et al., 2019; Leopold & Busby, 2020). Both the root and shoot
systems of plants host diverse microbial communities, including bacteria, fungi, and other
eukaryotes, but these plant systems associate with only a subset of all environmentally available
microbes. These associations play important functions in disease or nutrient acquisition
(Bulgarelli et al., 2013). Which taxa successfully colonize a given plant can be mediated by the
host both directly and indirectly, including through immune responses (Lebeis et al., 2015),
coordination of stress and immune system functions (Castrillo et al., 2017), or the production of
secondary chemicals(Levin, 1983). Host reliance on the microbiome for disease resistance is
now considered as a key determinant of immune system evolution (King & Bonsall, 2017;
Metcalf & Koskella, 2019; McLaren & Callahan, 2020), and thus ploidy-induced changes in
microbiome-mediated defense could have important consequences for subsequent host evolution.
For example, both the employment of the microbiome as well as WGD could potentially allow
plants to circumvent the trade-off between growth and defense, but it is not known if WGD
would disrupt the recruitment of a beneficial microbiome and perhaps incur negative
consequences for growth and/or defense (Thébault ez al., 2011; Karasov et al., 2017). As such, a
current open, yet critical, question is how whole-genome duplication impacts the interaction
between plants and their associated microbiota.
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To determine how WGDs alter the interactions between the plant and its above-ground
microbiota and the consequences of these altered interactions on pathogen growth, we used
seven lines of synthetic autotetraploid accessions of Arabidopsis thaliana and their
corresponding diploid progenitors (so each of the seven Arabidopsis genotypes is included as
both diploid and autotetraploid lines), inoculated them with a synthetic community (SynCom)
comprising microbial taxa common to the leaf habitat. While the Arabidopsis phyllosphere is
naturally composed of hundreds of different bacterial species (Bodenhausen et al., 2013), the
SynCom is composed of only 16 species to remain tractable. We then determined whether there
was a conserved change in bacterial community composition across ploidy level, and if plants of
differing ploidy had different transcriptional responses to these bacteria, in particular with
respect to priming a plant for defense. To further investigate any effects of these changes on
microbiome-mediated pathogen protection, we inoculated these plants, along with untreated
controls (plants without the synthetic microbiome), with the model Arabidopsis pathogen
Pseudomonas syringae pv. tomato DC3000 and measured growth during early establishment. By
using synthetic autotetraploid accessions of Arabidopsis in conjunction with a controlled,
synthetic microbial community, we were able to assess the associations between genotype,
ploidy level, and the microbiome, determine the extent to which these interactions are mediated
through shared transcriptional responses, and quantify the effect of these interactions on
pathogen defense.

4.2 Methods

4.2.1 Arabidopsis accessions

14 total lines were used from seven Arabidopsis diploid accessions from natural populations and
their colchicine induced autotetraploids: Columbia (Col-0), Warschau (Wa-1), Wassilewskija
(Ws-2), Gudow (Gd-1), HR (HR-5), Sorbo (Sorbo), St. Maria d. Feiria (Fei-0). All the
autotetraploids produce viable seeds. All experiments were performed on a single cohort of
plants that were grown and maintained together.

4.2.2 Plant Growth Conditions

Seeds were surface sterilized by treatment with 70% ethanol v/v for 2 min and then sodium
hypochlorite solution (7% available chlorine v/v) containing 0.2% Triton X-100 v/v for 8 min.
Samples were then washed seven times with sterile double distilled H20(Bhardwaj et al., 2011).
Seeds were then placed on MS media with .8% agar m/v and cold stratified for two to three days
at 4°C in the dark(Bhardwaj et al., 2011). After germination, seedlings were transferred to a
controlled environment in a Conviron growth chamber (Model E15) with a long-day photoperiod
(16-h photoperiod) at 22°C and 55% relative humidity with cool white fluorescent
light(Bhardwaj et al., 2011) set at 25% (approximately 200 pmol photons m2 s™!). After seven
days the seedlings were transferred to sterile peat and the lighting was changed to short-day
conditions (9-h photoperiod) (Innerebner et al., 2011).

4.2.3 Inoculation with synthetic community (SynCom) and infection with pathogen DC3000

The synthetic community is composed of 16 taxa that span the microbial diversity of the tomato
phyllosphere. The synthetic community is prepared by growing each bacterial species in a
Panasonic incubator (Model MIR-554) at 28.2°C, shaking at speed setting 140 (VWR Advanced
Digital Shaker) for 3 days in Kings Medium B (KB) broth(King et al., 1954), after which the
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bacteria are centrifuged for 10min at 2500g. The supernatant is removed, and the bacteria are
resuspended in 10 mM MgCl.. Bacterial density is measured and adjusted to a density OD600
nm = 0.2. Each species is added in equal volume, and the assembled community is diluted 10
fold in 10 mM MgCl to yield a final concentration of OD600 nm = 0.02. Two weeks after
germination, each plant was inoculated with either the synthetic community suspended in 10 mM
MgCl: buffer at a density of OD600 nm = 0.02 or just the 10 mM MgCl. buffer alone. The
plants were inoculated by spraying the plant until the leaves were fully saturated, as indicated by
runoff. Three weeks after germination (one week post synthetic community inoculation), the
plants were spray-inoculated with either the pathogen (Pseudomonas syringae pv. tomato
DC3000) or a 10 mM MgCl. buffer. The pathogen was inoculated at a density of OD600 nm =
0.0001 (Innerebner ef al., 2011).

4.2.4 Sample Collection

Four sets of samples were collected, the first set one week post inoculation with the SynCom, but
immediately prior to inoculation with DC3000 to determine the commensal community
composition, the second immediately after inoculation with DC3000, the third 24 hours post
inoculation, and the fourth 48 hours post inoculation. All of the plants were approximately at the
same stage of development and no plants that showed signs of inflorescence emergence were
used in the assay. To sample the aerial portion of the plants, plants were cut just above the roots
and transferred the total above-ground biomass into a tube with either 10 mM MgCl. (for
sequencing the SynCom), or into 100mM phosphate buffer (pH 7), for the pathogen inoculated
samples. Samples for sequencing were sonicated for 15 minutes in a Branson M5800 sonicating
water bath. The resulting leaf wash was then pelleted, the supernatant removed, and frozen at -
20°C until sequencing. Pathogen inoculated samples were bead homogenized using the FastPrep-
24 Classic bead beating grinder and lysis system (MP Biomedicals, Inc., CA, USA) and frozen at
-20°C until ddPCR sequencing was performed.

4.2.5 Amplification and Sequencing of Microbial 16S rDNA

Samples were snap frozen on liquid nitrogen and kept at -20°C and sent to Microbiome Insights
for 16S V4 sequencing and qPCR analysis within one month of freezing. Amplification and
sequencing were performed according to Microbiome Insights standard protocol: Specimens
were placed into a MoBio PowerMag Soil DNA Isolation Bead Plate. DNA was extracted
following MoBio’s instructions on a KingFisher robot. Bacterial 16S rRNA genes were PCR-
amplified with dual-barcoded primers targeting the V4 region (515F 5’ -
GTGCCAGCMGCCGCGGTAA-3', and 806R 5" -GGACTACHVGGGTWTCTAAT-3"), as per
the protocol of Kozich et al. (Kozich et al., 2013). Amplicons were sequenced with an Illumina
MiSeq using the 300-bp paired-end kit (v.3). The potential for contamination was addressed by
co-sequencing DNA amplified from specimens and from template-free controls (negative
control) and extraction kit reagents processed the same way as the specimens. A positive control
from ‘S00Z1-’ samples consisting of cloned SUP05 DNA, was also included. The only
modification to this standard protocol was the addition of PNAs according to the method
developed in Lundberg et al. (Lundberg et al., 2012), in brief (mPNA, to knock out mitochondria
and pPNA to knock out chloroplast) into the PCR step during library prep at a concentration of
5uM per PNA. The PCR reaction was then modified with the addition of a PNA annealing step at
78°C for 10s.

4.2.6 qPCR assay of Microbial abundance
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From the standard methods of Microbiome Insights: Bacterial-specific (300 nM 27F, 5’ -
AGAGTTTGATCCTGGCTCAG-3") forward primers coupled to (300 nM 519R, 5' -
ATTACCGCGGCTGCTGG-3") reverse primers were used to amplify bacterial 16S rRNA. 20
ul reactions using iQ SYBR Green Supermix (Bio-Rad), with 10ul Supermix, 0.6ul Primer F,
0.6ul Primer R, 6.8l H20 and 2pl template, were run on Applied Biosystems StepOne Plus
instrument in triplicate using the following cycle conditions; 95°C for 3 min., 95°C 20 sec., 55°C
for 20 sec., 72°C for 30 sec., return to step two 45 times. For standards, full-length bacterial 16S
rRNA gene was cloned into a pCR4-TOPO vector, with Kanomycin-Ampicillin resistance. The
total plasmid fragment size is expected to be 5556 bp. A bacterial standard was prepared via. 10-
fold serial dilutions, and the copies of 16S was determined by the following: Copy# = (DNA wit.
x 6.02E23)/ (Fragment Size x 660 x 1E9). Linear regression was used to determine copy
numbers of samples, based on CT of standards. Reaction specificity was assessed using a melt
curve from 55°C to 95°C, held at 0.5°C increment for 1s.

4.2.7 ddPCR assay of pathogen abundance

Absolute bacterial abundance was estimated by performing digital droplet PBR (ddPCR) on
homogenized whole plant samples randomized within plate columns using the BIO-RAD QX
200 Droplet Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and custom primers to
specifically target and amplify Pseudomonas syringae pv. tomato DC3000. The PCR protocol is
as follows: 95°C for 5 min., 95°C for 30 sec., 60°C for 100 sec., return to step two 40 times., 4°C
for 5 min., 90°C for 5 min., keep at 4°C overnight.

4.2.8 RNA Sample Collection and Sequencing

For each of three accessions (Columbia (Col-0), Wassilewskija (Ws-2), Sorbo (Sorbo)), six
plants of each ploidy level (diploids and induced autotetraploids) were grown in randomized
blocks with three plants treated with the synthetic community and three treated with the control
buffer, for a total of 36 plants. Single leaves from the largest developmental node of plants at
Stage 1.10 (ten rosette leaves >1 mm in length (Boyes et al., 2001)) were collected and directly
froze them in liquid nitrogen before subsequent storage at -80C. Tissue was homogenized using
a Mini-BeadBeater 8 (BioSpec Products, Bartlesville, OK, USA) following the manufacturer’s
instructions. RNA was extracted using the Spectrum Plant Total RNA Kit (Merck /
MilliporeSigma, MO, USA) according to the manufacturer’s recommendations. Three samples
per accession were pooled. Samples were sent to Novogene USA Inc. (Sacramento, CA) for
library prep (Poly (A) capture, ligation-based addition of adapters and indexes) and sequencing
(Illumina NovaSeq 6000, 150bp paired-end reads, 20M reads per sample).

4.2.9 Test for euploidy

Tetraploid samples were tested to assess aneuploidy or euploidy by calculating fold change in
relative expression (transcripts per million; TPM) per gene for every pairwise comparison of
biological replicates following the methods outlined in Song et al.(Song et al., 2020). If there is
aneuploidy, the expectation would be to see a large coordinated increase or decrease in TPM for
genes on that chromosome, which would be reflected in a shift in fold change of expression
relative to the other biological replicates (Supplemental Figure 1). No shift was found and
therefore it can be concluded that all tetraploid individuals were euploid.

4.2.10 Microbiome Data Analysis
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Forward and reverse paired-end reads were filtered and trimmed to 230 and 160 base pairs (bps),
respectively using the DADA?2 pipeline with default parameters (Callahan ef al., 2016).
Following denoising and merging reads and removing chimeras, DADA2 was used to infer
amplicon sequence variants (ASVs), which are analogous to operational taxonomic units
(OTUs), and taxonomy was assigned to these ASVs using the DADA2-trained SILVA database.
Using the negative samples from 16s sequencing the decontam package was implemented using
default settings to identify and remove potential contamination from the samples (Davis et al.,
2018). The assigned ASVs, read count data, and sample metadata were combined in a phyloseq
object (McMurdie & Holmes, 2013) for downstream analyses. Differential microbial changes
were calculated using DESeq2 (Love ef al., 2014) and the phyloseq package was implemented in
R to calculate changes in alpha and beta diversity. For a permutational analysis of variance
(PERMANOVA), data was rarified to 90% of the reads of the least abundant sample and the test
was performed using the adonis function in the vegan package(Oksanen ef al., 2020) in R with
999 permutations to test whether ploidy or genotype had an effect on beta diversity measures.

The test statistics and p-values for the Welch Two-Sample t-test, pairwise ANOVA, and
nonparametric multivariate analysis of variance can be found in the results section.

4.2.11 ddPCR assay of pathogen abundance

To assay the pathogen abundance using ddPCR, the default thresholds for identifying positive
samples on the Biorad analysis software was used and then the weight of each sample was used
to calculate a normalized per gram density of bacteria present on the above-ground plant. The
absolute abundance of polyploids and diploid accession pairs across each timepoint was
compared to assay how the pathogen interacted with ploidy and microbiome treatment.

The test statistics and p-values for a Linear Mixed Effects Model (nlme) of DC3000 Abundance
as a function of the explanatory variables time, ploidy, treatment (SynCom inoculation), and
their interactions can be found in Table 1. The test statistics and p-values for a Linear Mixed
Effects Model (nlme) for Diploids, with DC3000 Abundance as a function of the explanatory
variables Time, Treatment (SynCom inoculation), and their Interactions can be found in Table 2.
The test statistics and p-values for a Post hoc Tukey HSD (emmeans) for the Diploid Linear
Mixed Effects Model can be found in Table S1.

4.2.12 RNA-seq Data Processing and Analysis

Raw FASTQ files were trimmed and filtered to remove low-quality reads and technical
sequences using Trimmomatic (Bolger ef al., 2014) with the default settings. Filtered reads were
aligned to the Arabidopsis reference sequence (Lamesch ef al., 2012) (TAIR10), with HISAT2
(Pertea et al., 2016). HTSeq (Kim ef al., 2015) was used to determine read counts per gene for
the test for euploidy and DESeq2 was used to analyze differential gene expression(Love et al.,
2014) for different experimental comparisons. For DESeq?2 analysis gene ontology was assigned
using UniProt (UniProt Consortium, 2019). Links to the DESeq2 output data for each of these
comparisons can be found in Data S1B. P. syringae associated genes were identified using
UniProt (UniProt Consortium, 2019) and were analyzed using the rstatix package t test function
(Kassambara, 2021).

4.3 Results

4.3.1 Ploidy level does not impact microbiome composition

56



To determine if there was a difference in the extent to which diploids versus polyploids recruited
their microbiome from the inoculated Synthetic Community, we assayed the communities from
14 SynCom-inoculated plants (one diploid and one tetraploid for each of the seven Arabidopsis
lines) inoculated with the SynCom by 16S amplicon sequencing one week after their inoculation
(immediately prior to pathogen introduction).

The majority (65.8% in diploids and 77.3% in polyploids) of bacteria that we found
associated with the plants were from the synthetic community, with Pantoea, Pseudomonas, and
Exiguobacterium showing consistently high relative and absolute abundance across samples
(Figure 1; A,B). The absolute abundance of bacteria from the synthetic community on the leaves
one week after inoculation, as ascertained by qPCR, was not significantly different across ploidy
levels (Figure 1; C; standardizing for sample weight: Welch Two-Sample t-test, t=-0.11455, df =
10.076, p = 0.911; Supplemental Figure 3). Further, using DESeq2 we concluded that there were
no SynCom-associated bacteria with significantly different abundances across ploidy levels
(Data S1A).

Alpha diversity of the established microbiome (measured as species richness, Shannon
index, or species evenness) did not differ significantly between diploids and polyploids (pairwise
ANOVA, P>0.05; Figure 1; D). Likewise, we found no significant differences in beta diversity
(community composition measured with Bray-Curtis dissimilarity) across ploidy level (ADONIS
nonparametric multivariate analysis of variance, P>0.05; Figure 1; E).

4.3.2 Polyploids are less susceptible to pathogen establishment

To determine how ploidy level and microbiome inoculation impacted pathogen growth, we used
droplet digital PCR (ddPCR) to measure the abundance of DC3000 over time, normalized for the
mass of the plant (Morella et al., 2019). Plants were inoculated with the pathogen one week after
their treatment with the SynCom (or buffer control). We first sampled 14 plants (both ploidy
levels for each line) immediately after inoculation with the pathogen to provide our initial
densities (T0). Subsequently, we sampled 28 plants (full factorial sampling across ploidy,
Arabidopsis line and SynCom inoculation) at 24 (T1) and 48 (T2) hours after inoculation.

Both time since exposure to the pathogen and the presence of the SynCom significantly
impacted pathogen abundance. Analyzing Log10 transformed abundance (linear mixed effects
model, p=0.0018 and p = 0.0031, respectively; lines 2 and 4, Table 1), we found a marginally
significant interaction between the two (p = 0.0517; line 6 Table 1). When analyzing the diploid
samples alone we found a significant impact of time, treatment (SynCom application), and their
interaction on pathogen abundance (p = 0.0001, p = 0.0003, p = 0.01, respectively; lines 2, 3, and
4, Table 2). We performed a Tukey HSD post-hoc test, finding significant differences between
the pathogen densities of SynCom-treated samples across timepoints one and two (p = 0.0008;
line 1, Table S1), as well as between SynCom-treated samples from timepoint one and control
(buffer inoculated) samples from timepoint two (p = 0.0003; line 2, Table S1), and between
SynCom-treated and control samples in timepoint one (p = 0.0014; line 3, Table S1). For the
polyploids, there was no significant improvement to model fit through the addition of any terms
when compared to a null model including only the intercept, indicating that there was no effect
of SynCom application on pathogen density in this ploidy level. In addition, there was
significantly lower pathogen abundance (Log10 transformed) when comparing the polyploid to
diploid plants at the second timepoint for both the control (buffer inoculated) plants (Welch
Two-Sample t-test, t = 2.809, df = 4.9939, p = 0.03765), as well as the treated (SynCom
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Inoculated) plants (Welch Two-Sample t-test, t = 2.4295, df = 8.211, p = 0.04048; Figure 2),
indicating that pathogen reduction in the polyploids was microbiome independent.

4.3.3 Diploid plants exhibit greater response to synthetic community colonization, while
polyploids constitutively express certain defense genes

To test whether plants differed in their responses to inoculation with the SynCom, we sampled
leaves from three Arabidopsis lines (Col-0, Ws-2, and Sorbo) across ploidy level (diploid and
polyploid) and both treatments (SynCom vs. buffer inoculation) for RNA sequencing. Leaf
samples for transcriptomic analysis were collected at the same time as the samples for 16s
amplicon sequencing, prior to pathogen inoculation, but from separate replicate plants (ie. for
each accession, ploidy level, and bacterial treatment, two plants were grown; with one being
sampled for RNA sequencing and the other for amplicon sequencing).

Analyzing RNA sequences prior to pathogen inoculation, using DESeq2, we found 220
up- or down-regulated genes between SynCom treated and untreated diploid plants, while
polyploid plants had only 35 significantly differentially expressed genes (at the 0.1 p-value cut-
off; Figure 3; A, B). We chose the 0.1 p-value cutoff to ensure that we captured patterns that
might be important but not rise to the standard 0.05 significance level; the results are
qualitatively identical when evaluated at a 0.05 p-value cutoff, and those genes that are
significant at p < 0.05 are indicated in the figure. In general, there is a greater range for
differentially expressed genes in the polyploids as compared to the diploids (Figure 4; A,B).
Diploid plants showed several clusters of significantly differentially expressed genes when those
genes were grouped by function. Many of these groups of genes are associated with defense
functions, including, for example, genes associated with the well-characterized phytohormone
abscisic acid (ABA; Figure 3; A). Genes associated with hypoxia as well as defense response to
bacteria were also significantly up- or down- regulated. Furthermore, several genes associated
with ethylene signaling were up-regulated in the SynCom-treated diploids when compared to the
control (Figure 3; A), and while it is unclear if ethylene response is essential for P. syringae
defense in Arabidopsis (Bent, 1992), it has been implicated in resistance (Guan et al., 2015).
When comparing the polyploid treated and control plants we saw a pattern of primarily increased
gene expression, with the majority of these being defense related, including ABA, hypoxia, and
ethylene signaling related genes (Figure 3; B). When comparing polyploid and diploid plants
directly, we see that all significantly differentially expressed genes are upregulated in the
polyploids. Several of these genes are associated with stress or defense related functions,
including cellular response to hypoxia, general defense response and negative regulation of
defense response to bacteria (Figure 3; C).

To focus specifically on the plant responses to the microbial community that might
underly the differences in P. syringae resistance we observed, we identified genes that are both
known to function in Arabidopsis response to P. syringae infection (by searching the UniProt
database (UniProt Consortium, 2019)), and which are expressed at a significantly higher level in
the diploids after exposure to the SynCom. When comparing the expression patterns of these
genes in the polyploids (Figure 5), we find, for four out of the six genes (AMC4, CYP19-1,
STP4 and VDACI), a pattern of elevated expression regardless of exposure to the SynCom.
Further, for the additional two genes (NADK1 and WRKY53), which show significantly reduced
expression in the diploids in response to SynCom application, we find that their expression is not
significantly reduced in the polyploids.
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4.4 Discussion

Overall, we found no significant differences in microbiome establishment--either in composition
or diversity--between the diploid or polyploid plants. While it is possible that there are ploidy-
dependent effects within certain genotypes, our use of multiple accessions allowed us to rule out
a generalized response of the microbiome in this system. The polyploids weighed significantly
more across all accessions than did the diploids, consistent with patterns observed in some
groups (Pacey et al., 2020), but in contrast to previous work on autotetraploid Arabidopsis
(Chen, 2010; Ng et al., 2012) and supported a higher total number of commensal bacteria (once
we normalized for the weight of the plant, this difference was not significant). Likewise, we did
not find any significant differences in the relative abundance of any of the synthetic community
members across the two ploidy levels, both of which were primarily colonized by Pantoea,
Pseudomonas, and Exiguobacterium. The lack of conserved impact on community composition
is in line with work on wheat, where ploidy was found to play a weak and inconsistent role in
shaping the below-ground microbiome (Wipf & Coleman-Derr, 2021), but contrasts with
previous work on Arabidopsis that did find a signature of ploidy in shaping microbial
communities (Ponsford et al., 2022). Regardless of the impacts of ploidy on microbiome
composition, our study highlights the importance of considering the impact of the microbiome as
a function of ploidy, given that, even though we don’t see a conserved shift in the community,
we do see changes in the way the plants respond to these same bacteria.

To date there has been little study of polyploidy on pathogen response. Although
polyploids have been proposed to be more resistant to pathogens (Levin, 1983; Oswald &
Nuismer, 2007), empirical studies have generally been inconclusive, i.e. they find evidence for
both increased resistance and increased susceptibility (Schoen ef al., 1992; Nuismer &
Thompson, 2001). Our study leveraged multiple accessions of Arabidopsis to discern general
patterns between ploidy level and pathogen defense. Overall, we found a trend towards lower
pathogen abundance in the polyploid plants regardless of association with a bacterial community,
as well as a significant decrease in the abundance of the pathogen in the second timepoint
(Figure 2).

Autotetraploids may be more resistant than diploids due to higher expression of defense
genes as a consequence of their doubled genome (King et al., 2012). For example, tetraploid
Arabidopsis accessions acquired increased resistance to copper stress by having increased
activation of antioxidative defense (Li et al., 2017). A buttressing of the antioxidant defense
system was also found in synthetic tetraploid plants of Dioscorea zingiberensis where
antioxidant enzymes were over-produced and maintained at high concentration (Zhang et al.,
2010). These elevated defense responses generally come with a trade-off--for example, elevated
expression of stress-response genes is associated with a fitness cost and slowed growth (Ng et
al., 2012). In contrast, our autotetraploids exhibit both greater biomass (Supplemental Figure 3)
and higher defensive capacity (Figure 2). Though autotetraploids have double the copy number
for all genes, the effect of copy number on gene expression is not necessarily linear. Differences
in relative expression may therefore potentially reduce sensitivity to growth-defense trade offs
although more work would need to be done to test this hypothesis.

When assessing the effectiveness of the microbiome in protecting the plants of different
ploidy levels, we found that the microbiome temporarily arrests pathogen growth on the diploids,
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while polyploids are protected regardless of exposure to their microbiome (Figure 2). This result
is particularly interesting in light of previous work on microbiome-mediated protection by a
synthetic microbiome in tomato in which the phyllosphere microbiome was protective against
pathogen growth in the absence of fertilizer application, but unimportant when plants had been
fertilized prior to microbiome and/or pathogen inoculation (Berg & Koskella, 2018). Plant
response to commensal bacterial organisms are complicated, often showing an overlap with the
response to pathogens (Vogel ef al., 2016). This overlap can be explained in part through the
broadly conserved plant responses to common microbial-associated molecular patterns
(MAMPs), such as flagellin (Felix et al., 1999), though even these responses can be modulated
by a host of commensal interactions, such as repression of conserved epitopes (Colaianni et al.,
2021). These responses can be beneficial, through the early activation of broad defense responses
(priming) that will then respond more effectively to pathogen exposure (Selosse et al., 2014;
Wang et al., 2021). It is possible that this phenomenon plays a role in the increased protection
afforded to the diploid plants that have been inoculated with the SynCom, as it may provide a
mechanism of priming against potential future pathogens. It is important to note, however, that
Pseudomonas syringae represents only one plant pathogen, and further study with a variety of
other pathogens, representing alternative infective patterns, is needed to determine if there is a
generalized effect of ploidy on pathogen defense and microbiome reliance.

As expected, we found that the broad-scale transcriptional profiles of the samples
grouped strongly together by accession (Supplemental Figure 2). Nonetheless, when looking
across accessions we saw that many of the significant changes in gene expressions associated
with microbiome treatment were linked to defense-associated genes (Figure 3; A-B). These
genes include those associated with ABA regulation, response to hypoxia, general defense
response, and ethylene signaling. ABA is a well-studied plant signaling hormone that is linked to
a variety of processes ranging from plant growth, to development and stress response(Y oshida et
al., 2019). The function of ABA in defense response is multifaceted, and has been shown to be
important in pre-invasion defense, through the closing of stomata in response to microbe-
associated molecular patterns (Melotto ef al., 2006) (MAMPs), as well as negatively regulating
post-invasion defense through the suppression of callose deposition(Clay et al., 2009) and SA
dependent resistance (Yasuda et al., 2008; Ton et al., 2009). For all plants that received the
synthetic microbiome expression responses were also significantly enriched for GO terms
associated with cellular response to hypoxia when compared to the control group. The response
to hypoxia requires the ethylene pathway in plants (Fukao & Bailey-Serres, 2004), which is
involved in the hormonal control of programmed cell death (Overmyer et al., 2003) and has been
shown to influence the composition of the leaf microbial community (Bodenhausen et al., 2013).
Responses to pathogens involve increased respiration which creates local hypoxia around the leaf
which is otherwise aerobic (Valeri ef al., 2021). Similarly, alcohol dehydrogenase, which in
plants is involved in NAD+ production, is not only over-expressed in times of low oxygen, but is
also induced in response to biotic and abiotic stress and improves responses to pathogens (Shi et
al., 2017). All synthetic microbiome-treated plants showed differential expression for several
WRKY transcription factors that are linked with defense signaling (Eulgem & Somssich, 2007),
as well as CCR4-associated factor 1, which has been shown to play a role in susceptibility to P.
syringae infection (Liang ef al., 2009). Finally, SynCom-treated plants also show a pattern of
increased expression in ethylene-activated signaling pathways. Ethylene is another well
characterized phytohormone that is responsible for regulation of plant growth, development, and
senescence (Igbal ef al., 2017), as well as response to pathogen invasion and modulation of
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defense response (Ecker & Davis, 1987). These results demonstrate that there are multi-faceted
defense responses to inoculation with the SynCom by both diploids and polyploids.

The trade-offs between growth and defense in plants are often metabolic, but can also be
due to antagonistic crosstalk between hormones involved in both processes (Karasov ef al.,
2017). One way to mitigate this tradeoff could be through the association with microbiota that
perform similar defenses (Karasov ef al., 2017). Consistent with these ideas, the microbiome-
treated diploids significantly slowed the progression of DC3000 growth. When comparing the
control and inoculated plants, diploids showed nearly six times more differentially expressed
genes than did the polyploids, with a mix of up- and down- regulated defense associated genes.
In contrast to the diploids, the differentially expressed genes in the polyploid samples were
primarily up-regulated, including several defense-related genes (Figure 3: B).

In total, we saw a greater range of genes differentially expressed in the polyploids as
compared to the diploids, but with fewer reaching significance (Figure 4; A,B), indicating that
their expression was more variable between lines, and that genome duplication events may have
had line specific effects on gene expression. Despite this variation, we see that several genes
known to function in response to P. syringae, which are expressed at higher levels in the
SynCom-inoculated diploids compared to the controls, show elevated expression in the
polyploids regardless of their exposure to the SynCom (Figure 5). These genes are AMC4, which
plays a role in programmed cell death in response to P. syringae exposure (Watanabe & Lam,
2011), CYP19-1, involved in the production of reactive oxygen species after infection by P.
syringae (Pogorelko et al., 2014), STP4, which is induced by pathogen wounding(Truernit et al.,
1996), though its link to P. syringae response is contested (Bonfig et al., 2006), and VDACI,
which is involved in the maintenance of reactive oxygen species homeostatis and stress response,
and has been shown to be upregulated following P. syringae infection (Sanyal et al., 2020). This
result suggests that the polyploid plants may be protected from P. syringae colonization by the
constitutive expression of some subset of their defense responses. Further, for the additional two
genes, NADK1, which phosphorylates NADH to produce the antioxidant factor NADPH (Berrin
et al., 2005) and WRKY 53, which promotes P. syringae resistance through salicylic acid
response pathways (Hu et al., 2012), we see a pattern of decreased expression in the SynCom-
treated diploids but not the treated polyploids. It has been shown that commensal species
sometimes downregulate defense associated genes in order to successfully colonize (Teixeira et
al., 2019), which does not appear to be happening in the polyploids.

This conclusion makes sense in light of our pathogen growth results, as the polyploids are
broadly protected regardless of their microbiome, while the diploids require the microbiome to
arrest pathogen growth. Consistent with this mechanism, seven out of the 24 A. thaliana general
non-self response (GNSR) genes (Maier ef al., 2021), which have conserved expression changes
in the presence of different bacteria, were constitutively expressed in the polyploids, regardless
of their exposure to the commensal microbiome. Wang et al. (Wang et al., 2021) shows how
polyploidy “potentiates” stress responsive gene expression in response to abiotic stress, which
gives some precedence to the finding that polyploids demonstrate some improved defense
responses. Our study extends this pattern to include biotic stress. Whether this alteration is
adaptive or not would be highly dependent on the environmental context of the plant. For
example, in a familiar environment where they could reliably source beneficial bacteria,
constitutive activation of certain defense genes could be a waste of otherwise better utilized
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resources, while in a novel environment this decoupling of defense from microbial associations
could be a boon.

Future work could elaborate on the mechanistic underpinnings of these results by
inducing auto-polyploidy in known Arabidopsis defense mutants and determining their responses
to pathogen invasion, for example, using the bak1/bkk1 mutant identified by Vogel ef al. (Vogel
et al., 2016) to be deficient in priming response to commensal species, or by using CRISPR to
knock out the P. syringae associated genes that we identified in our study.

4.5 Conclusion

This work highlights the important role that plant condition (via polyploidization) plays
in the interplay between plants, their associated phyllosphere microbiota, and an invading foliar
pathogen. While the presence of the synthetic phyllosphere microbiome was always associated
with a pattern of decreased P. syringae growth, the effect was only significant in the diploid
plants; the polyploids appeared to be broadly protected regardless of the presence of these
beneficial bacteria. Our transcriptional results suggest this result is due to a microbiome-
independent regulation of defense genes in the polyploids, while the diploids required exposure
to the microbiome to induce a sufficient defense response. It is possible that, as a consequence of
gene dosage doubling due to WGD, polyploids may have a higher baseline activation of certain
defense genes, thus decoupling their defense responses from those induced only by prior
microbial associations, though the benefit of this may be context dependent. These results are
particularly relevant to understanding the role that domestication, which often involves
polyploidization, has played in altering interactions between plants and their associated microbes
in agricultural settings. Likewise, the protective effects of the SynCom in diploid plants have
important implications for the role of phyllosphere bacterial communities in managing plant
disease, both naturally and as an applied supplement. Finally, we note that our results show that a
lack of differences in microbiome composition need not imply absence of differences between
ploidy levels.
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4.6 Tables and Figures

Predictors

(Intercept)

time [2]

ploidy [4]

treatment [C]

time [2] * ploidy [4]
time [2] * treatment [C]

ploidy [4] * treatment[C]

(time [2] * ploidy [4]) * treatment [C]
Random Effects

02

T00 eco

ICC

N eCco
Observations

Marginal R? / Conditional R?

DC3000 Abundance (Logl10)

Estimates
1.15
2.34
0.06
2.2
-1.73
-1.99

1.4

0.55

1.46
0.14
0.09
7

54

0.404 / 0.456

cl

0.18 -2.11
1.03 -3.64
-1.25-1.36
0.89 -3.51
-3.59-0.12
-3.83--0.14

-3.25-0.44

-2.13-3.24

p

0.033
0.002
0.935
0.003
0.088
0.052

0.164

0.702

Table 1. Linear Mixed Effects Model (nlme) of DC3000 Abundance as a function of the

explanatory variables time (2 = time point 2, 48 hours post inoculation), ploidy (4 = tetraploid),

treatment (SynCom inoculation, C = control), and their interactions.
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DC3000 Abundance (Logl10)

Predictors Estimates  CI p
(Intercept) 1.15 0.48-1.82 0.004
time [2] 234 1.39-3.29 <0.001
treatment [C] 22 125-3.15 <0.001
time [2] * treatment [C] -1.99 -3.33--0.64 0.01
Random Effects

o’ 0.71

T00 cco 0

ICC 0

N eco 7

Observations 28

Marginal R? / Conditional

R? 0.607 / 0.607

Table 2. Linear Mixed Effects Model (nlme) for Diploids, with DC3000 Abundance as a
function of the explanatory variables Time (2 = time point 2, 48 hours post inoculation),
Treatment (SynCom inoculation, C = control), and their interactions.
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Figure 1. The effect of ploidy on microbiome composition and structure. A) The relative
abundance of the SynCom inoculated ASVs across treatments, as well as the residual
community. B) The absolute abundance of the microbial communities across treatments. C)
There is no significant difference in the absolute abundance of phyllosphere bacteria between the
two treatments. D) There is no significant difference in the tested alpha diversity metrics,
inducing observed diversity, Shannon diversity, and evenness. However, there is a non-
significant trend towards lower Shannon diversity in the polyploid plants, which is driven
primarily by their lower evenness. E) Bray-Curtis dissimilarity between plants of each treatment
is not significantly different.
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DC3000 abundance across ploidy and bacterial treatment

Diploid | Polyploid |
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Figure 2. Abundance of the pathogen (normalized as DC3000 count per gram of plant mass)
across timepoints and treatments in the diploid and polyploid plants. Samples were taken
immediately after inoculation from a subset of plants in each ploidy (n = 14) to establish initial
densities (T0), and from each genotype and ploidy across treatments (n = 28) at 24 hours (T1)
and 48 hours (T2) after inoculation to determine pathogen growth. Pathogen density was
established using ddPCR and was Log10 transformed prior to statistical analysis to yield a more
normal distribution. Two days after inoculation, there was significantly less DC3000 detected in
polyploids when compared to diploids, across both SynCom Inoculated (p = . 0.04048) and
control plants (p = 0.03765).
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inoculated and control (buffer inoculated) diploid plants. Genes that are associated with defense

Figure 3. Differential expression of genes highlighted by association with defense response. A)
functions are noted in bold and highlighted in red, while genes that are also differentially

Genes that are significantly differentially expressed (p < 0.1) when comparing the microbiome

expressed in the polyploids are highlighted in blue, and genes that are both defense-associated
and shared are highlighted in purple. B) Significantly differentially expressed genes between

microbiome inoculated and control polyploids, using the same colors from the previous panel. C)
Significantly differentially expressed genes between all polyploid and diploid plants, regardless

of treatment, using the same colors as the previous two panels.
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Figure 4. Variability of gene expression between treated (SynCom inoculated) and control
(buffer inoculated) plants of both ploidies. A-B) Volcano plots showing proportion of total genes
that are significantly differentially expressed (red dots) at the level of adjusted p-value of 0.1 (to
account for multiple testing) plotted against their log2-fold changes. Genes that were not
statistically significantly differentially expressed are in blue. Comparisons are drawn across
SynCom treatment (buffer inoculation vs. SynCom inoculation) for both diploid samples and for
polyploid samples.
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DC3000 associated genes that are differntially expressed in diploids
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Figure 5. Expression levels of genes that were identified in UniProt as associated with P.
syringae response, and that are significantly differentially expressed between the treated

(SynCom inoculated) and control (buffer inoculated) diploid plants. For four out of the six genes
(AMC4, CYP19-1, STP4 and VDACI) we see a pattern of increased expression in the polyploids
regardless of treatment with the SynCom, and for the other two genes (NADK1 and WRKY53)
we see that their expression, which is significantly reduced in the diploids, is not significantly
altered in the polyploids.
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4.7 Supplemental Tables and Figures

Tukey HSD

contrast estimate SE df tratio p.value

1B-2B -234 049 18 -479 0.0
1B-1C -220 049 18 -451 0.00
1B-2C -255 049 18 -524 0.00
2B-1C 014 049 18 0.28 0.99
2B-2C 021 049 18 -044 097
1C-2C 035 049 18 -072 0.89

Supplemental Table 1: Post hoc Tukey HSD (emmeans) for the Diploid Linear Mixed Effects
Model.
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Genus
Brevibacterium
Bacillus
Curtobacterium
Curtobacterium
Erwinia
Exiguobacterium
Frigoribacterium
Microbacterium
Pantoea
Pantoea
Pantoea
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Rathayibacter

Supplemental Table 2. Taxa List of Synthetic Community Members

Species
frigoritolerans
wiedmannii
herbarum
pusillum
tasmaniensis
sibiricum
endophyticum
oleivorans
aurea
agglomerans
allii
asturiensis
rhizosphaerae
rhodesiae
moraviensis
festucae
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Name Sequence (5'-3") Tm (C) GC% Length (bp)
Forward GACCAAGGATGCAGCAGAAA 61 50 187

Reverse GCCGTTACGGATATCAACGA 60 50

Supplemental Table 3. Pseudomonas syringae pv. tomato DC3000 specific primer used for
ddPCR amplification
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Supplemental Figure 1. Assessment of polyploid lines for aneuploidy. Top: Transcripts per
million (TPM) per gene among the biological replicates of an accession (Col-0 (top), Ws-2
(middle), or Sorbo (bottom)) and plotted along the length of all five chromosomes. If any one
showed a stretch (or whole chromosome) of elevated or lowered TPM relative to any of the
others it would suggest aneuploidy (chromosomal or segmental). Bottom: Blue, green, and red
dots represent the mean fold change per gene per chromosome for Col-0, Sorbo, and Ws-2,
respectively. Cyan dots represent the expected pattern for an euploid (all 1.0) and black dots
represent the expected pattern for an aneuploid where there is a coordinated transcriptional
increase due to a segmental or chromosome duplication.
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Supplemental Figure 2. RNA seq heatmap of the sample-to-sample distances for Col-0 (B),
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Concluding Remarks

Throughout this dissertation I highlight my work developing and utilizing the PhylloStart
SynCom to understand the importance of the phyllosphere associated microbiota to its plant host.
Of the conclusions that can be drawn from these studies, there is one point I would like to
emphasize, which is that the environment, host condition, and community composition are
critically important to determining the functions that the community can perform. For example,
in Chapter 2, I describe an experiment where P. agglomerans, which I had previously established
to provide protective benefits to the plant, is paired with other members of the PhylloStart
community. When designing this experiment, I predicted that certain species would show an
additive protective effect, and so that the addition of B. wiedmanni, which also showed a trend in
decreased pathogen abundance, would be more protective than P. agglomerans alone. This
hypothesis was correct, but interestingly, I also found a species, E. tasmiensis, that when added
with P. agglomerans decreased the former’s protective effects. This highlights the importance of
understanding the dynamics within a microbial community when trying to predict how they will
function, or how a certain species could be used for protection. Indeed, biocontrol strains often
fail in real world scenarios (Handelsman & Stabb, 1996), with these non-focal species
interactions potentially playing a role.

Another example of the context dependent benefits of microbial associations can be
found in Chapter 3, where I show that amendment with the PhylloStart community leads to a
significant increase in fruit production in the greenhouse, but not in the field. There are two
primary explanations for this result, firstly, as is described in the chapter, it could be that the
plants were colonized by a more diverse consortia of phyllosphere associated bacteria while in
the field, and so the growth promoting benefits of an additional early exposure to the PhylloStart
bacteria were not evident when compared to the broad exposure they received after
transplantation. Alternatively, exposure to a much larger pool of colonizing microbes could have
led to the PhylloStart community being outcompeted and replaced on the plants, preventing it
from providing its growth promoting functions. After all, the plants that were moved to the field
showed a significantly lower abundance of the PhylloStart associated bacteria than those that
remained in the greenhouse. Regardless of which, or what combination, of these two led to the
results we saw, this again shows the importance of the conditions under which the host is
developing. This point is further established in another experiment in Chapter 3, where we find
that, repeating an experiment previously describe by our lab (Berg & Koskella, 2018), the
pathogen protective effect of the community is greater when the plant is under nutritional stress,
paralleling the stress gradient hypothesis (Bertness & Callaway, 1994; David et al., 2020).
Combined with the growth promoting effects we see under other stressful conditions in the
greenhouse, this shows that cooperation between the host and its microbial communities may
become more important when the host is experiencing stressful conditions.

Emphasizing how dynamic these systems can be, Chapter 4 highlights research showing
that stressful conditions do not always lead to a greater reliance on the microbiome. Using an
Arabidopsis polyploidy model, we show that only diploids rely on their phyllosphere bacterial
communities for pathogen protection, while the polyploids are broadly protected regardless of
their exposure to the PhylloStart community or not. This is especially interesting for two reasons,
firstly, that we do not see a difference in the communities that these plants assemble, regardless
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of what their ploidy is, which shows that under differing conditions plants can respond
differently to the same microbial communities. Secondly, polyploidy is often seen as an
evolutionary stress response (Thébault ez al., 2011; King et al., 2012), quickly introducing a
large amount of genetic variation on which selection can act, potentially buffering against
changing environmental conditions. While the resulting changes in microbial reliance could
simply be a byproduct of gene dosage changes, it is important to point out that, regardless of its
cause, this reduced reliance on the microbiome is potentially adaptive. This chapter also provides
useful information on the plant transcriptional responses to phyllosphere commensal species,
which has, to my knowledge, only been done in two other studies (Vogel et al., 2016; Maier et
al.,2021). In Vogel et al. they find a large set of genes that are associated with phyllosphere
colonization by a commensal Sphingomonas species, many of which are associated with
response to abiotic or biotic stimulus and response to stress. Likewise, we see that many of the
genes that are differentially expressed in response to PhylloStart presence are associated with
defense response and various other biotic and abiotic stresses. These results indicate that, not
only do plants respond robustly to leaf colonization by certain commensal species, but that
despite, or perhaps as a cause of, the beneficial effects that these communities provide, the
experience in and of itself subjects the plant to additional stressors, likely due, at least in part, to
epitopes shared with pathogenic bacterial species.

For example, it has been shown in several systems that a reliance on the microbiome can
lead to a constrained ability to adapt to novel environments (Wernegreen, 2012; Nougué et al.,
2015). Further, while the microbiome can be leveraged to offload costly functions, such as the
insulin signaling regulation in fruit flies, this means that they are now dependent on their
microbes to survive (Shin et al., 2011). Likewise, the diploid plants show a much lower baseline
expression of defense associated genes when they are not in the presence of a phyllosphere
community, and only upregulate defense expression when exposed to these bacteria. This also
comes at a cost, because, without the microbial associations, they fare worse when challenged
with a pathogen. So, it makes sense that one of the consequences of polyploidy, a response to
change or stress in the external environment, could be to reclaim the functions that were
previously outsourced to the microbiome. After all, when faced with these changing conditions,
is it safe to rely on species that may not be available to recruit?

While it should now be clear that context is important in understanding host-microbial
interactions, further work must be done to understand the mechanisms underlying these effects.
Herein lies one of the greatest benefits of the SynCom approach, once an effect is measured, the
same community can be leveraged for future studies. For example, is the decrease in P.
agglomerans protection with the addition of E. tasmiensis due to interactions between the two
bacteria, between the E. tasmiensis and the pathogen, or between the E. tasmiensis and the plant?
Experiments can be designed to test these hypotheses (indeed, preliminary results indicate that .
tasmiensis alone may have a negative effect on plant outcomes). Likewise, I show that the
phyllosphere community provides important reproductive benefits to its host, but it remains
unclear how these effects are conveyed. These effects could potentially be mediated through the
production of auxin, as previously mentioned, which several members of the SynCom have
genes for, or through regulation of ethylene, which is a promoter of flower abscission (Botton &
Ruperti, 2019), drawing from data in chapter 4 where diploid Arabidopsis respond to PhylloStart
presence by upregulating several ethylene-responsive transcription factors. This process is likely
somewhat complicated, as some of these factors are activators and others are inhibitors. These
hypotheses can be tested through screening each member for auxin and applying members
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individually to the plant to determine the importance of each species in modulating auxin and
ethylene production. Finally, while we were able to uncover the mechanism that influenced
differing reliance on the microbiome in diploid and polyploid lines; differences in defense
pathways activation, this community could be further leveraged to study variation among
individual lines in terms of microbiome reliance, or to understand what other microbial functions
change after whole genome duplications.

In conclusion, this dissertation shows that the phyllosphere microbiome provides
important benefits to its host, such as disease protection and increasing reproductive success, but
that these functions are highly dependent on host and environmental context. The PhylloStart
community also represents an important resource for understanding and unraveling these, and
other complex interactions between host and phyllosphere microbiome. This research has
important implications for understanding microbial ecology and host-microbial interactions, but
also for agricultural practices and applied approaches to crop production.
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