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1 Abstract

Eukaryotes, including plants, are hosts to microbes. These microbes can be recruited from
the environment as well as transferred between the generations horizontally or vertically. We
hypothesize that in wheat, due to the priority effects, vertically transferred microbiota has priority
advantage over bacteria recruited from the environment.

Isolation efforts on Triticum aestivum seeds and seedlings have yielded few cultivable
bacterial strains present both on and in the seed and seedling. Pantoea agglomerans was the
species found in most of the samples, independent of the geographical origin (Germany, Turkey).

Here we show that the GFP-tagged strain of Pantoea agglomerans, originally isolated from
wheat, maintains its ability to colonize germ-free wheat roots and to proliferate within the root.
Independently of the inoculum size used, log-phase-like population growth within the root was
observed. Afterward, while the population growth was still ongoing, any further increase in the
population size was tied to the growth of the root habitat. Once the population count was
standardized based on root fresh weight, the plateau was observed within 8 days post-inoculation,
showing that the carrying capacity of the host is limited.

In planta competitions between GFP and mCherry tagged Pantoea strains were performed
to check for numerical priority effects and adaptive priority effects. Competing strains were
introduced with a time lag between them, or one of the strains was pre-cultivated in a plant, while
the second was cultivated in liquid media.

Our results show a strong impact of the priority effect. The numerical advantage of primary
colonizer led to its high relative abundance. No adaptive advantage was observed. Compared to
our single colonizer experiments, total carrying capacity of the host was unchanged.

Persistence of Pantoea in the plant host was tested up to 46 days post-inoculation. Density
of the population varies between the plant compartment, reaching highest CFU per gram of tissue
in the roots, lowest in the leaves.

My observations support the hypothesis of vertical transfer of Pantoea agglomerans and its
association with host lifecycle (ability to colonize the seedling from the seed while outcompeting
soil-borne Pantoea).

This data provides the fundament for future experiments on mechanistic aspects of wheat
colonization by Pantoea agglomerans, which can be performed by analysis of the bacterial
genome and preparation of knock-outs. The established gnotobiotic system enables further

competition and exclusion experiments.
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2 Zusammenfassung

Eukaryoten, einschlie8lich Pflanzen, bewirten Mikroben. Diese Mikroben kdnnen sowohl aus der
Umgebung rekrutiert als auch horizontal oder vertikal zwischen Generationen transferiert werden.
In dieser Arbeit wird die Hypothese aufgestellt, dass vertikal transferierte Mikrobiota durch
Prioritatseffekte einen Vorteil gegentber aus der Umgebung rekrutierter Bakterien haben.

Isolationen auf Triticum aestivum ergaben kultivierbare Bakterienstamme, die sowohl auf
Samen und Samling vorhanden waren. Die Spezies, die dabei in den meisten Proben gefunden
wurde, war unabhéngig vom geografischen Ursprung (Deutschland, Tirkei) Pantoea
agglomerans.

In dieser Arbeit wird gezeigt, dass GFP-markierte Stamme von Pantoea agglomerans,
welche urspringlich von Weizen isoliert wurden, ihre Fahigkeit der Kolonisierung von keimfreien
Weizen behalten und sich in der Wurzel stark vermehren. Unabhadngig von der GroRe des
Inokulums wurde exponentielles Wachstum in der Wurzel festgestellt, welches in seiner Dauer an
limitierende Eigenschaften der Wurzel gekoppelt war. Bei standardisierter Population in Relation
zum Gewicht der Wurzel wurde das Plateau innerhalb von acht Tagen nach der Inokulation
erreicht.

GFP- und mCherry-markierte Pantoea-Stamme wurden in planta verglichen, um
numerische und adaptive Prioritatseffekte zu untersuchen. Dafir wurden verschiedene Stamme
mit Zeitversatz oder mit unterschiedlichem Ursprung aufgetragen. So wurde der erste Stamm in
einer Pflanze, der zweite in einem Flissigmedium kultiviert.

Meine Ergebnisse zeigen einen starken Einfluss des Prioritdtseffekts — der erste
Kolonisierer hat eine wesentlich héhere Population als der zweite, wahrend die Gesamtkapazitat
der Wirtspflanze unverandert bleibt. Es wurden keine adaptiven Vorteile festgestellt.

Die Persistenz von Pantoea in der Wirtspflanze wurde bis zu 46 Tage nach der Inokulation
untersucht. Die Populationsdichte ist abhangig vom Gewebetyp, wobei der héchste CFU pro
Gramm in den Wurzeln, der niedrigste in den Blattern gemessen wurde.

Die in dieser Arbeit angestellten Untersuchungen unterstitzen die Hypothese des vertikalen
Transfers von Pantoea agglomerans. Die Daten bilden das Fundament fir Experimente zur
Bestimmung weiterer Aspekte der Weizenkolonisierung durch Pantoea agglomerans, welche auf
der Analyse von bakteriellen Genomen oder Knockouts basieren kdnnen. Der Bereich der

gnotobiotischen Systeme ermdglicht weitere Wettbewerbs- und Exklusionsexperimente.
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3 Introduction

3.1 Plant bacteria interactions

Plants are habitat to bacteria that can colonize their tissues (figure 1) where the level of
persistence and fidelity varies depending on plant-bacteria-environment interplay. Interactions
between plants and bacteria range from pathogenic interactions, e.g., as in the Olive-Xyliella
fastidiosa (Redak et al. 2004) to beneficial symbiosis as in plant-bacteria interactions that are
based on the supply of fixed nitrogen to the plant host (e.g., Azolla fern and its Nostocaceae
symbiont (Strasburger 1873; Baker et al. 2003)), or Bradyrhizobium japonicum and Legum
(Zahran 1999). Recent studies pointed out bacteria to have a role in growth promotion (e.g.,
(Spaepen et al. 2009)) or defense against pathogens (e.g., (Stockwell et al. 2010; Ruiz et al. 2011;
Town and Dumonceaux 2016)). Most of the bacterial inhabitants of plants are opportunistic (and
non—pathogenic) colonizers (Bulgarelli et al. 2013; Edwards et al. 2015).

The mode of bacterial colonization highly depends on both interaction partners. Bacterial
colonization of the plant habitat may include migration from the environment (e.g., soil) into the
plant tissues; root (e.g., (Amellal et al. 1998; Dance 2008)), leaves (e.g., (Mercier and Lindow
2000; Bjorklof et al. 2000)) or flowers (e.g., (Mitter et al. 2017)). Alternatively, some bacterial
organisms persist with their plant host along their life cycle (e.g., Nostoc-Azola association
(Pereira 2017)). Bacteria that can colonize the seed (i.e., seed endophytes) are thought to
possess the ability to persist with their plant host through their life cycle (Okunishi et al. 2005;
Truyens et al. 2015; Diaz Herrera et al. 2016). Few examples of plant-bacteria interactions are
summarized in table 1.

Some seed endophytes can have plant growth-promoting properties, for instance, Pantoea
agglomerans isolated from switchgrass seeds (Kim-Dura et al. 2016) or members of Paenibacillus
genus isolated from wheat seeds (Diaz Herrera et al. 2016). The aforementioned Paenibacillus
and Pantoea isolates, furthermore show antagonistic activity against plant pathogens (Diaz
Herrera et al. 2016). Pantoea agglomerans isolated from a variety of sources shows
antipathogenic properties (Braun-Kiewnick et al. 2000; Ruiz et al. 2011; Smits et al. 2015).

Bacterial presence in the seed is crucial for maintaining the vertical inheritance.
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Figure 1. Plant associated bacteria are able to colonize
various parts of the plant host.

The density of colonizing bacteria may vary among different plants and their tissues. For
instance, the density of bacteria in the styrian oil pumpkin endorhiza is around 10* CFU/g (colony
forming units per gram of tissue), in anthosphere (flowers) it reaches 10’ CFU/g, in carposphere
(fruit) it reaches 10%-10* CFU/g and in spermosphere (seed) the bacterial density is less than 102
CFU/g (Furnkranz et al. 2012). Bacteria colonization of the root is not uniform, as shown in
seminal roots of winter wheat, where symbiotic Pseudomonas fluorescens reached 10° to 10° CFU
per cm in the root near the seed, and 10° to 10° CFU per cm near the tip of the root (Weller 1984).
The composition and abundance of the wheat microbiota, not only depends on plant tissue but
also on plant age, soil nutrients and fertilizing (Robinson et al. 2016a; Kavamura et al. 2019).

The density of the bacterial colonizer of the plant may be also related to its function. For
instance growth—promoting microorganisms are considered to be mainly soil- and rhizosphere-
derived organisms, that can colonize plant roots in significant numbers (10°-10" CFU per gram of
fresh root) (Spaepen et al. 2009). The density in other parts of the host is different and stays within
a low range of 103-10* CFU/g; in comparison, pathogens reach a high density, e.g., up to 107-108
CFU per gram of dead tissue (Spaepen et al. 2009).

RYSZARD SOLUCH 8



Table 1. Examples of plant-bacteria interactions. Yet unknown characteristics are marked by n.a.

Host Symbiont
Organism Dependency Bacterium Currency supplied Dependency Tranni(r)nc;sesmn Localization T;(t)g)trgc References.
Facultative,
Arabidopsis thaliana . Xanthomongs, Stenot.rophomonas, Protection of the recruited as To daughter Root, (Berendsen
Facultative and Microbacterium spp. : a response . n.a.
off spring plants by soil extracellular et al. 2018)
to fungal
pathogens
Protection from
Pectobacterium
Styrian oil pumpkin carotovorum, Endophyte
(C):qurbitap e g L Pseudomonas Possibility of  (spermosphere, (Fiirnkranz et
Pepo L. Facultative Bacillus sp., Pseudomonas sp. viridiflava, Facultative vertical endorhiza, n.a.
subsp. pepo var. al. 2012)
: Xanthomonas transfer anthosphere,
styriaca Greb. .
cucurbitae, carposphere)
Didymella
bryoniae
Winter wheat Gaeumannomyces
(Triticum aestivum Facultative Pseudomonas fluorescens (r?athogen) Facultative n.a. Rhizosphere n.a. (Weller 1984)
L) supression
. . . . . (Baker et al.
Azolla fern Obligatory Nostocaceae Fixed nitrogen Facultative Vertical Endophyte n.a. 2003)
Facultative, Endophyte,
high impact _— o . . rootnodules, —\ yooleted  (Zahran
Legume Rhizobium sp. Fixed nitrogen Facultative Vertical bacteroid inside ;
on host . environment 1999)
. symbiosome
fitness
(endocellular)
Protection agains Possible
Oryza sativa Facultative Pantoea agglomerans p_athogens, Facultative horizontal Rhizoplane na (Ruiz et al.
improved (present on (root surface) 2011)
germination rate the seed)
Endophyte
Saccharum . . ;
o . Acetobacter diazotrophicus . L (intercellular (Dong et al.
officinarum L. Facultative Nitrogen fixating n.a. n.a. n.a.
spaces of 1994)
(sugarcane)
sugarcane)
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The process of root colonization is a very important step towards colonization of the host.
Once the roots are colonized, bacteria can colonize other plant tissues, as shown in rice (Chi et al.
2005) and wheat (Ruppel et al. 1992). Root colonization is driven by rhizodeposition (Bulgarelli et
al. 2013), meaning that host provides nutrients for incoming colonizers in form of root exudates.
The process of colonization was observed in more detail in rice, where GFP-tagged Azorhizobium
caulinodans ORS571 was tracked in plant tissues following inoculation on the root. Within 15 days
post inoculation bacterial density within the root and rhizosphere was close to 10’ CFU per gram of
fresh weight of tissue, reaching lower densities in leave, and leaf sheaths. Population in roots
remained stable throughout the experiment (60 days) (Chi et al. 2005).

3.2 The wheat microbiota

Early studies on the composition of endophytic communities in the seed, showed high similarity
between the bacterial community of the plant and the soil, which led to the hypothesis of soil-borne
bacteria internalizing into a plant through mechanical damage sites (Mundt and Hinkle 1976).
These studies based on isolation and culturing failed to show the true picture of plant microbiota
due to the technical limitations (low number of cultivable bacterial species and disproportion of
bacterial growth on synthetic media compared to in planta growth). Only more recent studies,
using a metagenomic approach, enabled more precise insight into the composition of the plant
microbiota. Using this approach | have learned that most of the isolated plant bacteria belong to
Proteobacteria; while Firmicutes, Actinobacteria and Bacteroides are less abundant (Reinhold-
Hurek and Hurek 2011).

Wheat microbiota composition undergoes changes depending on many factors like plants’
age, soil type, tissue type, time of the year, fertilizer, and other factors. While the exact
composition shifts thought the year, roots appear to favor y-proteobacteria while leaves show not
only dominance of Firmicutes and Actinobacteria but harbor decisively lower number of bacteria
(Robinson et al. 2016a; Kavamura et al. 2019). It is noteworthy that while seed embryo appears to
be germ-free in healthy seeds, seeds themselves are inhabited by y-proteobacteria (Robinson et
al. 2016b). The transfer of microbiota from the seed to the seedling (especially to the aerial parts)
is not well studied (Shade et al. 2017). | hypothesize that horizontal transfer of microbiota (figure 2)

is still possible, if grain microbiota is first to colonize the seedling during the germination.
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Figure 2. Wheat symbiotic bacteria are able to colonize the roots of the
plant from the seed. In order to maintain vertical transmission, they must
possess the ability to reach aerial the flowers, where seeds are formed.
Then bacteria can be spread with the seed and colonize newly growing
plants.

3.3 Pantoea agglomerans

In this thesis, | focus on one member of the genus: Pantoea agglomerans (figure 3), which is
widely occurring epiphyte/endophyte of plants. In addition, it can be found abundantly in other
habitats including water, soil, dust, air, animals, including humans (Dutkiewicz et al. 2015). One of
the unique traits of this bacterium is reflected in its name: agglomerans (‘forming into a ball’),
refers to its ability to form symplasmata (figure 3b). These are bacterial agglomerates, which are
considered, by some, a form of bacterial multicellularity (Achouak et al. 1996; Tecon and Leveau
2016).

Before exploring its biological significance and properties, it is worth mentioning that
multiple changes in the taxonomic classification of Pantoea agglomerans took place over the
years. At first described as Bacillus agglomerans by Beijerinck (Beijerinck 1888), Pantoea
agglomerans had been known under different names: Bacterium herbicola (Lohnis 1911), Erwinia
herbicola (Lo6hnis 1911; Dye 1964), Bacillus milletiae (Kawakami and Joshida 1920),
Pseudomonas herbicola (Geilinger 1921; de’Rossi 1927), Corynebacterium beticola (Abdou)

(Collins and Jones 1982), Enterobacter agglomerans (Ewing and Fife 1972), and other (Bergey et
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al. 1957; Jabtohski 1971; The UniProt Consortium 2019). The complicated ‘taxonomic history’ of
Pantoea agglomerans and, additionally, the use of metabolic phenotyping for identification
(especially in clinical studies) led to difficulties in revealing the true identity of isolates. This
includes isolates with pathogenic potential (Rezzonico et al. 2009; Rezzonico et al. 2012). As 16S
rDNA sequencing became more affordable and widely used, researchers have turned to this
method. The identification of Pantoea agglomerans using molecular methods is more trustworthy,
unfortunately clinical diagnostics are still lagging behind (Analytical Profile Index — biochemical
method of bacterial identification is still commonly used instead). While the existing body of
literature cannot be easily updated, there are efforts to standardize the historical taxonomy of
Pantoea agglomerans (Tindall 2014).

The genus Pantoea consists of yellow pigmented, Gram-negative, y-proteobacteria, which
are adapted to interact with various eukaryotic organisms, be it as pathogens, saprophytes or
symbionts (Walterson and Stavrinides 2015). Wheat and rice, are just two of a plethora of hosts
that are found in association with members of the genus Pantoea.

Pantoea originating from maize, was compared to other microbiome members of this plant
and alongside of Enterobacter and Pseudomonas, showed the widest array of symbiotic and plant
growth promoting traits. Pantoea’s symbiotic lifestyle is further exemplified in a study of bacteria
associated with the maize cultivar Jala, which is described in the above mentioned paper, where
Pantoea ananatis is proved to be the sole cultivable colonizer (99% of colonies) (Johnston-Monje
and Raizada 2011).

Moreover, genus Pantoea is also prevalent in the example of the microbial composition of raw
silage made from wheat. In the pre-ensiled plants, genus Pantoea makes 34.7% of the total
bacterial population. After 6 hours of fermentation, its abundance is slightly increased (34.9%) only
to decrease down to 0.16% at the final stage of ensiling (Keshri et al. 2019). This further shows

that Pantoea agglomerans is abundant in wheat and it is adapted for association with a live host.
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Figure 3. Microsgraphs of Pantoea agglomerans: a) Micrograph of Pantoea
agglomerans MP2 stained with safranin. This strain was isolated from termite
(Palmer et al. 2016); b) aggregate of Pantoea agglomerans is called symplasmata,
cells are covered with polysaccharides (Bottone and Schneierson 1972)

Pantoea agglomerans can colonize plant surfaces, xylem and intercellular spaces (Remus
et al. 2000). Some recognize it as a plant growth promoting rhizobacterium (PGPR). It is showing
wide repertoire of PGPR-traits, including indole-3-acetic acid (IAA) production, phosphorus
solubilization, antagonistic properties towards bacterial pathogens (e.g., Pseudomonas syringae
(Braun-Kiewnick et al. 2000), Erwinia amylovora (Vanneste 1996; Johnson and Stockwell 1998)
and fungal pathogens (e.g., Fusarium graminearum (Diaz Herrera et al. 2016)). Pantoea
agglomerans also possesses the ability to prime plant immune system (Ortmann and
Moerschbacher 2006).

It has been shown, that Pantoea agglomerans has a positive impact on seeds by improving
germination rates of rice seeds (Ruiz et al. 2011). Also, it increases plant biomass production for a
variety of plants, including sugarcane, wheat (increases yield of grains) and peas (Hoflich and
Ruppel 1994; Remus et al. 2000; Quecine et al. 2012). Higher biomass yield may be accompanied
by improved quality of the final product and enrichment in desired compounds. This was observed
in peppermint, where field inoculation with a mixture of Pantoea agglomerans and Pseudomonas
putida, not only increased the biomass vyield but also the quality of the crop, compared to
phosphate fertilizer treatment (Seif Sahandi et al. 2019).

All these properties made the bacterium attractive to use for farming: some strains (such as
Pantoea agglomerans P10c) are being used for biocontrol in modern agriculture (Town and
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Dumonceaux 2016). Strain P5 is commercially available as bio-fertilizer under tradename
PhosphoBarvar-2 (Shariati J. et al. 2017). Pantoea is registered by the United States
Environmental Protection Agency as a microbial pesticide, and its residues are allowed on some
foods (Environmental Protection Agency 2006). Possibility of use of a honeybee as a vector for
spreading bio-fertilizer Pantoea agglomerans was investigated (Vanneste et al. 2002). Noteworthy,
Pantoea agglomerans is capable of nitrogen fixing (both in pure culture and in association with
wheat). Once radioactive isotopes of fixed nitrogen were tracked, it was shown, that only miniscule
amounts were found in the plant (Merbach, Ruppel, Schulze 1998).

The safety regulations of Pantoea agglomerans usage remain unclear. Existing concerns
go back to many cases where Pantoea was wrongly identified as a human pathogen, mostly due
to lack of proper DNA-based identification method in a clinical environment (Rezzonico et al.
2009). For Pantoea agglomerans P5, the presence of potential outer-membrane protein secretion
systems was confirmed. Of special interest are Ill, and VI secretion systems since these systems
are often used for interaction with the host and may be related to pathogenicity (Shariati J. et al.
2017).

The presence of plasmids seems to play an important role in Pantoea genus. Pantoea
stewartii can carry between 11 and 13 plasmids, which can make up even 25% of the total DNA of
this bacterium (Coplin et al. 1981). The largest plasmid of Pantoea, is hypothesized to carry
functions that have an impact on the bacterium host-associated lifestyle. The large Pantoea
Plasmid 1 (abbreviated to LPP-1) carries genes responsible for versatile metabolism; host
specificity, colonization and persistence, thus, it may be crucial for Pantoea’s ubiquitous presence
in the environment. The plasmid is sized between 281 and 794 kb, which is between 5.6% and
12.6% of the total genome content of the bacterium. Pantoea’s LPPs are divided into three groups
based on phylogeny of four housekeeping genes. All three groups of LPPs have a shared ancestor
and the phylogeny of the plasmid closely resembles phylogeny of the bacterium itself (based on a
chromosome) (De Maayer et al. 2012), implying, that the plasmid may not be easily transmissible.
Noteworthy, outcome of host-bacterium interaction in maize varies from symbiotic to mildly
pathogenic, even if LPP-1 has identical sequence (Sheibani-Tezerji et al. 2015). The LPP-1 from
Pantoea agglomerans belongs to group |, alongside of LPPs from Pantoea anthophilia, Pantoea
eucalypti, and Pantoea vagans. Flexible portion (non-conserved protein coding sequences )of the
pan-plasmid in LPP-1 group | is 73.8% (709 coding sites), suggesting massive genetic
diversification (De Maayer et al. 2012). There are still many unknowns regarding Pantoea’s

plasmid role as a symbiont of plants.
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Pantoea sp. and Triticum aestivum

Pantoea agglomerans can colonize wheat roots (Amellal et al. 1998) and possesses the ability
to proliferate within bread wheat (Triticum aestivum) and spread to different plant compartments
(Ruppel et al. 1992). Further experimental work showed that it can spread to the seedlings, grown
from infected seeds (Ferreira et al. 2008).

Pantoea agglomerans has been frequently isolated from wheat, especially when the plant is
grown in challenging conditions. For instance, wheat grown in Africa’s irrigated field, characterized
by their high salinity, was host to Pantoea agglomerans Pa. This strain is able to grow in
temperatures up to 35°C, pH ranging from 5 up to 10, or in the presence of 30% polyethylene
glycol, it tolerates up to 1 M of NaCl in growth media. This isolate has a variety of plant growth
promoting traits, such as auxin biosynthesis, production of 1-aminocyclopropane-1-carboxylate
(ACC) deaminase, and ammonia and phosphate solubilization. These PGPR (plant growth
promoting rhizobacterium) features were maintained in sodium chloride concentrations up to 400
mM. Overall, this isolate showed the best plant growth-promoting properties of all 22 wheat
bacterial isolates tested during this study. Authors confirmed its endophytic lifestyle and ability to
survive in non-sterile seeds (Cherif-Silini et al. 2019). Pantoea agglomerans wheat-originated
isolate from Uzbekistan was shown to have growth-promoting properties as well (Egamberdieva et
al. 2008). When another isolate of Pantoea agglomerans was screened for traits that could enable
its use as a biofertilizer, on top of anticipated plant growth promoting traits, its ability to solubilize
zinc, important micronutrient, was shown (Kamran et al. 2017).

As mentioned before, Pantoea agglomerans, can survive within the grain, which makes it
activity against pathogenic Fusarium graminearum (Diaz Herrera et al. 2016). This is very
important trait for cost-effective protection of wheat.

Pantoea agglomerans not only protects against pathogens by inhibiting their growth directly
but also primes wheat defenses without eliciting the immune reaction itself. In other words, it
prepares plants for contact with pathogens, in turn, making the oxidation burst and other defense
reactions stronger. Noteworthy, the elicitation mechanism works differently between monocot and
dicot plants (Ortmann et al. 2006; Ortmann and Moerschbacher 2006). | do not know enough to
say whether these differences in elicitation levels are related to host specialization.

It has been shown, that not every wheat variety carries Pantoea agglomerans, hinting at
possible host-related requirements for effective colonization (Comby et al. 2016) , or alternatively,

that the Pantoea function in the wheat microbiome may be replaced by other genera.
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4 Objectives

In this PhD thesis, | aimed to study the wheat (Triticum aestivum) root colonization dynamics
during the early stages of germination. For that purpose, | focused on one member of the wheat
microbiota, namely Pantoea agglomerans, that | isolated from wheat seeds. Here | study the
bacterial colonization dynamics within an ecological framework with the main aim of evaluating the
importance of priority effects in the Pantoea colonization of wheat roots.

Priority effects in colonization exist when the order of arrival of the colonizers influences the
abiotic and biotic interactions within the habitat (De Meester et al. 2016). In the case of
colonization of the wheat plant by bacteria from the grain, | anticipated either numerical or adaptive
priority effect (figure 4), which could give seed-borne bacteria evolutionary advantage.

Numerical priority effect means that the early incoming (seed-borne) bacteria have to be at
an advantage over the late (soil-borne) incomers by being present in the vicinity of the growing
seedling first. This translates to faster access to the host, giving more time to proliferate and start
benefiting from access to available resources (compared to soil-borne bacteria). Once a robust
population is established, secondary colonizers will not be able to outcompete primary colonizer.

I hypothesize that the mechanism for adaptive priority effect would be based on the benefit
of being pre-exposed to the plant host. ‘Primed’ bacteria would be able to colonize the seedling
faster and more efficiently than soil-borne bacterial colonizer. Both effects assume that the host
has a finite carrying capacity and stronger initial presence would benefit in stronger impact of
priority effect.

Alternatively, colonization history or other factors such as host immune regulation may be
involved in determining the community assembly process. In the latter case, the order of arrival is
expected to have only a small effect on the microbiota composition. Here | establish system to
follow the domesticated wheat and a seed-borne bacterium, Pantoea agglomerans, enabling its

use as a model for observation of the root colonization.
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Figure 4: Priority effects. a) Numerical priority effect; first-arriving colonizer
has time to proliferate and occupy (partially) the niche using up available
resources, secondary colonizer is unable to out-compete primary colonizer.
b) adaptive priority effect; one of the colonizers shows better adaptation or
is preadapted to the niche; modified from (De Meester et al. 2016)

5 Methods

5.1 Isolation of total plant DNA for identification of endosymbionts and surface

microbiota

To identify the wheat associated bacteria, up to 200 mg of fresh plant tissue (shoot or roots) was
placed in an Eppendorf tube and manually homogenized using autoclaved plastic pestle. Total
DNA was extracted from the fresh homogenate using the GeneJET Plant Genomic DNA
Purification Kit (Thermo Scientific) according to the manufacturer’s protocol. Briefly, 350 ul of lysis
buffer A was added to the homogenate, followed by 50 ul of lysis buffer B and 20 ul RNAse. The
solution was mixed and incubated at 65°C for 10 minutes. Afterwards 130 pl of precipitation
solution were added, mixed by inversion and incubated for 5 minutes on ice. The supernatant was
collected by centrifugation for 5 minutes (20,000 x g), transferred into a clean Eppendorf tube and
mixed with 400 ul of 96% ethanol and 400 pl of Plant gDNA Binding Solution. The solution was
transferred onto a spin column, centrifuged for 1 minute (6,000 x g), washed with 500 pl of Wash
Buffer | and 500 pl of Wash Buffer Il. DNA elution was performed with 100 pl of elution buffer or

nuclease free water.
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Amplification of bacterial 16S rDNA from plant samples

Isolated DNA was diluted with nuclease-free water (Roth) to a concentration of 100 ng/ul
(concentration was estimated using ThermoScientific NanoDrop microvolume spectrophotometer).
Primers used for PCR were designed for amplification of bacterial 16s rDNA from plant samples,
799F (Chelius and Triplett 2001), and 1114R (Simon et al. 2009) or 1391R (Schumann 1991;
Turner et al. 1999). Usage of these primers generates two major PCR products: of bacterial and of
plastid origin. These products can be distinguished by size, enabling separation by preparative gel
electrophoresis.

Conventional PCR reactions were prepared as follows (for a single reaction volume of 50
pl): 29.6 ul of PCR water, 10 pl of High-Fidelity Buffer (5x), 2 ul of each primer (from 20 pmol/pul
stock solution, final concentration 0.8 pmol), 1 pl of dNTPs (from a 2 mM stock, final concentration
0.04 mM) and 0.4 pl of Phusion polymerase (0.8 U per 50 pl reaction). When appropriate, the
DreamTaq Green PCR Master Mix (2x) was used with exact same final primer concentration.
Cycling conditions were set to the following protocol (with elongation and final elongation steps
lasting three times longer for DreamTaq PCR Master Mix). All reactions were performed in
PEQStar Thermocycler (PEQLAB)

96°C 3 min

96°C 1 min

56°C 20 sec 30x
72°C 20 sec

72°C 3 min

Following, PCR products were separated using agarose gel electrophoresis (2.5 - 3% gel)
and fragments of interest excised and extracted from the gel using the GeneJET Gel Extraction Kit
(Thermo Scientific) or the QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s

protocol. Purified products were used for sequencing, re-amplification, or stored at - 20°C.

5.2 Sampling, isolation and identification of culturable bacteria from grains, lab grown

plants and field samples
Grain sampling

Samplings were performed in July 2017 Experimental Farm Hohenschulen of Kiel University
(location: latitude: 54° 18 46” N, longitude: 9° 59’ 32" E).
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Shortly before the harvest, whole ears were collected by cutting the stem approximately
2 cm below the ear with non-sterile scissors. Every 20 ears collected the sampling point was
changed, all sampling points were at least 2 meters from the edge of the field. Each collected
variety was packed in a separate cotton bag. All grains were manually extracted from the ears
within 3 days post sampling. Afterwards, grains were placed in a small cardboard box and stored

at room temperature at low humidity until processed.

Aseptic growth of plants in falcon tubes on gel medium

50 ml falcon tubes containing up to 10 ml agar-solidified plant media were prepared. Each grain
was placed in a separate falcon tube filled with 10 ml of agar-solidified plant medium. The lid was
loosely attached to enable gas exchange. The plants were grown in a phytochamber (Versatile
Environmental Test Chamber MLR-352H, Panasonic) for 5-7 days (light/dark: 16h/8h at 25°C/20°C
with 75% relative humidity).

Isolation of culturable bacteria

Isolation of bacteria from all plant tissue was performed according to the same protocol. No more
than 300 mg (preferably 200 mg) fresh weight of plant tissue fragments were placed in a 1.5 mi
Eppendorf tube and manually homogenized with a sterile pestle. After homogenization, the pestle
was washed over a tube with 0.2 ml of saline supplemented with 0,1% Tween 20 (unless specified
otherwise). Afterwards, tube was vortexed for 30 seconds before preparing dilutions (in saline) and
plating aliquots on solidified R2A agar medium.

Identification of cultured bacteria and cryopreservation

Each isolate was streaked repeatedly (three to six times) for single colonies to ensure purity.
Colonies that were assumed to be single clones were picked and transferred onto liquid media and
grown overnight before cryopreservation. The same colony was used to set up the colony PCR by
touching a colony with a pipette tip and washing it in the PCR reaction mixture.

PCR mix constituted of 10 upl HighFidelity buffer 5x), 2 ul of forward and 2 ul of reverse
primers (20 pM stock), 1 ul of dNTPs (20 mM), 0.4 ul Phusion high fidelity polymerase (2,000
U/ml, New England BioLabs), filled up to 50 pl with PCR water (Roth). Alternatively, DreamTaq
Green PCR Master Mix (2x) (Thermo Fisher Scientific) was used with identical final primers

concentration.
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Thermocycler program was as follows: 5 minutes 98°C, 30 cycles of 98°C for 30 seconds,
50°C for 20 seconds, 72°C for 30 seconds (for DreamTaq elongation time was extended to

2 minutes) followed by a final extension step in 72°C for 3 minutes (10 minutes for DreamTaq).

98°C 5 min

98°C 30 sec

50°C 20 sec 30x

30 seconds for Phusion

2 minutes for DreamTaq
3 minutes

10 minutes for DreamTaq

72°C

72°C

Bacterial isolates were identified by 16S rDNA sequencing (the service provided by
Eurofins Genomics) using primers 63F (Marchesi et al. 1998) and 1319R (Schumann 1991; Turner
et al. 1999) usually yielding around 700-900 bp long Sanger read; reads below 150 bp were
discarded.

After washing pipette tip in PCR reaction mixture, the remaining bacteria were plated,
resulting plates were used to prepare liquid cultures in R2A broth. In turn, these cultures were

used for cryopreservation.

5.3 Genome sequencing, assembly and annotation

Genomic DNA was isolated using Qiagen protocol (Published in QIAGEN Genomic DNA
Handbook, 2015) with minor changes. In short: overnight cultures of Pantoea agglomerans were
centrifuged (3.000 x g, 2 minutes) and resuspended in 1 ml of Buffer B1 (Bacterial Lysis Buffer 1,
consisting of 50 mM Tris-HCI pH 8.0; 50 mM EDTA pH 8.0; 0.5% Tween 20; 0.5% Triton-X100)
supplemented with 2 pl RNase A. Following, 20 pl of proteinase K was added and the samples
were incubated at 50°C for 30 minutes. Following, 350 pl of Buffer B2 (Bacterial Lysis Buffer 2,
consisting of 3 M guanidine hydrochloride, 20% Tween 20) was added and the samples were
incubated on ice for 10 minutes. Afterwards, the sample was centrifuged, and DNA was
precipitated out of the solution using isopropanol. After centrifugation (20.000 g for at least 10
minutes at 4°C) the pellet was washed with 70% ethanol and left to dry. Once the ethanol has
evaporated, the genomic DNA was re-suspended in nuclease-free PCR water.

lllumina sequencing was outsourced to MicrobesNG. Samples were processed according
to the following protocol: three beads were washed with an extraction buffer containing lysozyme

and RNase A, incubated for 25 min at 37°C. Proteinase K and additional RNaseA were added and
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mix was incubated for 5 minutes at 65°C. The genomic DNA was purified using an equal volume of
SPRI beads and resuspended in the EB buffer.

The DNA was quantified in triplicates with the quantitative dsDNA HS assay in an
Ependorff AF2200 plate reader. Genomic DNA libraries were prepared using Nextera XT Library
Prep Kit (lllumina, San Diego, USA) following the manufacturer's protocol, with following
modifications: two nhanograms of DNA instead of one were used as input, and PCR elongation time
was increased to 1 minute from 30 seconds. DNA quantification and library preparation were
carried out on a Hamilton Microlab STAR automated liquid handling system. Pooled libraries were
guantified using the Kapa Biosystems Library Quantification Kit for lllumina on a Roche light cycler
96 gPCR machine. Libraries were sequenced on the lllumina HiSeq using a 250bp paired end
protocol.

Reads were adapter trimmed using Trimmomatic 0.30 with a sliding window quality cutoff
of Q15 (Bolger et al. 2014).

For samples, where only HiSeq was performed, de novo assembly was performed on
samples using SPAdes version 3.7 (Bankevich et al. 2012), and contigs were annotated using
Prokka 1.11(Seemann 2014).

Additionally, Minlon (Oxford Nanopore Technologies) sequencing was performed by Dr.
rer. nat. Martin Fischer (AG Schmitz-Streit, CAU Kiel) following the manufacturer’s protocol.

Hybrid genome assembly was performed with Unicycler software version 0.4.4 (Wick et al.
2017) using quality filtered reads from lllumina sequencing and Minlon. Default parameters were
used.

The assembled genome contigs were annotated with Prokka version 1.11 (Seemann
2014). Program was run with following parameters: % prokka --kingdom Bacteria --outdir mydir --

prefix mygenome contigs.fa

5.4 Establishment of phenotypically trackable Pantoea agglomerans

For the colonization assays, it is crucial to have the ability to distinguish easily between the
species of interest and other bacterial species or strains and between different competing strains
used for the experiments. For this purpose, a GFP-expressing and kanamycin/neomycin resistant
strain of Pantoea agglomerans was prepared.

Pantoea agglomerans R1 was transformed with a derivative of the broad-host-range
plasmid RSF1010, plasmid pRL153-GFP (Tolonen et al. 2006). This plasmid encodes a
kanamycin resistance marker gene (nptll) and a version of a green fluorescent protein (gfp)
optimized for prokaryotic expression (gfpmut3.1). The use of the phenotypic marker GFP enables
one to co-cultivate the strain on non-selective media while maintaining the ability to differentiate

between GFP-expressing colonies (glowing green under a blue or green light) and non-fluorescent
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colonies formed by other bacteria. Kanamycin resistance, provided by nptll gene, enables
selection of the plasmid carrying cells and allows the use of kanamycin or neomycin in a
gnotobiotic system.

In order to enable tracking of second isogenic strain, plasmid pTW1-mCherry (Wein et al.
2018), was used. The only difference between pRL153-GFP and pTW1-mCherry is the presence
of mCherry gene instead of gfp.

Henceforth, Pantoea agglomerans R1 belonging to GFP or mCherry tagged strains is

called Pantoea.

Preparation and electroporation of electrocompetent Pantoea agglomerans cells

Electrocompetent cells were prepared as described by (Dower et al. 1988) with minor
modifications. Briefly, an overnight culture of Pantoea agglomerans was diluted with R2A broth
medium and grown until OD reached 0.6-0.7. Afterwards, the culture was chilled on ice with
shaking for about 20 minutes, and the cells were harvested by centrifugation (6,000 rpm at 4°C).
The cells were washed twice in 10% ice cold glycerol. Afterwards, the cells were re-suspended in
400 ul of 10% glycerol and aliquoted into 40 pl portions and stored at -80°C.

An aliquot of electrocompetent cells was mixed with 1 pl of plasmid DNA (123 ng/ul) and
transferred into a pre-cooled cuvette (2 mm gap) and electroporated using the GenePulser Xcell
(Bio-Rad) with the default E. coli preset (3,000 V, 100 Q, and 25 uF). Afterwards, cells were
resuspended in 1 ml R2A broth medium and transferred into an Eppendorf tube and allowed to
recover for an hour (25°C with slow shaking). Transformed cells were selected for by plating on
R2A agar supplemented with kanamycin (15 pg/ml). After overnight incubation at 25°C, colonies

were checked for fluorescence.

Determination of relative plasmid effect on transformed Pantoea agglomerans fitness

The competition experiments were performed with eight biological replicates. For each
experiment, overnight cultures grown from a single colony of the respective strain, were diluted
1:100 in R2A medium and mixed in a 1:1 volumetric ratio. A volume of 0.5 ml of the mixture was
then transferred into a 2 ml deep-well plate (approximately 2 x 108 cells of each competitor per ml)
and the mixed cultures were incubated at 20°C overnight with shaking and afterwards diluted
1:100 following the same incubation regime for seven days. At the onset of the experiment and
each day, the ratio of the two competing strains was determined by non-selective plating. Plasmid-
carrying colonies were identified by their emitted fluorescence signal upon excitation with a green-
blue LED flashlight (Nippon Genetics Europe) while wild-type colonies remained non-fluorescent.

The selection coefficient s, which is equal to the selective difference between the two competing
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strains during each transfer, was calculated as s=b/logio(1/d) as previously described (Nguyen et
al. 1989), where b is the slope of the logio ratio of the density of the competing strains as a
function of transfer, and d is the dilution factor (1:100). Wildtype fitness was set to 1.0, and the
value of w for the plasmid-carrying strain was calculated as w=1+s. R-squared and P-value of

linear regression used for slope estimation were calculated using R.

5.5 Colonization dynamics
Impact of inocula size on the colonization dynamics

Primarily, | tested the impact of inoculum size on the colonization dynamic. To achieve this, grains
of Benchmark wheat variety were bleached. For bleaching, up to 10 ml volume of grains was
placed in 50 ml falcon tube, and submerged for 20 minutes (unless stated otherwise) in 50 ml of
6% sodium hypochlorite with 0,05% sterile filtered Tween 20 (standard bleaching protocol). Seeds
were occasionally agitated during the process to remove bubbles forming on the surface of the
seed. This treatment is aimed to remove the majority of the surface microbiota.

Bleached grains were washed with autoclaved water until no foaming was apparent (not
less than 3 times with 40 - 50 ml of water). Afterwards, seeds were placed in a deep well plate and
inoculated with 50 pl of diluted bacterial culture (of which the CFU/ml was estimated by plating).
For this experiment six consecutive tenfold dilutions were used. The density and the final inoculum
size were confirmed by plating. For negative controls sterile water was used instead of a bacterial
suspension.

After 24 hours, germinating seeds were transferred into fresh deep well plates containing
plant media. The plants were grown in a phytochamber (Versatile Environmental Test Chamber
MLR-352H, Panasonic) under following conditions: 16h/8h (light/dark) at 25°C/20°C with relative
75% humidity. Plant media was replaced every three to four days. Plants were sacrificed on days
six, fourteen and eighteen of the experiment. Each sampling comprised three biological replicates
of each treatment plus one control (non-inoculated plant).

Before processing, roots were placed on an autoclaved filter paper to absorb excess plant
media. Roots and leaves were homogenized, and dilutions were plated on selective media (R2A
agar supplemented with 15 pg/ml kanamycin). After overnight incubation at 25°C fluorescent
colonies were counted to estimate the population size of Pantoea agglomerans recovered from the

plant tissue.
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Observation of colonization dynamics with daily samplings

Grains were bleached as described above. Overnight bacterial cultures of Pantoea agglomerans
carrying pRL153-GFP were diluted, and the grains were inoculated with 750 or 75,000 CFU each
(inoculum size first estimated using a Thoma counting chamber, later verified by plating).

After 24 hours, germinating seeds were transferred to fresh deep well plate containing
plant media and grown in a phytochamber (Versatile Environmental Test Chamber MLR-352H,
Panasonic) (16h/8h at 25°C/20°C with 75% relative humidity). Every 24 hours, plants were moved
to a vessel with fresh plant media.

The samplings were performed daily, each sampling consisted of three biological replicates
per treatment. Because of the small size of the germ, each replicate comprised three individuals,
randomly picked plants and their root systems pooled prior to processing of the sample (i.e. values
for each replicate represent the average of three root systems). Samples were processed as

described previously.

Inoculation of grown root system

Plants were bleached and cultivated as described previously. Once most of the roots were over
1.5 cm long, the seedlings were transferred onto the lid of an Eppendorf tube. The tubes were
modified by cutting a slit into the lid which allowed to keep the plant above the media, with the
roots to be submerged in the media within the tube. In addition, this design limited the contact of
the roots with the outside environment. Plants were grown in the phytochamber as described
above.

Thought the experiment fifteen samplings were performed, covering up to 75 hours post
inoculation. All samplings comprised three biological replicates. Negative control (non-inoculated
plants) were also sampled, though at different intervals. Samples were processed as described

before.

5.6 Establishment of gnotobiotic system

This set of experiments was performed to improve the methodology for establishment of
gnotobiotic (i.e. with controlled microbiota) system for the cultivation of plants in laboratory
conditions. To be considered gnotobiotic all bacterial species on/in the plant host must be
accounted for. With this system, my aim was the removal of all microbes followed by the

inoculation of plant host with Pantoea agglomerans.
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Preliminary experiments

The preliminary experiments on the gnotobiotic system aimed for optimization of the established
protocols, especially finding conditions that enables reliable removal of the microbiota and
contamination-free maintenance of germ-free plants. Not only the sterility of plants was tested, but

impact on plant growth was assessed as well.

Plant media supplementation with antibiotic

Despite purposefully not providing a carbon source for bacteria, the plant medium used in previous
experiments appeared to be environment hospitable for bacteria. Especially after bleaching
treatments, the grains/young seedlings were very susceptible to fungal infections. In order to
address this issue, the media was supplemented with antibiotics: 50 pg/ml kanamycin,
streptomycin and spectinomycin 25 ug/ml each. In further experiments amphotericin B (3-7 ug/ml)
was introduced to halt fungal contaminations. These modifications enabled the maintenance of

germ-free plants.

Sterilization treatments
Benchmark seeds were divided into 3 batches, each underwent distinct treatment.
A: Mock Bleaching (as B but autoclaved water was used instead of sodium hypochlorite)

B: Standard bleaching: 20 minutes in 6% Sodium Hypochlorite with 0,05% Tween 20, periodically

agitated, washed 3 times with sterile water

C: Stronger Bleaching treatment: washed with sterile water, one hour in 12% sodium hypochlorite
with 0.1% Tween 20, periodically agitated.

Following the treatment, each batch was divided into three separate cultivation approaches
(24 grains per treatment, per cultivation approach). Grains were transferred to 24-well plate
(1 plate per treatment/cultivation method). Plant medium was added to each well (with or without
antibiotic cocktail comprising kanamycin 50 pg/ml, spectomycin 25 pg/ml and streptomycin
25 pg/ml).

After four days, three plants from each plate were harvested, weights recorded, and root
homogenates plated on R2A agar plates to recover bacteria. Plates were incubated for 48 hours at
20°C. Since the purpose of the experiment was to achieve germ-free plants, growth was evaluated

in a presence/absence (0/1) manner.
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As a result of this experiment, changes were introduced to default protocols used for
treatment of the grains. This changed protocol was used for all of grown-root colonization
experiments (priority effect experiments). In order to improve removal of viable bacteria following
modifications were introduced: sodium hypochlorite concentration was increased from 6% to 12%,
Tween 20 concentration was increased from 0.05% to 0.1%, and bleaching time was increased

from 20 minutes to 60 minutes. Protocols were updated to include these changes.

Bleaching and maintenance of germ-free plants

To maintain the sterility and to further reduce the bacterial growth, an antifungal agent was added
to the media. The final composition of the antibiotic additives for the plant media contains: 50
Mg/ml spectomycin, streptomycin 25 ug/ml, neomycin 15 ug/ml, and 3 pg/ml amphotericin B.

Grains were divided into two batches. The first batch was bleach treated as in 5.5.1, the
second batch underwent mock treatment, which replicates bleach treatment using autoclaved
distilled water instead of sodium hypochlorite solution. On the starting day of the experiment, three
grains from each treatment were percolated for three hours in 0.2 ml saline with 0,1% Tween 20.
Supernatant and its dilutions were plated to estimate initial bacterial load.

Following the treatment, grains were moved to a twenty-four-well plate with plant media
with antibiotic mix (for treated grains) or without antibiotic (mock-treated grains); this was
maintained through whole experiment, except after day eight some treated plants were moved to
antibiotic-free media to recover. For the first five days of the experiment, seeds were germinated
and cultivated in this setup, and were transferred daily to fresh well-plate.

On day five, seedlings were moved on top of sieve (repurposed cell strainer) with a hole in
the middle. This setup, allowed to keep the remaining grain and aerial parts of the plant above the
media level, while keeping the roots submerged. Up to day eight, plants were kept on the sieve in
six-well-plate.

On day eight, plants on the sieves were moved on top of falcon tubes filled with media.
Some of the plants from treated batch were moved to antibiotic-free media in order to recover.

Samplings of roots and media were performed in triplicate on days 3, 5, 8, 10; for each
biological replicate 3 technical replicates of plating were made. Samples were processed as in
5.5.1. For each sample mass of root and shoot was recorded.

This protocol was used to process all the grains used for priority effect experiments.

Colonization of germ-free seedlings

Bleached wheat grains were placed individually into 24-well plates and immersed (not fully

submerged) in plant media containing streptomycin (25 pg/ml), spectinomycin (25 pg/ml),
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neomycin (15 pg/ml), and amphotericin B (3-8 ug/ml). After two days, the germinating seedlings
were transferred individually into six-well plates and incubated in 5 ml of plant medium for
approximately four days. Once the roots had reached 1.5 cm in length, the seedlings were moved
onto plastic cell strainers containing a hole in the middle for the roots to pass through and mounted
on 50 ml polypropylene tubes filled with plant medium with heomycin (10 pg/ml). All incubation
steps included daily exchanges of the plant medium. For the start of the colonization experiments
(day 0 or t=0 h), individual plants were transferred into 5 ml plant medium containing no more than
2000 (i.e. 400 cells per ml) cells from overnight cultures of either Pantoea carrying pRL153-GFP or
pTW1-mCherry. For each replicate, the inoculum density was confirmed by plating on R2A media
plates. After 5 hours of incubation with the cells, each plant was transferred (excess media from
roots was soaked off with sterile filter paper) onto a 50 ml falcon tube with plant medium containing
neomycin (10 pg/ml) and amphotericin B (3-5 pg/ml). Unless stated otherwise, three to six plants
were sampled directly after inoculation and media from deep well plate was sampled alongside
plants.

Every 24 hours, the plants were transferred to new tubes with plant medium, and three to
six randomly chosen plants from the pool of individual plants were sampled. For the sampling, the
roots were placed on sterile filter paper to absorb excess plant media and then separated at the
junction to the grain/seed from the rest of the plant using a sterile scalpel. The roots of individual
plants were transferred into pre-weighted 1.5 ml Eppendorf tubes, their root mass recorded, and
manually homogenized using a sterile pestle. The pestle was washed off with 0.1 to 1 ml saline
and the volume pooled with the sample. Serial dilutions were plated on non-selective R2A agar
plates to determine the CFUs of Pantoea per root system (i.e., per planta) and to distinguish
between labeled populations (i.e. Pantoea colonizer) and potentially present other bacteria that
had survived the sterilization procedure. After overnight incubation at 25°C fluorescent colonies
were counted to estimate the population size of Pantoea agglomerans recovered from the plant
tissue. Experiments were carried between 12-16 days post germination.

Results of these experiments are represented as mean absolute deviation (abbreviated to
MAD). Compared to more commonly used standard deviation, MAD is more efficient for data that
do not adhere perfectly to normal distribution as well as it is more tolerant to extreme values in the
majority of real-life situations (Gorard 2005). MAD is calculated in following steps: First, the mean
of the results is calculated. Next, the deviation from the mean, for each data point, is calculated
and their absolute values are summed up. Then, the sum of the absolute values of the deviations
from the mean is divided by the number of measurements (number of observations). MAD is

calculated using following equation:

MAD=11) | Xi—X |
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6 Results

6.1 Isolation of total plant DNA for identification of seed-borne bacteria

At the first stage, | aimed to identify members of the wheat microbiota that reside in seeds. To
detect the most abundant bacteria in grains, PCRs with a high number of cycles were performed
on total DNA extracted from seeds to amplify bacterial 16S ribosomal DNA (16S rDNA) gene
sequences. Because of the nature of PCR, such conditions favor the amplification of the most
abundant 16S rDNA sequence present in the sample. Using primers specific for bacterial
16S rDNA (799F (Chelius and Triplett 2001), and 1391R (Schumann 1991; Turner et al. 1999) or
1114R (Simon et al. 2009)) enabled selective amplification of 16S rDNA of bacterial origin only or
generated bacterial and plant amplicons distinguishable by size. Occasionally, Sanger sequencing
of the PCR amplicon provided high-quality sequence, meaning that one of the sequences was
vastly outnumbering any other 16S rDNA sequences present in the source sample.

| further analyzed these results using BLAST (Altschul et al. 1990; Boratyn et al. 2012) and
blasted against the 16S ribosomal RNA sequences database. Most similar hits, with 100%
coverage and over 97% identity, matched to Pantoea agglomerans. This bacterium is a Gram-
negative gammaproteobacterium of the family Erwiniaceae. It can be found widely on plants,
though few strains may be pathogenic to certain hosts (Dutkiewicz et al. 2015). At first, | performed
isolations using the winter wheat varieties Runal and Akteur collected in Schleswig-Holstein in the
late summer of 2017. Later, varieties of Benchmark and Julius collected alongside of previously
mentioned seeds were analyzed, yielding culturable Pantoea agglomerans among other bacterial

species.

6.2 Sampling, isolation and identification of culturable bacteria from grains, lab grown
plants and field samples

In parallel to the isolation of total plant DNA, | isolated viable bacteria directly by sampling seeds,
germinated seeds, and young plants grown from surface treated grains. In addition, plating
experiments were performed with crushed seeds and the supernatant from rinsed grains. My
media of choice were the low-strength complex medium R2A agar, which is commonly used for
the cultivation of environmental bacteria, LB, and MacConkey agar for the isolation of Gram-
negative bacteria. Post-isolation platings were performed solely on R2A plates. Pure isolates were
obtained through the streaking of single colonies. Colony PCR was performed in order to amplify
the 16S rDNA used for identification of the isolates, which were later cryopreserved.

More field samplings were performed in spring of 2018. Ears with grains were processed,
and grains were further used for isolation and cultivation of bacteria. Samples originated from the

same location as grains of the Benchmark variety used for isolation of Pantoea agglomerans.
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From grains and laboratory-grown plants (of Benchmark, Akteur and Julius) a total of
seven bacterial species have been isolated and identified, some of which appear to be
opportunistic species (for instance: Moraxella osloensis) and at least two more require sequencing
of additional regions to confirm their taxa (table 2).

Pantoea agglomerans was isolated from the vast majority of plants cultivated in the lab.
This observation, and the evidence in the literature for a common association of Pantoea
agglomerans with wheat (Remus et al. 2000), led me to adopt this organism for our objectives.
Five Pantoea agglomerans isolates were randomly selected for further work and genome
sequencing (Table 3). A phylogenetic reconstruction of the isolated strains places my Pantoea
agglomerans isolates in a cluster mostly consisting of other plant associated isolates (fig. 6).
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Figure 5. a) GFP-tagged Pantoea agglomerans seen colonizing wheat root. CLSM micrograph by Jan
Michels (Zoological Institute, CAU Kiel). b) Macroscopic picture of Pantoea agglomerans R1 colonies
grown overnight on R2A plate. Convex, smooth with uniform white-yellow coloring. Yellow pigmentation
becomes more intense as colonies age.
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Table 2. Representative bacterial isolates obtained from grains and young plants cultivated in
laboratory conditions. Samples grouped by origin; german wheat varieties are Akteur,
Benchmark and Julius varieties were used for isolation.

Species Material used for isolation Sampling location

Micrococcus

Grain, leaves of a young plant Schleswig-Holstein
aloeverae
Bacillus Grain, leaves of a young plant Schleswig-Holstein
cereus
Pantoea i i i i
agglomerans Grain, shoot of seedling Schleswig-Holstein
Pantoea Grain, shoot of seedling Schleswig-Holstein
agglomerans
Pantoea Grain, shoot of seedling Schleswig-Holstein
vagans
Chryseobacterium Grain, shoot of seedling Schleswig-Holstein
psychrotolerans
Chryseobacterium Grain, shoot of seedling Schleswig-Holstein
gregarium
.San.gwbacter Grain, shoot of seedling Schleswig-Holstein
inulinus
Micrococcus Grain Schleswig-Holstein
yunnanensis
Massillia sp. Grain, root of a young plant Schleswig-Holstein
Moraxella Grain Schleswig-Holstein
osloensis k
Pantoea Grain Antakya, Kiglak, Turkey
agglomerans
Patnoea Grain Antakya, Kiglak, Turkey
vagans
Pantoea Grain Antakya, Kiglak, Turkey
agglomerans
Psgudomonas Grain Antakya, Kislak, Turkey
syringae
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human pathogen

. agglomerans,wa Cystic fibrosis,
Pantoea_agglomerans_Eh318 | 2

Figure 6. a) a phylogenetic reconstruction of Panteoa phylogenetic tree from 392 universal single copy
gene families (analysis by T. Dagan). Strains isolated in this study are shown in green; b) origin of isolates
that cluster together with local Pantoea isolates, most are plant associated.
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Table 3. Summary of the assembly for Pantoea agglomerans genomes. All isolates contain LPP-1 plasmid. All assemblies have been published under
provided GeneBank accession number (assembly and annotation assisted by DR Picazo).

Genome

Isolate Coordinates Replicon type GenBa_nk size #Contigs  N50 G+C% tmRNA tRNA rRNA CDS Sequencing
accession (bp) platform
Chromosome 4126280 18 518825 554 1 71 7 3762
54° 18' 46.194"N . WSSP000 MinlON +
Actur2 9° 59' 31 89" E Plasmid 1 00000 166034 1 NA 527 O 0 0 148 llumina
LPP-1 plasmid 678173 1 NA 525 0 0 0 666
Chromosome 4444536 41 456717 549 1 73 9 4036
54° 18' 46.194"N . WSSQO000 .
Benchmarkl 9° 59' 31.89" E Plasmid 1 00000 203616 3 NA 519 O 0 0 179 llumina
LPP-1 plasmid 577164 1 NA 530 O 0 0 561
Chromosome 4448667 54 456718 549 1 73 9 4035
54°18' 46.194"N . WSSR000 .
Benchmark3 9° 59' 31.89" E Plasmid 1 00000 203729 3 NA 519 O 0 0 178 llumina
LPP-1 plasmid 577499 2 NA 530 O 0 0 561
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Table 3. Summary of the assembly for Pantoea agglomerans genomes. All isolates contain LPP-1 plasmid. All assemblies have been published under
provided GeneBank accession number (assembly and annotation assisted by DR Picazo).

. . GenBank G_enome . Sequencing
Isolate Coordinates Replicon type . size #Contigs  N50 G+C% tmRNA tRNA rRNA CDS
accession (bp) platform
Chromosome 3972862 15 576160 555 1 73 5 3590
Plasmid 1 178415 1 NA 529 O 0 0 152
Runall 54°18'46.194"N WSSS000 MinION  +
9°59'31.89" E 00000 lllumina
Plasmid 2 8401 1 NA 505 O 0 0 11
LPP-1 plasmid 558375 1 NA 531 O 0 0 540
Chromosome 4100957 43 574697 556 1 72 11 3740
54° 18' 46.194"N . WSSTO000 .
Runal5 9° 59' 31 89" E Plasmid 1 00000 187327 3 NA 521 O 0 0 168 lllumina
LPP-1 plasmid 533500 1 NA 533 0 0 0 522
Chromosome 3996432 16 2259703 556 1 72 5 3592
Turkishi 35°58'21.8"N WSSU000 MinION  +
36°07'41.8"E 00000 lllumina
LPP-1 plasmid 534313 1 NA 535 0 1 0 510
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Table 3. Summary of the assembly for Pantoea agglomerans genomes. All isolates contain LPP-1 plasmid. All assemblies have been published under
provided GeneBank accession number (assembly and annotation assisted by DR Picazo).

. . GenBank G_enome . Sequencing
Isolate Coordinates Replicon type . size #Contigs  N50 G+C% tmRNA tRNA rRNA CDS
accession (bp) platform
Chromosome 4271752 29 455407 552 1 76 3 3943
Turkish2 35°58'21.8"N WSSV000 MinION  +
36°07'41.8"E 00000 lllumina
LPP-1 plasmid 551948 1 NA 534 0 0 0 529
Chromosome 4163020 25 663084 553 1 76 3 3845
Turkish3 35°58'21.8"N WSSWO00 MinION  +
36°07'41.8"E 000000 lllumina
LPP-1 plasmid 551948 1 NA 534 0 0 0 529
Chromosome 4234579 29 2192443 553 1 76 3 3912
. 35°58'21.8" N . WSSX000 MinION  +
Turkish4 36° 07' 41.8" E Plasmid 1 00000 166346 1 NA 524 0 0 0 151 llumina
LPP-1 plasmid 551948 1 NA 534 O 0 0 529
Chromosome 4187578 23 488998 553 1 76 6 3853
35°58'21.8"N WSSYO000 MinION  +
Turkish5 36°07'41.8"E 00000 lllumina
LPP-1 plasmid 551962 1 NA 534 0 0 0 528
. 35°58'21.8"N WSSZ000 MinION  +
Turkish6 36° 07' 41 8" E Chromosome 00000 4202400 17 605029 552 1 69 6 3858 llumina
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Table 3. Summary of the assembly for Pantoea agglomerans genomes. All isolates contain LPP-1 plasmid. All assemblies have been published under
provided GeneBank accession number (assembly and annotation assisted by DR Picazo).

. . GenBank G_enome . Sequencing
Isolate Coordinates Replicon type . size #Contigs  N50 G+C% tmRNA tRNA rRNA CDS
accession (bp) platform
Plasmid 1 819 1 NA 51.3 O 0 0 1
LPP-1 plasmid 538570 1 NA 539 0 0 0 533

NA: N50 has not been estimated for plasmid sequences, as they are composed of few contigs, and here N50 is not informative.
LPP-plasmid identification: size (281-794kbp) and presence of thiamine biosynthesis gene.
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Grains originating from Turkey (provided by Ezgi Ozkurt) were used to isolate Gram-
negative bacteria on MacConkey agar. Isolation efforts were focused on colonies presenting
morphology similar to Pantoea isolates, and confirmed the presence of Pantoea in the majority of
tested grains.

Including field samples, a total of 56 species has been cultivated and identified; over 300

isolates have been cryopreserved in -80°C.

6.3 Establishment of phenotypically trackable Pantoea agglomerans

To verify the ability to colonize the host, Gfp-expressing, kanamycin and neomycin resistant
Pantoea agglomerans R1 was prepared by transformation with pRL153-GFP plasmid (see
methods). During in planta experiments, this tagged strain was easy to isolate using selective
media and easy to distinguish from other wild-type bacteria (including wild type Pantoea) present
on the seed and plant.

Electrocompetent cells were prepared from Pantoea agglomerans isolated from Runal
wheat variety. Plasmid was electroporated into cells, which after recovery, were plated on
selective media (R2A agar with kanamycin. After overnight incubation, expression of gfp was
confirmed visually by exposing plates to blue light (all colonies were fluorescent). Plasmid
harboring mCherry was introduced in the same manner. In further experiments, both strains

proved to maintain the ability to colonize the plant via inoculation to the grain and media.

Assessing the fitness impact of phenotypical markers

Bacterial strains with higher fitness will produce more offspring, resulting in increased frequency
over time (Wiser and Lenski 2015). Change in frequency caused by impact of plasmid (or different
fluorophore encoded on the plasmid) could skew results of competition essays. This means, that
strains with relatively similar fithess have to be used. To assess the fitness impact of pRL153-
GFP/pTW1-mCherry plasmids on Pantoea agglomerans R1 harboring the plasmid, ex vivo (in
liquid media) competition assays were conducted. Competitors were grown in R2A broth in 20 °C
in a deepwell plate. Once competition essays were started, platings were performed every 24
hours, and aliquots of competition mixture were transferred to a freshly prepared deepwell plate,
so each well contained a 100-fold dilution of the previous-day competition. The experiment lasted
eight days.

Once data was collected, further analysis was performed based on methods available in
literature (Nguyen et al. 1989). In brief, common logarithms of daily ratios of competitors were

calculated, and the relative growth rate was acquired using the linear regression against time.
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Relative fithess was calculated by adding one to the value of the slope divide by the daily dilution
factor (100). Each competition was performed in 8 replicates, statistical hypothesis testing was
performed using R.

This approach allowed me to compare head-to-head fitness of plasmid harboring, plasmid-
free, and their primed counterparts in comprehensive way. If relative fithess is equal 1, both tested
strains show exactly the same fitness; the more relative fithess deviates from 1, the stronger the
fitness difference between the competitors.

As shown in table 4, both plasmids have a minor impact on bacterial fithess (when
compared to wild-type). According to these competitions, strain expressing gfp shows 8.23%
relative fitness cost, while mCherry expressing strain has 9.38% fitness cost (both compared to the
wild-type).

When both plasmid harboring strains are compared directly in competition against one
another, pTW1-mCherry has 2.5% fithess cost compared to the pRL153-GFP harboring strain.

a) gfp/wild-type b) mCherry/wild-type c) 5 mCherry/gfp
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Figure 7. Competitions between Pantoea strains presented as change in common logarithm value of the ratio
of the competitors. If there is no fitness difference between competitors, slope should be equal to zero; the
steeper the slope, the higher the fitness difference between the competitors. Shown fitness differences, while
relatively low, are statistically significant. a) and b) show fithess competition between fluorophore expressing
strains and wild-type Pantoea agglomerans R1 strain.
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Table 4. Relative fitness. Fitness cost calculated using mean of common logarithms of 1st competitor, against
2nd competitor. In all cases, carriage of plasmid causes significant fithess cost. Fitness difference between two
plasmid harboring strains is lower than difference between wild-type and any of the plasmid harboring strains.
The number of replicates in all experiments is n=8; all experiments were performed over 8 days.

*P-value of the regression.

a) R1pRL153-GFP/R1WT

Replicates Slope (b) P-value FDR adjusted p-value fithess (w) of strain A
1 -0.15541 0.000015 0.00625 0.92229
2 -0.15448 0.000174 0.0375 0.92276
3 -0.17606 0.027355 0.05 0.91197
4 -0.19582 0.000142 0.01875 0.90209
5 -0.13605 0.000296 0.04375 0.93197
6 -0.17118 0.000166 0.025 0.91441
7 -0.17999 0.000172 0.03125 0.91000
8 -0.14771 0.000139 0.0125 0.92614
Average 0.91771
Standard deviation 0.00977
Fitness cost 8.23%
Confidence Interval 0.00773

R1 pTW1-mCherry is significantly less fit than R1 WT
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b) R1 pTW1-mCherry/ R1 WT

Replicates Slope (b) P-value FDR adjusted p-value fithess (w) of strain A
1 -0.19720 0.000210 0.05 0.90140
2 -0.19811 0.000184 0.04375 0.90095
3 -0.19119 0.000019 0.01875 0.90441
4 -0.20866 0.000010 0.0125 0.89567
5 -0.16307 0.000142 0.03125 0.91846
6 -0.18711 0.000173 0.0375 0.90644
7 -0.19983 0.000022 0.025 0.90008
8 -0.15624 0.000004 0.00625 0.92188
Average 0.90616
Standard deviation 0.00925
Fitness cost 9.38%
Confidence Interval 0.00817

R1 pRL-153-GFP is significantly less fit than R1 WT

¢) R1pTW1-mCherry/R1 pRL153-GFP

Replicates Slope (b) P-value FDR adjusted p-value fithess (w) of strain A
1 -0.05041 0.011823 0.025 0.97479
2 -0.06352 0.002053 0.01875 0.96824
3 -0.04021 0.035005 0.03125 0.97990
4 0.00852 0.840364 0.05 1.00426
5 -0.09135 0.000644 0.00625 0.95432
6 -0.04814 0.060346 0.0375 0.97593
7 -0.03590 0.198915 0.04375 0.98205
8 -0.08198 0.001821 0.0125 0.95901
Average 0.97481
Standard deviation 0.01540
Fitness cost 2.52%
Confidence Interval 0.01287

R1 pTW1-mCherry is significantly less fit than R1 pRL153-GFP
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6.4 Colonization dynamics
Impact of inoculum size on colonization dynamics

Our experiment was aimed at answering three important questions. Are fluorophore-tagged
Pantoea agglomerans strains able to colonize wheat hosts? Does inoculum size impact
colonization dynamics? And, is there a minimal inoculum size threshold required for successful
colonization of the plant?

To answer these questions, | conducted several experiments where grains were sterilized
and then colonized by a tagged bacterium. Bleached grains were inoculated with six tenfold
dilutions of the bacterial culture and, after 24 hours, they were placed in the fresh plant media. Six
days after innoculation, once the roots were grown, the sampling began. In each sampling, plants
from each treatment were harvested. One or two biological replicates were analyzed, each
biological replicate being a single plant. Roots were cut off from the shoot (since the whole
rootsystem was sampled, each plant could be sampled only once), homogenized and CFU of gfp-
tagged Pantoea estimated by plating six to eight tenfold dilutions of the homogenate. To check for
the cross-contamination, a negative control comprising plants grown from bleached, non-
inoculated seeds, was prepared yielding no fluorescent and kanamycin resistant colonies.

Within first six days, the absolute number of recovered tagged Pantoea was similar
between all treatments, independently of the number of cells used for colonization experiment
(figure 8). This hinted at the necessity to increase the resolution to document the early dynamics of
wheat germ colonization. In the following days, slow growth of Pantoea population was observed.
Tagged Pantoea was also recovered from several leaf samples, though the numbers were
inconsistent. Because of the cultivation method used for the experiment, direct contact of aerial
parts of the seedling with liquid media could not be avoided. This means that counts should not be
used to monitor the process of colonization of the aerial parts of the plant. For the untreated
grains used for negative control no tagged Pantoea cells were recovered from leaves nor roots,

meaning that there was no cross-contamination between the treatments.
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Figure 8. Estimated GFP-tagged Pantoea agglomerans population sizes per root system. Each color
represents different inoculum size used or the treatment, each dot represents single sampled
individual. Inocula sizes shown as estimated CFU of Pantoea used for inoculation of the grain,
population density expressed as CFU per gram of root fresh weight. a) no correlation between
inoculum size and population density on the root; by the time of first samplings all roots have reached
the saturation point, b) density of Pantoea population is more variable, overall density in the shoot is
lower than density in the root.

Inocula size:
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By day six, all experimental treatments yielded similar Pantoea population size per gram of

root fresh weight. Density remained stable over time, suggesting that maximal bacterial population

density has been reached. Final population size was independent of inoculum used. Some of the

factors that could limit the bacterial population are lack of nutrients, a signal from the host or
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guorum sensing; these factors are elaborated further in following experiments and in the
discussion. As for the shoot, no clear trends in population density are visible, either in time nor in
the relation to inoculum used.

This experiment showed that colonization, and following proliferation of Pantoea are more
dynamic than thought, the process of population density increase has not been recorded in this
experiment. While no usable data on early colonization dynamics were provided, maintained

population was observed until the end of the experiment (18 days post inoculation).

Observation of colonization dynamics with daily samplings

In a follow up experiment, the resolution of the sampling was increased. Bleached seeds were
inoculated with GFP-tagged Pantoea and transferred to plant media where these were
germinated. First sampling took place 24-hours after the inoculation. Inoculum size was set to 750
and 75,000 CFU per grain by firstly counting cells in Thoma Chamber, later confirming the actual
CFUs by plating. Due to the small size of 24-hours old seedling, each replicate consisted of three
whole specimens pooled together. Each of the samplings comprised three biological replicates of
each treatment (three isolations from three pooled seedlings, overall nine plants per inoculum
size).

Both smaller and higher inocula reached Pantoea agglomerans cell counts higher than the
number of cells inoculated on the grain, respectively within 24- and 48-hours. Thereby, Pantoea
agglomerans proliferation was clearly confirmed (figure 9).

Overall, the growth of the Pantoea population continued during the whole experiment.
Within 24-48 hours all the plants showed similar population density.

This suggests, that the most dynamic population growth happens before 48-hour mark. In
addition, following the further increase of Pantoea population seems to follow root growth,
suggesting that root-size-related factor is limiting further bacterial density increase, making the root
mass a proxy for this not yet established factor. Even if a host’s root system mass is not limiting
Pantoea population directly, it could be looked into as an easily measurable proxy of such a
limiting factor. If relationship between root mass and maximum carrying capacity is linear, once
standardized per gram of the root system, plot of population density should reach plateau and
oscillate within the same range afterwards.

During the experiment, no GFP-expressing Pantoea was recovered from negative control:

germs/seedlings grown from non-bleached seeds.
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Figure 9. Samplings were performed very 24 hours, 3 root systems per replicate
were sampled, homogenized, diluted and plated. Small inoculum (blue) equals
750 CFU, a large inoculum (orange) equals 75,000 CFU. a) Within first 48 hours
both treatments (inoculum sizes) showed average Pantoea population higher
than inoculum size, steadily growing until day 4. b) Average mass of root system
of each replicate on the logarithmic scale. c) Once standardized per gram of fresh
weight of root tissue, the population of Pantoea appears to saturate the host
within first 24 hours independently of the inoculum size.
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As shown above, once standardized to the fresh weight of root, the population of Pantoea
appears to be stable, supporting role of the root mass as a proxy for factor limiting the bacterial
growth. This appears to hold true throughout the experiment. This simple proxy may not remain
accurate once the plant grows further and roots age, becoming less uniform. For example, older
parts of roots have been shown to diffuse fewer nutrients that can be used by the root-associated
bacteria (Sasse et al. 2018). Based on the standardized data, accommodating for host growth, it is
clearly visible, that Pantoea population appears to be established as early as within first 24 hours.
This highlights the necessity of even higher temporal resolution needed for early dynamics of
colonization and supports the hypothesis of priority effect taking place.

Inoculation of grown root system

In order to further increase the resolution and observe even earlier colonization stages, a new
experimental design was developed. Bleached grains were cultivated separately in sealed six-well
plates in order to exclude external contaminations. Once the roots reached a length greater than
1.5 cm, seedlings were transferred from the wells onto the lid of an Eppendorf tube. The tube lids
were equipped with a slot that allowed to place the roots inside the tubes filled with plant media
inoculated with Pantoea. While risk of contamination from exogenous microbiota was limited, the
drawback of this method is the persistence of bacteria that survived the bleaching protocol. The
presence of such bacteria was visible in the previous experiments, though these did not appear to
disturb the colonization process and their growth was hampered by antibiotics.

To put more emphasis on the early colonization stage, the number of bacteria used for the
inoculation was further reduced (for this experiment it was ca. 160 CFUs of Pantoea or 40 CFUs of
E. coli per plant). At every sampling time point, three replicates per treatment were harvested,
homogenized, and bacterial load was estimated by plating on the selective media.

During this experiment, persisting environmental bacteria had an opportunity to proliferate
on the root of the seedling before the inoculation with tagged Pantoea. In this context, it appears
that ‘being the first colonizer’ of the growing host gives benefit over the incoming colonizers. When
no such benefit was given to persisting environmental bacteria (inoculation of the grain—before
the host began to grow), inoculated Pantoea was able to take over the host and no contaminants
were observed. This observation led me to the hypothesis that priority effects are taking place
during the colonization of the root: late colonizer (Pantoea) was unable to outcompete already
present bacteria (contaminants).

Some surviving environmental bacteria could grow on selective media supplemented with
kanamycin. It is common to find naturally occurring antibiotic-resistant bacteria in soil (Durso et al.

2016). Despite these difficulties, in this experiment | showed Pantoea’s ability to colonize the root
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and its proliferation in the system, which contrasts with E. coli and its low abundance (figure 10).
Additionally, | proved that plant media cannot sustain proliferation of E. coli, which is not plant
colonizer. This suggests that root exudates may not be readily utilized or are not sufficient for E.

coli growth.
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Figure 10. In this experiment roots, that were already pre-grown were colonized. Sampling began three
hours post inoculation; each time three replicates were sampled. Missing point means that no tagged
bacterium was detected. a) estimated bacterial populations on roots. Once inoculated proliferation was
observed, though due to a strong priority effect Pantoea population did not reach density observed in
previous experiments. High standard deviation is a result of variation between surviving wild type members
of the microbiota. Shown CFUs are standardized per gram of root tissue (fresh weight). b) Pantoea was
observed in the media, while E. coli was observed sporadically, though it was still observed in media
originating from plants that had E. coli free-root. Values presented are absolute values: total population in
whole media volume.
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6.5 Establishment of gnotobiotic system

In order to further investigate the role of priority effects, the ability to introduce competitors in
a controlled order was necessary. Without removing all the microbiota from the root and
maintaining this state, observed results would be influenced by dynamics of multi-species
assemblage. While being closer to natural microbiota assembly, it cannot be considered a
feasible focus of this study.

Gnotobiotic system aimed at solving two main problems: preparation of plants free
from bacterial colonizers and maintenance of germ-free plants (or plants with controlled
microbiota). Once both elements were in place, further experiments researching the priority

effect on Pantoea agglomerans colonization of wheat were possible.

Preliminary experiments

In the preliminary experiment two major changes, comparing to previously used methods,
were introduced. First, bleaching was extended to one hour (compared to previous 20
minutes). Second, the plant medium was amended with an antibiotic cocktail consisting of
kanamycin (50 ug/ml), spectinomycin (50 pug/ml), streptomycin (25 ug/ml).

To assess the efficiency of the changes in media composition and bleaching
treatment, an experiment was performed. The experiment comprised the treatments
described in table 5. After cultivation, roots were separated from the differently treated
grains/plants in deep-well plates, homogenized and the supernatant plated to observe the
growth of wild-type bacteria on non-selective media (R2A agar). Aliquots of plant medium
from each treatment were plated as well. Three randomly chosen, four-days old plants from

each treatment were used for plating.

Table 5. Treatments used for the preliminary experiment. Bacterial growth was observed in all the
samples except for 60 minutes bleaching treatment paired with cultivation in plant media
supplemented with antibiotic cocktail.

Bleaching method Plant media Bacterial growth
Mock Without antibiotic Present
Mock With antibiotic Present
20 minutes bleaching Without antibiotic Present
20 minutes bleaching With antibiotic Present
60 minutes bleaching Without antibiotic Present
60 minutes bleaching With antibiotic Absent
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My results show that only the extended bleaching treatment, in combination with the
addition of the antibiotic cocktail in the plant medium, provided samples free from cultivatable
bacteria. No growth was observed after incubating R2A agar pates at 20° C for 48 hours. All
the plants suffered from fungal growth, which was most pronounced on the plants originating
from grains subjected to long bleaching treatment. For further experiments, an antifungal
compound (amphotericin B) was introduced, resulting in a strong inhibition of fungal growth

during the cultivation process.

6.6 Bleaching and maintenance of germ-free plants

After the pilot experiment, the protocol was further changed. Plant medium containing
50 pyg/ml kanamycin, 25 pg/ml spectinomycin and streptomycin was further supplemented
with 3 pg/ml amphotericin B to limit fungal growth. For growth in deep-well plate, breathable
sealing covers were used in order to improve air circulation.

After germination and initial root growth, seedlings were moved from 24-wells plate
onto a sieve (cell strainer) with a hole punctured in the middle (so that roots can grow
through the hole while the grain remains on the sieve—above the media level; see figure 11.
The sieves with plants were moved to 6-wells plates with plant medium (with inoculum) and
later on top of 50 ml falcon tube with plant medium. This experimental set-up made it easier
to maintain the plants (transferring to fresh media/vessels) while keeping the grain dry and
above the media level. Keeping the grain dry reduced fungal growth and reduced the amount

of grain borne exudates in the medium.
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Figure 11. Seedling growing on top of falcon tube in the new setup. The plastic sieve holds grain
above the medium level and provides the support for aerial parts of the plant. Roots are growing
through the hole punched in the middle of the sieve, reaching the media.

The experiment began by looking into two treatments. Bleached grains (1-hour long
bleaching) were germinated and cultivated in plant medium with antibiotics and fungicide.
Mock-bleached (water treatment) grains were germinated and cultivated in plant medium
without antibiotic and antifungal supplements. At day 8, plants which underwent the
bleaching treatment were divided into two subgroups. One remained in media supplemented
with antibiotics, the second was moved to antibiotic free media in order to allow plants to
recover for two days from the antibiotic/antifungal treatment before the final sampling. During
the 10 days long experiment, five samplings were performed (Figure 11).

RYSZARD SOLUCH 49



Day 3 Day5 Day 8 Day 10

Media Sampling Sampling Sampling Sampling Sampling
always Daily change of  Daily change of No media No media

changed on media media change change

sampling

day

Plant media

Figure 11. The timeline of the experiment. Plants were given two-day recovery period to test if
seedlings can recover from antibiotics. No significant recovery was observed.

First, the effectiveness of bleaching was tested by comparing plantings of wash-offs
from the grains after bleaching and after mock treatment, showing the removal of the vast
majority of microbiota. Three grains from each treatment were percolated in saline and
dilutions were plated, showing no bacterial growth from treated samples, while mock-
bleached samples showed significant bacterial growth. Since no tagged strain was
introduced, all the counts are of native grain associated microbiota, that managed to colonize
the plant.

On days 3 to 8, plants grown in an antibiotic free medium showed an increasing
bacterial load (in absolute numbers per sample), which can be related to mass growth. Once
the data has been standardized in regard to mass, it became clear that population remains
stable (figure 12), meaning that the carrying capacity has most likely been reached. The
colony counting was challenging due to the variety of types and sizes of colonies and
because some plated dilutions showed changes not only in counts but in a morphological
diversity of observed colonies. This could be due to a variety of synergistic and antagonistic
interactions between microbes present in the samples. Therefore, as for wild-type
communities, that this experiment should be considered more of a skewed snapshot than
real absolute numbers of bacteria. Nonetheless, trend of growth of CFU in parallel to growth
of root mass is still clearly visible. (Figure 12).

Both bleached treatments, except for single colonies in some technical replicates,
showed no bacterial growth.
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Figure 12. Total number of cultivable bacteria recovered from non-treated plants (native microbiota).
Timepoint O is the grain percolation. a) per root, b) data standardized per gram of root mass; at the
sampling time where root was too small to separate from the germ (up to 72-hour post germination),
mass of the root was not recorded and the whole germ was homogenized. N=3; at 120 hours one of
the samples showed no bacterial growth.

Another important observation was the difference of masses between the treated,
treated with two days of recovery period in antibiotic free media and mock-treated plants

(figure 13). Treated plants showed significantly slower growth and discoloration compared to
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mock-treated plants. Two days of recovery had not improved the mass and morphology of

the plants.
0.16- T
K3 Root
. —o K3 Shoot

I _o_ﬁ?%

0.04 1 g

Non t}eated Treatnl1ent 1 Treatrﬁent 2

Figure 13: Impact of the bleaching and antibiotic treatment with and without recovery on plant mass
(on day ten). Bleached plants, have lower mass in both shoot and root, compared to non-treated
control plants. Plants do not recover within 3 days without antibiotics. N=3

Despite significant impairment of the growth, the cultivation methods | used enabled
the maintenance of plants free of detectable bacteria. Two-day long recovery period (growth
of treated plants on antibiotic free media) did not show a significant increase in the fresh
weight of roots or shoots. On the other hand, rhizosphere and media remained free of
cultivable bacteria. Insignificant growth of mold was observed on the grains, though plants
remained unaffected in any other way. As a result of this experiment, kanamycin was

substituted with neomycin, which shows reduced impact on plant morphology.

6.7 Colonization of germ-free plants

For this experiment, further minute modifications were introduced to -cultivation
methods. After mock or bleaching treatment, the grains were placed on agar solidified plant
medium (with or without antibiotics and fungicide) in a deep-well plate. This setup was
supposed to minimize the soaking of the grain, further reducing leakage of its contents to the

media.
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Unfortunately, such a germination method appeared to slow down the initial growth,
requiring an additional 24 hours for germination. Moreover, roots grew through the surface of
the agar disc, making it hard to remove the agar without damaging the plant (few plants had
to be discarded due to damage). Overall, no significant benefit for this germination method
was shown, therefore, the previously described germination method in the liquid plant
medium had been used for further experiments.

Four samplings were performed during the experiment each from three biological
replicates (four biological replicates for colonized plants on day thirteen) of each treatment
and three technical replicates for each biological replicate, with an additional sampling of 24-
hour old, antibiotic free media from to-be-inoculated plants. Samplings from the treated
plants provided no significant bacterial growth except for one biological replicate (day 10).

On day nine, treated plants were moved to non-selective medium. On the day 10
medium was sampled (proved to be free of cultivable bacteria,) and the plants moved to
tubes with fresh medium inoculated with ca. 1200 of Gfp-expressing Pantoea agglomerans.
Final sampling was performed thirteen days after inculcation. See figure 14 for the detailed

timeline.
Day 4 Day 8 Day 10 Day 13
Media Daylp Sampling Sampling Sampling
always SR ""&Change of media Change of media Change of media  Media change
changed on every other day | every other day every day on day 12
sampling
day
Day 10
Inoculation

+
change of media

|

Plant media

Figure 14: Timeline of the experiment.

Pantoea agglomerans established, within 3 days, a larger population than that in the
previous grown root system inoculation experiment (6.5). Absolute number of colony forming
units per root system was 4.00x10° with a minimum absolute deviation (MAD) of 1.30x10°
and 7.3x10° with a MAD of 1.91x10° when standardizing per gram. The relatively high MAD
highlights the diversity between the samples. However, the population density remained 10-

100 times lower than what was achieved during colonization experiments, where the
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bleached grains were inoculated directly. There are few plausible explanations to this
observation; it is likely that the observed difference was either due to the shorter colonization
period or the older age of the roots in combination with their smaller size due to use of the
antibiotic treatment. It cannot be ruled out at this point that colonization with non-cultivatable
bacteria refrained Panteoa agglomerans cells from successfully colonizing. All the colonies
observed on plates during the execution of this experiment expressed GFP and appeared
green.

As plant media contained a significant number of tagged Panteoa agglomerans cells
after 24 hours of cultivation, it is likely that the colonization process was still ongoing (a large
number of freely swimming bacteria, ready to associate with the plant) or cells that
proliferated on the root disassociated from its surface. This can be addressed by expanding
post-inoculation time.

To address the age of roots and in an attempt to reduce new experiment needs to be
designed and executed.

At the end of the experiment, | observed a significant difference in fresh weight
between plants (see figure 15). Therefore, it can be hypothesized that the difference in plant
fresh weight was caused either by antibiotic treatment or lack of growth-promoting bacteria at
early growth stages.
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Figure 15: The mass (in grams) of treated (blue) and not treated (orange) plant. Root (a) and shoot (b)
weighted separately.

Single colonizer experiment

A simple, single-colonizer experiment was performed in order to check all the changes
introduced during the establishment of new gnotobiotic plant growth system and current

experimental setup (figure 16 a). Post inoculation growth curve was observed before
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reaching 9.6x107+1.83x10” MAD (n=6) CFU per g saturation point (figure 16 b), which is in

line with previous experiments.

This experiment validated the pipeline and established baseline for following

experiments using the same set up. Number of colonizers CFU in media was measured as

well (figure 16 d). Since media was replaced daily, meaning that registered CFU was shed

from the root and/or proliferated in the media.
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Figure 16. Single colonizer (GFP-tagged Pantoea) was introduced to the media. a) scheme of the
experiment, b) CFU of Pantoea per root ¢c) CFU of the colonizer per gram of root tissue, d) total
number of colonizers in media. Population of the Pantoea on the root grows, until saturation point is

reached. Same trend
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Numerical priority effect experiments

The experimental design for numerical priority effect experiments is based on previous
experiment. For the control experiment roots were inoculated with a 1:1 mixture of the GFP
and mCherry tagged Pantoea (figure 17 a).

During the control experiment the first measurement (5 hours post inoculation)
showed 91 with a MAD of 19 CFU/g of the first competitor (n=4; one sample excluded due to
high contamination), and 40+52 MAD; ratio of 15:2" colonizer being close to 2:1) The GFP-
tagged strain reached a median population size of 1.2x10% with a MAD of 3.8x10” (n=5) while
the mCherry-tagged strain population reached a similar median density 1.2x10%+5.2x10’
MAD CFUs per gram; n=5). Consequently, | conclude that in this experimental system | do
not observe difference in fitness between the colonizers. Notably, the total Pantoea
population in the roots at the end of the experiment reached a median density of
2.2x108+1.0x108 MAD CFUs per gram (n=5), which is within the same order of magnitude of
the bacteria density observed in the single colonizer experiment (figure. 16 b). This result
further supports our estimate of the root habitat carrying capacity.

To test for the effect of preemptive competition in Pantoea colonization of the wheat
roots, I conducted colonization experiments were two competitor strains are inoculated
sequentially with a delay of 24 or 48 hours between the first (mCherry-tagged) and second
(GFP-tagged) incoming colonizers (Figure 17 b). The population size of both strains in the
root sample was documented daily as described above. Performing the experiment with 24 h
delay of the 2" incoming colonizer shows an initial relative density of the 152" colonizers of
ca. 12:1 (Figure 17 d; day 2) with 2" colonizer population median density of 3.9x10%+2.0x10°
MAD of CFUs per gram (n=5), while the 1% colonizer median density was 4.6x10%+4.2x10*
MAD of CFUs per gram (n=5). Our results further show that the difference in population size
between the two colonizers increases with time. Ten days post the 1% colonizer inoculation,
the 1%t colonizer reached a median density of 2.8x108 CFUs per gram (n=5), while the 2"
colonizer reached a median density of 5.9x10° CFUs per gram (n=5). Thus, the median of
the total bacterial density at the end of the experiment was 2.8x108 CFUs per gram (n=5)

with a relative density of the 1st:2nd colonizers being 475:1 (Figure 17 d).
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Figure: 17. Numerical priority effects. | inoculated wheat root with primary colonizer. Afterwards, |
introduced secondary colonizer with 24 or 48 (a) hour delay. This resulted in secondary colonizer
being less abundant compared to primary colonizer (100 fold less abundant for 24-hour delay
experiment and 1,000 less abundant for 48-hour delay experiment). When | introduced both colonizers
simultaneously (b), 1:1 ratio is maintained through the experiment.

Performing the numerical priority effect experiment with a 48h delay of the second
colonizer reveals slightly different dynamics. Directly after the inoculation, the population size
of the 2" incoming colonizer was similar to that of the 2" colonizer in the 24h experiment
(median: 2.6x10%t 1.4x102 MAD per gram (n=5); figure 17 e). Nonetheless, the difference
from the 15t incoming colonizer was much larger with a 152" ratio of 1030:1. The population
size of both colonizers increased over the experiment duration. Notably, the 2" colonizer
was not observed in several plants during the experiment, while the 1% colonizer was
observed in all of the plants at all days. On the tenth day of the experiment the 1% colonizer
reached a median density of 2.3x108+8.4x10” MAD per gram (n=5), while the 2" colonizer
reached a median density of 1.5x10%+1.5x10° MAD per gram (n=5), with a total Pantoea
population median density of 2.3 x108+8.4x10” MAD per gram root (n=5). The final ratio
between the 12" colonizers was 155,762:1, hence the 1% colonizer had an even larger
advantage over the 2" incoming colonizer in the 48 hours delay experiment.

To further compare the impact of priority effects in the colonization of the root system,
ratios of colonizers were calculated over the time of the experiment. In order to address high
variability and skew of the data, log transformation was performed. Once common logarithm
of these ratios in time was plotted (figure 18), regression models were calculated (table 6).
Additionally, log transformation was used for in vitro bacteria relative fithess experiments,

therefore using similar approach here improves cross-experiment data compatibility.
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Medium from sampled plants were also plated. CFUs were calculated for total
number of bacteria in whole media volume and plotted (figure 19 a-c). Logio of competitors
ratio was calculated and plotted (figure 19 d). Regression models are showed in table 7.

For the experiment with no delay, the first measure after five hours of inoculation
shows population size of 2.9x102 vessel (n=5) for first competitor, and 8.0x10°+6.3x10° MAD
vessel (n=5), with ratio of the 152" colonizer is: 1:275. Final Pantoea population, 120 hours
after inoculation, was 2.3x107+3.0 x10®° MAD vessel (n=5) for first competitor, and
1.2x107+3.5x10% MAD per vessel (n=5), giving total of 3.5x10” CFU/g. Final ratio was (15:2"
colonizer): 2:1.

In the experiment where the second colonizer was delayed by 24 hours, the first
measure five hours post inoculation with second colonizer, shows 2.8x10°+4.5x10* MAD per
vessel (n=5) for first competitor, and 1.3x10%+1.3x10° MAD vessel (n=5), with ratio of the
12" colonizer is: 21:1. Final measurement, 216 hours after inoculation was
6.8x107+1.7x10" MAD vessel (n=5) for first competitor, and 6.0x10°+3.7x10” MAD per vessel
(n=5), giving total of 6.9x10” CFU/g. Final ratio was (12" colonizer): 114:1.

In the samples where second colonizer was delayed by 48 hours, first measure five
hours post inoculation with second colonizer, shows 2.7x10%+1.8x106 MAD per vessel (n=5)
for first competitor, and 1.0x10%+2.1x10% MAD vessel (n=5), with ratio of the 152" colonizer
is: 263:1. Final measurement, 216 hours after inoculation was 1.9x10%+2.0x10” MAD vessel
(n=5) for first competitor, and 3.1x10*+2.5x108 MAD per vessel (n=5), giving total of 1.9x10°8
CFU/g. Final ratio was (1%:2" colonizer): 6119:1.
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Figure 18. Plot of logarithmic ratios of colonizer over time for no delay experiment (1:1 ratio), 24-hour
delay experiment and 48hour delay experiment. While for no-delay experiments, ratio of competitors
remains constant throughout the experiment, it changes for 24- and 48-hour lag experiments.

Table 6. Slope and p-value of the slope. Slope was calculated using
common logarithm of the ratio of the competitors in plant roots.

Experiment Slope (b) R-squared P-value
No delay 0.0077 0.0007 0.9061
Sfpeﬂ;':ﬁt - altenative 4 4753 0.0155 0.2730
24-hour delay 0.1203 0.0857 0.0287
48-hour delay 0.1255 0.1216 0.529
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Figure 19. Pantoea’s abundance in media during a) no delay experiment, b) 24-hour delay and c) 48-
hour delay. d) common logarithm of ratios of competitors in media.

Table 7. Slope and p-value of the slope. Slope was
calculated using common logarithm of the ratio of the

competitors in media.

Experiment  Slope (b) R-squared P-value
No delay 0.18306 0.2049 0.0344
24-hour 0.02826 0.005799  0.6191
delay

48-hour 0.1159 0.1573 0.07504
delay

6.8 No adaptive priority effects for early

In vitro fitness impact of priming

In vitro competitions were performed as described previously in chapter 6.3. This time |

focused on assessing the impact of priming on fitness of Pantoea cultures. As visible by the
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slope (figure 20), for both setups fitness difference between competitors is low (up to 1.5%).

Statistical analysis shows that the slope was not statistically significant (table 8), further

suggesting negligible fitness difference.
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Figure 20. Competitions between Pantoea primed and non-primed strains presented as change in
common logarithm value of the ratio of the competitors. N=8
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Table 8. Relative fitness. Fitness cost calculated using mean of common logarithms of 1st
competitor, against 2nd competitor. In all cases, priming causes fitness cost. N=8, 7 days each.
*P-value of the regression.

a) R1 pTW1-mCherry Primed/R1 pRL153-GFP

replicates Slope (b) P-value FDR adjusted p-value fitness (w) of strain A
1 -0.00056 0.964609 0.05 0.99972
2 -0.03889 0.214774 0.025 0.98056
3 -0.00677 0.714400 0.04375 0.99662
4 -0.02409 0.292576 0.03125 0.98795
5 -0.03363 0.119496 0.0125 0.98318
6 -0.04061 0.074156 0.00625 0.97970
7 -0.01673 0.417570 0.0375 0.99164
8 -0.03355 0.131233 0.01875 0.98323
Average 0.98782
Standard deviation 0.00751
Fitness cost 1.22%
Confidence Interval 0.00628

R1 pTW1-mCherry Primed is less fit than R1 pRL153-GFP

b) R1 pRL153-GFP Primed/R1 pTW1-mCherry

replicates Slope (b) P-value FDR adjusted p-value fithess (w) of strain A
1 -0.03249 0.249282 0.01875 0.98376
2 -0.06708 0.083599 0.0125 0.96646
3 -0.02609 0.260931 0.03125 0.98696
4 -0.01079 0.700655 0.04375 0.99460
5 -0.02904 0.254944 0.025 0.98548
6 -0.04140 0.036233 0.00625 0.97930
7 -0.01706 0.377136 0.0375 0.99147
8 -0.01847 0.766794 0.05 0.99076
Average 0.98485
Standard deviation 0.00886
Fitness cost 1.52%
Confidence Interval 0.00740

R1 pRL153-GFP Primed is less fit than R1 pTW1-mCherry
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Impact of priming on colonization dynamics

The stark differences were observed between the 15t and 2" incoming colonizers in the lag
experiments may be explained by the presence of an adaptive priority effect in Pantoea
colonization of the root. To further test if early incoming colonizers have a fitness benefit over
the late incoming colonizers, | performed an in planta competition, as shown in the figure 21,
between Pantoea isolated from the root — i.e., primed — and Pantoea cultivated in liquid
media (i.e., non-primed).

The priming of Pantoea was performed as in my standard inoculation procedure.
Seven days post inoculation the primed Pantoea cells were isolated from the roots and
dilutions were directly used (no in vitro cultivation step after isolation from plant) in a mixture
with Pantoea grown in liquid media to inoculate germ-free roots (figure 21 a).

The documentation of colonizer population size directly after the inoculation shows
that the initial ratio of primed to non-primed 1:7 (Fig. 4B. The population size of both
colonizers increased over the experiment duration and stabilized at day 6 post inoculation.
On day 9 of the experiment the primed colonizer reached a median density of
5.6x10°%+2.3x10% MAD per gram (n=6), while the non-primed colonizer median density was
3.9x107+1.1x10" MAD per gram (n=6), with a total population median density of
4.5x107+1.0x10” MAD per gram root (n=6). The final ratio of the primed and non-primed

competitors was thus 1:7.

CFU pergmmoot(og)
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Figure 21 In planta competition for adaptive advantage. a) Two isogenic Pantoea agglomerans strains
were prepared. First (in orange) was cultivated in R2A broth with transfer every 24 hours; second
strain (blue) was inoculated into a plant. After seven days, both strains were used to inoculate fresh
seedlings. Despite different pre-inoculation treatments, proportion between strains remained stable
through whole experiment.b) population density of tagged colonizers throught the experiment.
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Ratios of CFUs of the competitors were calculated and log-transformed. As
previously linear regression was applied (figure 22 a and b). Results of swap (switch of tags
on primed/non-primed competitors) experiment are also reported. Low value of the slope
confirms lack of priming effect. Counts obtained from media were processed in analogous

manner (figure 22 ¢ and d).

a) b)

4] Experiment Slope (b) R-squared P-value
& No priming 0.0077 0.0007 0.9061
0;27 "I é i Primi 0.0408 0.0311 0.1108
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4 Experiment Slope (b) R-squared P-value
&5 No priming 0,1832 0.2049 0.0344
g
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Priming swap 0.0020 0.1402 0.0019
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Figure 22. Results of priming experiment and swap experiment: a) common logarithm of ratio of
competitors (C1 and C2) extracted from root throughout the experiment. Blue-no priming experiment
(control); orange and green: priming experiment; b) Slope and statistical evaluation of the linear
regression model; ¢) common logarithm of ratio of competitors (C1 and C2) in media throughout the
experiment; d) slope and statistical evaluation of linear regression model

6.9 Pantoea persistence in the wheat tissue

To further follow the Pantoea presence in the wheat tissues, | sampled older plants that were
inoculated during the colonization experiments. Our results show that within 32-40 days post
inoculation Pantoea is present in the wheat plants, where the highest density was observed
in the primary and crown root (figure 23). Additionally, Pantoea was highly abundant in the
stem, while the population density was lowest in the leaves. Younger part of the root (crown

root) harbors higher density of Pantoea than older primary root.
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d
CFU per gram (fw)
location 38 days 46 days

a 70, 9x10° 0, 4x10°
b 0, 80 0, 1x10°
c 1x10°, 3x107  3x106, 3x10°®
d 2x10%, 2x108  2x109, 2x10°
e 6x107,2x107 7x107,2x10"

Figure 23. Persistence of Pantoea in plants, 38 and 46 days post inoculation.
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7 Discussion

In this thesis | performed experiments towards the aim to explore the dynamics of host
colonization and to characterize the effect of priority effects. In comparison to previous work
on host colonization dynamics performed with Hydra as the host (Wein et al. 2018),
experimenting with wheat (i.e., my host) presents several differences and hence novel
challenges. Firstly, through the experiment host forms ever growing habitat, secondly,
different plants from the same cohort show significant variation in size (especially early
during the experiment). To alleviate varied plant size, instead of using absolute values of
bacterial populations, | used the population density that was calculated relative to gram of
host tissue.

Challenges with obtaining and maintaining germ-free hosts were originating from two
main reasons. Firstly, the removal of viable bacteria and fungi without damaging the germ
was more demanding task than anticipated. Most available protocols are developed for
seeds of Arabidopsis or other plants with smaller seeds, which can be easily penetrated by
bacteriocidal agents. In wheat, while the embryo itself may be germ-free, the endosperm of
seeds can still be inhabited by bacteria (Robinson et al. 2016b). Due to the structure of the
seed, the embryo is not well protected from bleach (bran covers whole seed and it has to be
penetrated to let bleach sterilize the endosperm). On top of that, it is known, that spores are,
to a certain degree, resistant to bleaching (Young and Setlow 2003; Eissa et al. 2014).

Secondly, antibiotic resistance is widespread among soil-associated bacteria not only
due to human intervention (Cycon et al. 2019; Armalyté et al. 2019; Zhu et al. 2019) but can
occur naturally as well (Allen et al. 2010). This means, that germinating the grains in
an antibiotic cocktail may not be enough to assure removal of all bacteria, which was
confirmed in preliminary experiments; only bleaching treatment and germination in antibiotic
cocktail assured that most of the seedlings were free from cultivable bacteria.

Once the methodology for acquiring germ-free plants was established, reintroduction
of Pantoea with phenotypic marker was possible. My findings show, that the wheat roots
have a limited carrying capacity, which is well correlated with the root (i.e., habitat) size.
Throughout the colonization experiments, the Pantoea population density increased and
around 108 CFU/g of root fresh weight, independently of the tested individuals. Thus, further
increase of the bacterial population was corelated with the plant growth. Notably, despite the
bacterial population size increase, the density expressed as CFU per gram of plant tissue
remained stable. The bacterial densities | observed in our experiments are in line with
average bacterial density observed in the rhizosphere (108-10° CFU per gram) and the root

endosphere (10*-108 CFU per gram) (Bulgarelli et al. 2013). From this | conclude that our

RYSZARD SOLUCH 66



liquid media cultivation approach provides a suitable environment for the wheat plants and
supports growth of host associated bacteria and colonization experiments.

Following, data regarding Pantoea in spent plant media can be compared to
observations of bacteria in soil, put together in beforementioned review by (Bulgarelli et al.
2013). Again, up to 2x10° CFUs per milliliter of spent media from Pantoea ‘saturated’ plants
were observed, which is in line with 10°-10° per gram of soil. Since the wild-type microbiota
was assessed, higher population densities may be the result of trophic network present in
soil and rhizosphere. Microbial interactions composing these networks include cross-feeding
and other synergistic interactions (Wei et al. 2015). Trophic network may promote more
efficient utilization of available nutrients, explaining plant’s ability to maintain denser
microbiota. This is not the case for my experimental system, where due to colonization with
isogenic strains, no trophic networks can be formed: Pantoea can utilize only readily
available nutrients.

During my colonization experiments, bacterial growth was observed not only on the
plant itself, but in media as well, reaching values up to 2x10® CFU/ml. Since the plant media
used in my experiments is lacking a significant carbon source, it is unable to promote
bacterial growth by itself. Bacteria present in the media during the experiment were therefore
shed from the root between the exchanges of media or were able to proliferate due to
nutrients coming from the plant by means of rhizodeposition. It has been estimated that 10-
16% of the nitrogen and 11-17% of the carbon fixed via photosynthesis is leaking into the
rhizosphere (Nguyen 2003; Jones et al. 2009). Rhizodeposition supplies, among other, low-
molecular-weight carbon substrates such as glucose, glycine, or citric acid (Bulgarelli et al.
2013) providing necessary carbon sources for bacteria. Thus, the plant provides enough
nutrients not only for bacteria colonizing the root but also for free-swimming bacteria in
media. Consequently, | conclude that nutrients deficit is not the reason for limited colonizer
density on root tissue. Nonetheless, our results clearly show that the Pantoea density in the
wheat root is stable during the late colonization stages. | hypothesize, that other factors may
be involved in the regulation of the maximal bacteria population density. These include

bacterial quorum sensing, and interactions with the plant immune system.

Regulation of bacterial population size via quorum sensing

Quorum sensing, includes various mechanisms with which bacteria coordinate their actions
in orchestrated, multicellular-organism-like fashion (Fuqua et al. 1994). Bacteria release
autoinducers (extracellular signaling molecules), which accumulate in the environment;
where their accumulation in the environment supplies a signal that enables the bacteria to

orchestrate the expression of dozens or even hundreds of genes, as a response to the
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bacterial cell density (Papenfort and Bassler 2016). Examples of this phenomena are biofilm
formation, production of antibiotic and virulence factors. Very vibrant and sophisticated
example is symbiosis between bioluminescent Vibrio fischeri and its host Euprymna scolopes
(Hawaian bobtail squid). The bacteria ‘light up’ the squid at night when the bacterial
population is densely packed in light organs. The bioluminescence stops in the morning,
when light organs are cleansed from the majority of bacteria, reducing the population density
(Verma and Miyashiro 2013).

Our observation of the root ‘saturation’ and the high abundance of Pantoea |
observed in the plant media indicates bacterial shedding from the root. Bacterial shedding
could be considered as a form of population density regulation in biofilm-like clusters
observed on the root. A recent study of Pseudomonas putida isolated from tomato roots,
showed that expression of putisolvin, a biosurfactant required for cell's escape from the
biofilm, is regulated by the quorum sensing (Carcamo-Oyarce et al. 2015). That research
further described a stochastic auto induction in young colonies, where induced bacteria leave
the population before inducing neighboring cells; only in aged biofilm, induction can be strong
enough to cause biofilm collapse. Pantoea stewartii subspecies stewartii is has the ability to
regulate biofilm structure depending on the cell density (Koutsoudis et al. 2006). Hence, our
finding of Pantoea in the medium in high density points at aged biofilm at its peak density.
This is in line with our observation of population density limit on the root.

Notably, host-associated bacteria may use exogenous metabolites sourced from the
host for their quorum sensing molecules synthesis; in a way, including possible signals from
the host in the quorum sensing signaling. For instance the photosynthetic bacterium
Rhodopseudomonas palustri and at least one strain of stem-nodulating photosynthetic
bradyrhizobia utilize p-coumarate originated from plant host to produce their quorum sensing
molecule: fatty acyl-homoserine lactone (Schaefer et al. 2008; Ahlgren et al. 2011). Whether
Pantoea density in the wheat root may be regulated by a similar mechanism can be tested

experimentally and is subject for future investigations.
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Regulation of bacterial population size by the plant immune system

Abovementioned density-dependent pathogenicity is caused by expression of hrp/hrc gene
cluster; containing a Type 3 Secretion System (its name can be abbreviated to TTSS or
T3SS). The T3SS is oftentimes related to avoidance of the plant host immune system using
immune-suppressing effector proteins (Collmer et al. 2000; Block et al. 2008; Clarke et al.
2010; Waite et al. 2017). While direct immune suppression is not the only function of T3SS, it
is the best known function for that system (Macho 2016). As shown in experimental work on
Pseudomenas syringae, which may be associated with Arabidopsis, T3SS-defective mutants
have reduced population density compared to the wildtype bacterium; the bacteria density
can be increased if the host is deficient in nahG, which disrupts the salicylic acid mediated
immunity pathway (Hauck et al. 2003). Salicylic acid mediated immunity pathway has many
sophisticated regulatory mechanisms and the details of the mechanism of bacteria-mediated
interference of the pathway remain unknown (Huang et al. 2018). In this study, plant immune
system was not fully eradicating bacterial colonizers despite being activated. The plant
immune system is not only able to eradicate pathogens but also to regulate the population
size of resident bacteria. While simply damaging a plant can trigger a response of the
immune system (Choi et al. 2016), at least some pathways of the plant immune system seem
to be activated by microbes in a dose dependent manner (Denoux et al. 2008; Moroz et al.
2017). A similar mechanism might explain the observation of different Pantoea species and
strains showing different host specificity and ability to reach different population densities
depending on the host (maize, onion and fruit fly were tested) (Nadarasah and Stavrinides
2014). As shown in an immunodeficient Arabidopsis host, under favorable conditions of
extremely high humidity, even the growth of commensal bacterial communities may turn into
excessive proliferation, resulting in diseased plant phenotype (Xin et al. 2016). That
observation clearly demonstrates that the plant immune system is at least partially

responsible for regulation of saprophytic bacteria population size.

Priority effects in Pantoea colonization of the root.

In my experiments | looked for basic mechanism explaining vertical inheritance of seed
associated bacteria in wheat. | hypothesized, that since embryo remains germ-free until
germination, it has to be colonized anew, enabling microbes present in the environment to
colonize the host. This opportunity for outsiders to colonize the host, suggests that there are
mechanisms in place, that ensure stable vertical-like inheritance of Pantoea. Such

mechanisms could be ecological priority effects, for which | tested.

RYSZARD SOLUCH 69



In order to test for ecological priority effect, | used the simplified system, where
isogenic bacteria tagged with different fluorophores colonize wheat root. Plants were
cultivated in the presence of antibiotics, enabling us to exclude native microbiota and other
contaminants from the environment. The colonization experiment with single colonizer,
showed, that Pantoea isolated from Runal variety of Triticum aestivum can efficiently
colonize Benchmark variety.

My attempt at colonizing plants with two isogenic strains of Pantoea harboring
different fluorophores, were initiated by introducing both competing strains simultaneously, in
ratio close to 1:1. This experiment was aimed at verifying relative fithess of the competitors.
Since ratio of the competitors was maintained through the experiment, | concluded that the
fluorophores used had similar impact on Pantoea’s fithess on plant host. This means that in
further competitions, the fluorophores impact is negligible. Notably, the total population of
competitors reached the expected host saturation (i.e., the root carrying capacity). In
addition, in vitro competition experiments show low fitness difference between both pRL153-
ofp harboring strains.

To test for numerical priority effect, a second colonizer was introduced into the plant
media with 24- or 48-hour delay after the first colonizer. While final total population density
remained within the expected carrying capacity, and at the time of its introduction roots were
not saturated, the late arriving colonizer was not as successful as the first colonizer. One can
hypothesize, that the greater the delay between the colonizers, the greater the benefit
achieved through the priority effect, though | do not have enough data to verify that claim.
This could be due to a) primary colonizer using up the nutrients, by that lowering their
concentration and limiting the early growth of secondary colonizer, b) primary colonizer
occupying colonization hotspots on the root c) population on the root is reaching saturation
point and therefore colonization efficiency is reduced d) primary colonizer was already
primed by the time second colonizer was introduced, making it more efficient at
using/controlling the niche-

In order to test for adaptive priority effect, or priming, colonization competition
experiment where one of the strains was pre-cultivated on a plant was performed. Though, |
failed to achieve 1:1 ratio for the inoculation process, the ratio between colonizers was
maintained thought the experiment. This demonstrates that priming does not enhance

Pantoea’s colonization capabilities.
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How numerical priority effects may mediate vertical inheritance

Numerical effect could be one of mechanism that promotes transfer to another
generation. Simply being present early on, before other competitor and/or being more
abundant may be the mechanism that Pantoea uses to outcompete other colonizers that may
arrive during germination and flowering. In my experiment, | showed that numerical/temporal
advantage upon equally capable late-incoming colonizer is enough to enable successful
colonization and dominance on the root. In this case, even though the colonization process
may still be influenced by incoming bacteria, Pantoea will have chance to establish a stable
colonization of the plant roots.

In context of hypothesized vertical transfer through the grain, this adaptation
promotes rapid colonization of germinating embryo, without lag period. In the light of
importance of numerical advantage, this means, that first colonizing Pantoea strain to
establish population on the plant is more likely to remain main colonizer of next generation of
plants. Existence of priority effect enables the exclusion of future colonists (Urban and De
Meester 2009).

While (Ruppel et al. 1992) doesn’t show CFU’s directly (they used ELISA to
comparatively quantify colonization), higher densities of Pantoea were found in root sap,
compared to shoot sap; independent of the inoculation spot and density. This is analogous to
what | observed in the older plants. While roots remained highly colonized, other parts of the
plant showed signs of lower density of colonization. This way of bacterial distribution is
common among other plants. For instance, in rice, fluorescently tagged rhizobia were
recovered from surface sterilized roots (2.0x10* — 1.3x10° cfu/g fresh weight) and from leaf
sheaths (1.0x10° — 2.5x10° cfu/g fresh weight) (Chi et al. 2005). Differences In population
sizes were observed not only between parts of plant, but also between different colonizers
(figure 24).

Furthermore, for pumpkins bacterial density varied between endorhiza, anthosphere
and carposphere (1.6x10% 1.0x107, and 2.0x10% CFU/f on average, respectively) (Flrnkranz
et al. 2012).

In the context of hypothesized vertical transfer through the grain, this adaptation
promotes rapid colonization of germinating embryo, close proximity to the embryo means,
that Pantoea can start proliferation and colonization without a lag period, as soon as
conditions promote germination of the seed. According to the theoretical expectation, the
existence of priority effect enables the exclusion of future colonizers (Urban and De Meester
2009). In the light of the importance of numerical advantage, this means, that first colonizing

Pantoea strain to establish population on the plant is more likely to remain main colonizer of
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next generation of plants, outcompeting soil-borne Pantoea, or even hypothetically other

bacteria.
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FIG. 4. Culturable population densitics of gfp-tagged S. meliloti
1021, A caulinodans ORS571, M. huakuii 93, R. leguminosarum USDA
2370, and §. meliloti 1002 within large tissuc samples of leaf sheaths
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Figure 24. Population density of the colonizer depends on both: colonizer species and part
of the plant. (Chi et al. 2005)
The final result of the thesis points towards the flowering and seed formation stages
as the next critical wheat lifecycle stage for Pantoea colonization and maintenance among
the generations of the host. Future work should likely focus on elucidating how Pantoea

colonizes the wheat seeds.

RYSZARD SOLUCH 72



8 References

Achouak W, Villemin G, Balandreau J and Heulin T (1996) Specificity of root colonization by
symplasmata-forming Pantoea agglomerans. Biological Nitrogen Fixation Associated with
Rice Production. Springer, Dordrecht, pp 191-201

Ahlgren NA, Harwood CS, Schaefer AL, Giraud E and Greenberg EP (2011) Aryl-
homoserine lactone quorum sensing in stem-nodulating photosynthetic bradyrhizobia. Proc
Natl Acad Sci 108:7183-7188. doi: 10.1073/pnas.1103821108

Allen HK, Donato J, Wang HH, Cloud-Hansen KA, Davies J and Handelsman J (2010) Call of
the wild: antibiotic resistance genes in natural environments. Nat Rev Microbiol 8:251-259.
doi: 10.1038/nrmicro2312

Altschul SF, Gish W, Miller W, Myers EW and Lipman DJ (1990) Basic local alignment
search tool. J Mol Biol 215:403-410. doi: 10.1016/S0022-2836(05)80360-2

Amellal N, Burtin G, Bartoli F and Heulin T (1998) Colonization of Wheat Roots by an
Exopolysaccharide-Producing Pantoea agglomerans Strain and Its Effect on Rhizosphere
Soil Aggregation. Appl Environ Microbiol 64:3740-3747.

Armalyté J, SkerniSkyté J, Bakiené E, Krasauskas R, Siugidiniené R, Kareiviené V, Kerziené
S, Klimiené |, Suziedéliené E and Ruzauskas M (2019) Microbial Diversity and Antimicrobial
Resistance Profile in Microbiota From Soils of Conventional and Organic Farming Systems.
Front Microbiol 10:892. doi: 10.3389/fmicb.2019.00892

Baker JA, Entsch B and McKay DB (2003) The cyanobiont in an Azolla fern is neither
Anabaena nor Nostoc. FEMS Microbiol Lett 229:43—-47. doi: 10.1016/S0378-1097(03)00784-
5

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM, Nikolenko
SI, Pham S, Prjibelski AD et al. (2012) SPAdes: A New Genome Assembly Algorithm and Its
Applications to Single-Cell Sequencing. J Comput Biol 19:455-477. doi:
10.1089/cmb.2012.0021

Beijerinck MW (1888) Die bakterien der Papilionaceen-Knélchen. Bot Ztg 725-757.

Berendsen RL, Vismans G, Yu K, Song Y, Jonge R de, Burgman WP, Burmglle M,
Herschend J, Bakker PAHM and Pieterse CMJ (2018) Disease-induced assemblage of a
plant-beneficial bacterial consortium. ISME J 12:1496-1507. doi: 10.1038/s41396-018-0093-
1

Bergey DH, Breed RS, Bergey DH and Breed RS (1957) Bergey’s manual of determinative
bacteriology, by Robert S. Breed [and others], 7th ed. Williams & Wilkins Co., Baltimore,

Bjorklof K, Nurmiaho-Lassila E-L, Klinger N, Haahtela K and Romantschuk M (2000)
Colonization strategies and conjugal gene transfer of inoculated Pseudomonas syringae on
the leaf surface. J Appl Microbiol 89:423—-432. doi: 10.1046/j.1365-2672.2000.01130.x

Block A, Li G, Fu ZQ and Alfano JR (2008) Phytopathogen type Il effector weaponry and
their plant targets. Curr Opin Plant Biol 11:396—-403. doi: 10.1016/}.jbi.2008.06.007

Bolger AM, Lohse M and Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30:2114—2120. doi: 10.1093/bioinformatics/btul70

RYSZARD SOLUCH 73



Boratyn GM, Schéaffer AA, Agarwala R, Altschul SF, Lipman DJ and Madden TL (2012)
Domain enhanced lookup time accelerated BLAST. Biol Direct 7:12. doi: 10.1186/1745-6150-
7-12

Bottone E and Schneierson SS (1972) Erwinia Species: An Emerging Human Pathogen. Am
J Clin Pathol 57:400—-405. doi: 10.1093/ajcp/57.3.400

Braun-Kiewnick A, Jacobsen BJ and Sands DC (2000) Biological control of Pseudomonas
syringae pv. syringae, the causal agent of basal kernel blight of barley, by antagonistic
Pantoea agglomerans. Phytopathology 90:368—-375. doi: 10.1094/PHYTO.2000.90.4.368

Bulgarelli D, Schlaeppi K, Spaepen S, Ver Loren van Themaat E and Schulze-Lefert P
(2013) Structure and functions of the bacterial microbiota of plants. Annu Rev Plant Biol
64:807-838. doi: 10.1146/annurev-arplant-050312-120106

Céarcamo-Oyarce G, Lumijiaktase P, Kimmerli R and Eberl L (2015) Quorum sensing triggers
the stochastic escape of individual cells from Pseudomonas putida biofilms. Nat Commun
6:5945. doi: 10.1038/ncomms6945

Chelius MK and Triplett EW (2001) The Diversity of Archaea and Bacteria in Association with
the Roots of Zea mays L. Microb Ecol 41:252—-263. doi: 10.1007/s002480000087

Cherif-Silini H, Thissera B, Bouket AC, Saadaoui N, Silini A, Eshelli M, Alenezi FN, Vallat A,
Luptakova L, Yahiaoui B et al. (2019) Durum Wheat Stress Tolerance Induced by Endophyte
Pantoea agglomerans with Genes Contributing to Plant Functions and Secondary Metabolite
Arsenal. Int J Mol Sci. doi: 10.3390/ijms20163989

Chi F, Shen S-H, Cheng H-P, Jing Y-X, Yanni YG and Dazzo FB (2005) Ascending migration
of endophytic rhizobia, from roots to leaves, inside rice plants and assessment of benefits to
rice growth physiology. Appl Environ Microbiol 71:7271-7278. doi: 10.1128/AEM.71.11.7271-
7278.2005

Choi HW, Manohar M, Manosalva P, Tian M, Moreau M and Klessig DF (2016) Activation of
Plant Innate Immunity by Extracellular High Mobility Group Box 3 and Its Inhibition by
Salicylic Acid. PLOS Pathog 12:€1005518. doi: 10.1371/journal.ppat.1005518

Clarke CR, Cai R, Studholme DJ, Guttman DS and Vinatzer BA (2010) Pseudomonas
syringae Strains Naturally Lacking the Classical P. syringae hrp/hrc Locus Are Common Leaf
Colonizers Equipped with an Atypical Type Ill Secretion System. Mol Plant Microbe Interact
23:198-210. doi: 10.1094/MPMI-23-2-0198

Collins MD and Jones D (1982) Taxonomic studies on Corynebacterium beticola (Abdou). J
Appl Bacteriol 52:229-233. doi: 10.1111/j.1365-2672.1982.tb04844.x

Collmer A, Badel JL, Charkowski AO, Deng W-L, Fouts DE, Ramos AR, Rehm AH, Anderson
DM, Schneewind O, Dijk K van et al. (2000) Pseudomonas syringae Hrp type Ill secretion
system and effector proteins. Proc Natl Acad Sci 97:.8770-8777. doi:
10.1073/pnas.97.16.8770

Comby M, Lacoste S, Baillieul F, Profizi C and Dupont J (2016) Spatial and Temporal
Variation of Cultivable Communities of Co-occurring Endophytes and Pathogens in Wheat.
Fungi Their Interact 403. doi: 10.3389/fmich.2016.00403

Coplin DL, Rowan RG, Chisholm DA and Whitmoyer RE (1981) Characterization of plasmids
in Erwinia stewartii. Appl Environ Microbiol 42:599-604.

RYSZARD SOLUCH 74



Cycon M, Mrozik A and Piotrowska-Seget Z (2019) Antibiotics in the Soil Environment—
Degradation and Their Impact on Microbial Activity and Diversity. Front Microbiol 10:338. doi:
10.3389/fmich.2019.00338

Dance A (2008) Soil ecology: What lies beneath. Nat News 455:724-725. doi:
10.1038/455724a

De Maayer P, Chan W-Y, Blom J, Venter SN, Duffy B, Smits THM and Coutinho TA (2012)
The large universal Pantoea plasmid LPP-1 plays a major role in biological and ecological
diversification. BMC Genomics 13:625. doi: 10.1186/1471-2164-13-625

De Meester L, Vanoverbeke J, Kilsdonk LJ and Urban MC (2016) Evolving Perspectives on
Monopolization and  Priority Effects. Trends Ecol Evol 31:136-146. doi:
10.1016/j.tree.2015.12.009

de’Rossi G (1927) Microbiologia agraria e technica. Unione Tipographico-Ed. Torinese

Denoux C, Galletti R, Mammarella N, Gopalan S, Werck D, De Lorenzo G, Ferrari S,
Ausubel FM and Dewdney J (2008) Activation of defense response pathways by OGs and
Flg22 elicitors in Arabidopsis seedlings. Mol Plant 1:423-445. doi: 10.1093/mp/ssn019

Diaz Herrera S, Grossi C, Zawoznik M and Groppa MD (2016) Wheat seeds harbour
bacterial endophytes with potential as plant growth promoters and biocontrol agents of
Fusarium graminearum. Microbiol Res 186-187:37—43. doi: 10.1016/j.micres.2016.03.002

Dong Z, Canny MJ, McCully ME, Roboredo MR, Cabadilla CF, Ortega E and Rodes R (1994)
A Nitrogen-Fixing Endophyte of Sugarcane Stems (A New Role for the Apoplast). Plant
Physiol 105:1139-1147.

Dower WJ, Miller JF and Ragsdale CW (1988) High efficiency transformation of E. coli by
high voltage electroporation. Nucleic Acids Res 16:6127-6145.

Durso LM, Wedin DA, Gilley JE, Miller DN and Marx DB (2016) Assessment of selected
antibiotic resistances in ungrazed native Nebraska prairie soils. J Environ Qual 45:454—-462.
doi: 10.2134/jeq2015.06.0280

Dutkiewicz J, Mackiewicz B, Lemieszek MK, Golec M and Milanowski J (2015) Pantoea
agglomerans : a marvelous bacterium of evil and good. Part I. Deleterious effects: Dust-
borne endotoxins and allergens — focus on cotton dust. Ann Agric Environ Med 22:576-588.
doi: 10.5604/12321966.1185757

Dye DW (1964) The taxonomic position of Xanthomonas trifolii (Huss, 1907) James, 1955.
New Zeal J Sci 7:261-269.

Edwards J, Johnson C, Santos-Medellin C, Lurie E, Podishetty NK, Bhatnagar S, Eisen JA
and Sundaresan V (2015) Structure, variation, and assembly of the root-associated
microbiomes of rice. Proc Natl Acad Sci 112:E911-E920. doi: 10.1073/pnas.1414592112

Egamberdieva D, Kamilova F, Validov S, Gafurova L, Kucharova Z and Lugtenberg B (2008)
High incidence of plant growth-stimulating bacteria associated with the rhizosphere of wheat
grown on salinated soil in Uzbekistan. Environ Microbiol 10:1-9. doi: 10.1111/j.1462-
2920.2007.01424.x

RYSZARD SOLUCH 75



Eissa ME, Abd El Naby M and Beshir MM (2014) Bacterial vs. fungal spore resistance to
peroxygen biocide on inanimate surfaces. Bull Fac Pharm Cairo Univ 52:219-224. doi:
10.1016/j.bfopcu.2014.06.003

Environmental Protection Agency (2006) Federal Register, Volume 71 Issue 182
(Wednesday, September 20, 2006). Fed Regist 71:54889-55086.

Ewing WH and Fife MA (1972) Enterobacter agglomerans (Beijerinck) comb. nov. (the
Herbicola-Lathyri Bacteria). Int J Syst Evol Microbiol 22:4-11. doi: 10.1099/00207713-22-1-4

Ferreira A, Quecine MC, Lacava PT, Oda S, Azevedo JL and AraA%o WL (2008) Diversity of
endophytic bacteria from Eucalyptus species seeds and colonization of seedlings by Pantoea
agglomerans. FEMS Microbiol Lett 287:8-14. doi: 10.1111/j.1574-6968.2008.01258.x

Fugua WC, Winans SC and Greenberg EP (1994) Quorum sensing in bacteria: the LuxR-
LuxI family of cell density-responsive transcriptional regulators. J Bacteriol 176:269-275.

Furnkranz M, Lukesch B, Muller H, Huss H, Grube M and Berg G (2012) Microbial Diversity
Inside Pumpkins: Microhabitat-Specific Communities Display a High Antagonistic Potential
Against Phytopathogens. Microb Ecol 63:418-428. doi: 10.1007/s00248-011-9942-4

Geilinger H (1921) Experimentalle Beitrage zur Mikrobiologie der Getreidamehl. I. Ueber
koliartige Mehibakterien. Mitt Lenensm Hyg 1921:49-81;105-119;231-262.

Gorard S (2005) Revisiting a 90-Year-Old Debate: The Advantages of the Mean Deviation.
Br J Educ Stud 53:417-430. doi: 10.1111/j.1467-8527.2005.00304.x

Hauck P, Thilmony R and He SY (2003) A Pseudomonas syringae type Il effector
suppresses cell wall-based extracellular defense in susceptible Arabidopsis plants. Proc Natl
Acad Sci 100:8577-8582. doi: 10.1073/pnas.1431173100

Hoflich G and Ruppel S (1994) Growth stimulation of pea after inoculation with associative
bacteria. Microbiol Res 149:99-104. doi: 10.1016/S0944-5013(11)80149-7

Huang X, Zhu G, Liu Q, Chen L, Li Y and Hou B (2018) Modulation of Plant Salicylic Acid-
Associated Immune Responses via Glycosylation of Dihydroxybenzoic Acids. Plant Physiol
176:3103-3119. doi: 10.1104/pp.17.01530

Jabtonski L (1971) Podstawy mikrobiologii lekarskiej: podrecznik dla studentéw. Pod red. L.
Jabtonskiego. Wspétautorzy: Maria Teresa Cybulska [et al. Panstwowy Zaktad Wydawn.
Lekarskich

Johnson KB and Stockwell VO (1998) Management of fire blight: a case study in microbial
ecology. Annu Rev Phytopathol 36:227-248. doi: 10.1146/annurev.phyto.36.1.227

Johnston-Monje D and Raizada MN (2011) Conservation and Diversity of Seed Associated
Endophytes in Zea across Boundaries of Evolution, Ethnography and Ecology. PLOS ONE
6:€20396. doi: 10.1371/journal.pone.0020396

Jones DL, Nguyen C and Finlay RD (2009) Carbon flow in the rhizosphere: carbon trading at
the soil-root interface. Plant Soil 321:5-33. doi: 10.1007/s11104-009-9925-0

Kamran S, Shahid I, Baig DN, Rizwan M, Malik KA and Mehnaz S (2017) Contribution of
Zinc Solubilizing Bacteria in Growth Promotion and Zinc Content of Wheat. Front Microbiol.
doi: 10.3389/fmich.2017.02593

RYSZARD SOLUCH 76



Kavamura VN, Robinson RJ, Hayat R, Clark IM, Hughes D, Rossmann M, Hirsch PR,
Mendes R and Mauchline TH (2019) Land Management and Microbial Seed Load Effect on
Rhizosphere and Endosphere Bacterial Community Assembly in Wheat. Front Microbiol. doi:
10.3389/fmich.2019.02625

Kawakami K and Joshida S (1920)Bot Mag Tokyo 110-115.

Keshri J, Chen Y, Pinto R, Kroupitski Y, Weinberg ZG and Sela Saldinger S (2019) Bacterial
dynamics of wheat silage. Front Microbiol. doi: 10.3389/fmich.2019.01532

Kim-Dura S, Lowman S, Zhang S and Mei C (2016) Growth Promotion of Switchgrass by
Bacterial Endophyte Pantoea agglomerans Strain PaKM Isolated from Seeds. J Pathol
Microbiol 2016 12 1007 2016:1007.

Koutsoudis MD, Tsaltas D, Minogue TD and Bodman SB von (2006) Quorum-sensing
regulation governs bacterial adhesion, biofilm development, and host colonization in Pantoea
stewartii  subspecies stewarti. Proc Natl Acad Sci 103:5983-5988. doi:
10.1073/pnas.0509860103

Lohnis F (1911) Landwirtschaftlich-bakteriologisches Praktikum. Anleitung zur Ausfu hrung
von landwirtschaftlich-bakteriologischen Untersuchungen und Demonstrations-
Experimenten. Berlin: Gebrider Borntraeger

Macho AP (2016) Subversion of plant cellular functions by bacterial type-Ill effectors: beyond
suppression of immunity. New Phytol 210:51-57. doi: 10.1111/nph.13605

Marchesi JR, Sato T, Weightman AJ, Martin TA, Fry JC, Hiom SJ and Wade WG (1998)
Design and Evaluation of Useful Bacterium-Specific PCR Primers That Amplify Genes
Coding for Bacterial 16S rRNA. Appl Environ Microbiol 64:795-799.

Merbach, Ruppel, Schulze (1998) Dinitrogen Fixation of Microbe-Plant Associations as
Affected by Nitrate and Ammonium Supply. Sotopes Environ Health Stud 34:67-73.

Mercier J and Lindow SE (2000) Role of Leaf Surface Sugars in Colonization of Plants by
Bacterial Epiphytes. Appl Environ Microbiol 66:369-374. doi: 10.1128/AEM.66.1.369-
374.2000

Mitter B, Pfaffenbichler N, Flavell R, Compant S, Antonielli L, Petric A, Berninger T, Naveed
M, Sheibani-Tezerji R, von Maltzahn G et al. (2017) A New Approach to Modify Plant
Microbiomes and Traits by Introducing Beneficial Bacteria at Flowering into Progeny Seeds.
Front Microbiol. doi: 10.3389/fmicb.2017.00011

Moroz N, Fritch KR, Marcec MJ, Tripathi D, Smertenko A and Tanaka K (2017) Extracellular
Alkalinization as a Defense Response in Potato Cells. Front Plant Sci. doi:
10.3389/fpls.2017.00032

Mundt JO and Hinkle NF (1976) Bacteria within ovules and seeds. Appl Environ Microbiol
32:694-698.

Nadarasah G and Stavrinides J (2014) Quantitative evaluation of the host-colonizing
capabilities of the enteric bacterium Pantoea using plant and insect hosts. Microbiology
160:602—615. doi: 10.1099/mic.0.073452-0

Nguyen C (2003) Rhizodeposition of organic C by plants: mechanisms and controls.
Agronomie 23:375-396. doi: 10.1051/agro:2003011

RYSZARD SOLUCH 77



Nguyen TN, Phan QG, Duong LP, Bertrand KP and Lenski RE (1989) Effects of carriage and
expression of the Tn10 tetracycline-resistance operon on the fitness of Escherichia coli K12.
Mol Biol Evol 6:213-225. doi: 10.1093/oxfordjournals.molbev.a040545

Okunishi S, Sako K, Mano H, Imamura A and Morisaki H (2005) Bacterial flora of endophytes
in the maturing seed of cultivated rice (Oryza sativa). Microbes Environ 20:168-177. doi:
10.1264/jsme2.20.168

Ortmann |, Conrath U and Moerschbacher BM (2006) Exopolysaccharides of Pantoea
agglomerans have different priming and eliciting activities in suspension-cultured cells of
monocots and dicots. FEBS Lett 580:4491-4494. doi: 10.1016/j.febslet.2006.07.025

Ortmann | and Moerschbacher BM (2006) Spent growth medium of Pantoea agglomerans
primes wheat suspension cells for augmented accumulation of hydrogen peroxide and
enhanced peroxidase activity upon elicitation. Planta 224:963-970. doi: 10.1007/s00425-
006-0271-7

Palmer M, de Maayer P, Poulsen M, Steenkamp ET, van Zyl E, Coutinho TA and Venter SN
(2016) Draft genome sequences of Pantoea agglomerans and Pantoea vagans isolates
associated with termites. Stand Genomic Sci 11:23. doi: 10.1186/s40793-016-0144-z

Papenfort K and Bassler B (2016) Quorum-Sensing Signal-Response Systems in Gram-
Negative Bacteria. Nat Rev Microbiol 14:576-588. doi: 10.1038/nrmicro.2016.89

Pereira AL (2017) The Unique Symbiotic System between a Fern and a Cyanobacterium,
Azolla-Anabaena azollae: Their Potential as Biofertilizer, Feed, and Remediation. Symbiosis.
doi: 10.5772/intechopen.70466

Quecine MC, Araujo WL, Rossetto PB, Ferreira A, Tsui S, Lacava PT, Mondin M, Azevedo
JL and Pizzirani-Kleiner AA (2012) Sugarcane growth promotion by the endophytic bacterium
Pantoea agglomerans 33.1. Appl Environ Microbiol 78:7511-7518. doi: 10.1128/AEM.00836-
12

Redak RA, Purcell AH, Lopes JRS, Blua MJ, Mizell RF and Andersen PC (2004) The biology
of xylem fluid-feeding insect vectors of Xylella fastidiosa and their relation to disease
epidemiology. Annu Rev Entomol 49:243-270. doi: 10.1146/annurev.ento.49.061802.123403

Reinhold-Hurek B and Hurek T (2011) Living inside plants: bacterial endophytes. Curr Opin
Plant Biol 14:435-443. doi: 10.1016/j.pbi.2011.04.004

Remus R, Ruppel S, Jacob H-J, Hecht-Buchholz C and Merbach W (2000) Colonization
behaviour of two enterobacterial strains on cereals. Biol Fertil Soils 30:550-557. doi:
10.1007/s003740050035

Rezzonico F, Smits TH, Montesinos E, Frey JE and Duffy B (2009) Genotypic comparison of
Pantoea agglomerans plant and clinical strains. BMC Microbiol 9:204. doi: 10.1186/1471-
2180-9-204

Rezzonico F, Stockwell VO, Tonolla M, Duffy B and Smits THM (2012) Pantoea clinical
isolates cannot be accurately assigned to species based on metabolic profiling. Transpl
Infect Dis 14:220-221. doi: 10.1111/j.1399-3062.2011.00684.x

Robinson RJ, Fraaije BA, Clark IM, Jackson RW, Hirsch PR and Mauchline TH (2016a)
Endophytic bacterial community composition in wheat (Triticum aestivum) is determined by

RYSZARD SOLUCH 78



plant tissue type, developmental stage and soil nutrient availability. Plant Soil 405:381-396.
doi: 10.1007/s11104-015-2495-4

Robinson RJ, Fraaije BA, Clark IM, Jackson RW, Hirsch PR and Mauchline TH (2016b)
Wheat seed embryo excision enables the creation of axenic seedlings and Koch'’s postulates
testing of putative bacterial endophytes. Sci Rep 6:25581. doi: 10.1038/srep25581

Ruiz D, Ruiza D, Agaras B, de Werra P, de Werrab P, Wall LG and Valverde C (2011)
Characterization and screening of plant probiotic traits of bacteria isolated from rice seeds
cultivated in Argentina. J Microbiol Seoul Korea 49:902-912. doi: 10.1007/s12275-011-1073-
6

Ruppel S, Hecht-Buchholz C, Remus R, Ortmann U and Schmelzer R (1992) Settlement of
the diazotrophic, phytoeffective bacterial strain Pantoea agglomerans on and within winter
wheat: An investigation using ELISA and transmission electron microscopy. Plant Soil
145:261-273. doi: 10.1007/BF00010355

Sasse J, Martinoia E and Northen T (2018) Feed Your Friends: Do Plant Exudates Shape
the Root Microbiome? Trends Plant Sci 23:25—-41. doi: 10.1016/j.tplants.2017.09.003

Schaefer AL, Greenberg EP, Oliver CM, Oda Y, Huang JJ, Bittan-Banin G, Peres CM,
Schmidt S, Juhaszova K, Sufrin JR et al. (2008) A new class of homoserine lactone quorum-
sensing signals. Nature 454:595-599. doi: 10.1038/nature07088

Schumann P (1991) E. Stackebrandt and M. Goodfellow (Editors), Nucleic Acid Techniques
in Bacterial Systematics (Modern Microbiological Methods). XXIX + 329 S., 46 Abb., 28 Tab.
Chichester — New York — Brishane — Toronto — Singapore 1991. John Wiley & Sons.
$ 55.00. ISBN: 0-471-92906-9. J Basic  Microbiol  31:479-480. doi:
10.1002/jobm.3620310616

Seemann T (2014) Prokka: rapid prokaryotic genome annotation. Bioinforma Oxf Engl
30:2068-2069. doi: 10.1093/bioinformatics/btul53

Seif Sahandi M, Mehrafarin A, Naghdi Badi H, Khalighi-Sigaroodi F and Sharifi M (2019)
Improving growth, phytochemical, and antioxidant characteristics of peppermint by
phosphate-solubilizing bacteria along with reducing phosphorus fertilizer use. Ind Crops Prod
141:111777. doi: 10.1016/j.indcrop.2019.111777

Shade A, Jacques M-A and Barret M (2017) Ecological patterns of seed microbiome
diversity, transmission, and assembly. Curr Opin Microbiol 37:15-22. doi:
10.1016/j.mib.2017.03.010

Shariati J. V, Malboobi MA, Tabrizi Z, Tavakol E, Owilia P and Safari M (2017)
Comprehensive genomic analysis of a plant growth-promoting rhizobacterium Pantoea
agglomerans strain P5. Sci Rep. doi: 10.1038/s41598-017-15820-9

Sheibani-Tezerji R, Naveed M, Jehl M-A, Sessitsch A, Rattei T and Mitter B (2015) The
genomes of closely related Pantoea ananatis maize seed endophytes having different effects
on the host plant differ in secretion system genes and mobile genetic elements. Front
Microbiol. doi: 10.3389/fmicb.2015.00440

Simon C, Wiezer A, Strittmatter AW and Daniel R (2009) Phylogenetic diversity and
metabolic potential revealed in a glacier ice metagenome. Appl Environ Microbiol 75:7519—
7526. doi: 10.1128/AEM.00946-09

RYSZARD SOLUCH 79



Smits THM, Rezzonico F, Blom J, Goesmann A, Abelli A, Kron Morelli R, Vanneste JL and
Duffy B (2015) Draft Genome Sequence of the Commercial Biocontrol Strain Pantoea
agglomerans P10c. Genome Announc. doi: 10.1128/genomeA.01448-15

Spaepen S, Vanderleyden J and Okon Y (2009) Chapter 7 Plant Growth-Promoting Actions
of Rhizobacteria. Advances in Botanical Research. Academic Press, pp 283—-320

Stockwell VO, Johnson KB, Sugar D and Loper JE (2010) Control of fire blight by
Pseudomonas fluorescens A506 and Pantoea vagans C9-1 applied as single strains and
mixed inocula. Phytopathology 100:1330-1339. doi: 10.1094/PHYTO-03-10-0097

Strasburger E (1873) Ueber Azolla. H. Dabis

Tecon R and Leveau JHJ (2016) Symplasmata are a clonal, conditional, and reversible type
of bacterial multicellularity. Sci Rep 6:31914. doi: 10.1038/srep31914

The UniProt Consortium (2019) UniProt: a worldwide hub of protein knowledge. Nucleic
Acids Res 47:D506-D515.

Tindall BJ (2014) The combination Enterobacter agglomerans is to be cited as Enterobacter
agglomerans (Beijerinck 1888) Ewing and Fife 1972 and the combination Pantoea
agglomerans is to be cited as Pantoea agglomerans (Beijerinck 1888) Gavini et al. 1989.
Opinion 90. Judicial Commission of the International Committee on Systematics of
Prokaryotes. Int J Syst Evol Microbiol 64:3582—-3583. doi: 10.1099/ijs.0.069161-0

Tolonen AC, Liszt GB and Hess WR (2006) Genetic manipulation of Prochlorococcus strain
MIT9313: green fluorescent protein expression from an RSF1010 plasmid and Tn5
transposition. Appl Environ Microbiol 72:7607-7613. doi: 10.1128/AEM.02034-06

Town J and Dumonceaux TJ (2016) High-Quality Draft Genome Sequences of Pantoea
agglomerans Isolates Exhibiting Antagonistic Interactions with Wheat Seed-Associated
Fungi. Genome Announc 4:e00511-16. doi: 10.1128/genomeA.00511-16

Truyens S, Weyens N, Cuypers A and Vangronsveld J (2015) Bacterial seed endophytes:
genera, vertical transmission and interaction with plants. Environ Microbiol Rep 7:40-50. doi:
10.1111/1758-2229.12181

Turner S, Pryer KM, Miao VPW and Palmer JD (1999) Investigating Deep Phylogenetic
Relationships among Cyanobacteria and Plastids by Small Subunit rRNA Sequence
Analysisl. J Eukaryot Microbiol 46:327—-338. doi: 10.1111/j.1550-7408.1999.tb04612.x

Urban MC and De Meester L (2009) Community monopolization: local adaptation enhances
priority effects in an evolving metacommunity. Proc R Soc B Biol Sci 276:4129-4138. doi:
10.1098/rspb.2009.1382

Vanneste JL (1996) Honey bees and epiphytic bacteria to control fire blight, a bacterial
disease of apple and pear. 17:12.

Vanneste JL, Cornish DA, Yu J and Voyle MD (2002) P10c: a new biological control agent
for control of fire blight which can be sprayed or distributed using honey bees. Acta Hortic
231-235. doi: 10.17660/ActaHortic.2002.590.33

Verma SC and Miyashiro T (2013) Quorum Sensing in the Squid-Vibrio Symbiosis. Int J Mol
Sci 14:16386-16401. doi: 10.3390/ijms140816386

RYSZARD SOLUCH 80



Waite C, Schumacher J, Jovanovic M, Bennett M and Buck M (2017) Evading plant
immunity: feedback control of the T3SS in Pseudomonas syringae. Microb Cell 4:137-139.
doi: 10.15698/mic2017.04.570

Walterson AM and Stavrinides J (2015) Pantoea: insights into a highly versatile and diverse
genus within the Enterobacteriaceae. FEMS Microbiol Rev 39:968-984. doi:
10.1093/femsre/fuv027

Wei Z, Yang T, Friman V-P, Xu Y, Shen Q and Jousset A (2015) Trophic network
architecture of root-associated bacterial communities determines pathogen invasion and
plant health. Nat Commun 6:1-9. doi: 10.1038/ncomms9413

Wein T, Dagan T, Fraune S, Bosch TCG, Reusch TBH and Hulter NF (2018) Carrying
capacity and colonization dynamics of Curvibacter in the Hydra host habitat. Front Microbiol.
doi: 10.3389/fmicb.2018.00443

Weller DM (1984) Distribution of a Take-All Suppressive Strain of Pseudomonas fluorescens
on Seminal Roots of Winter Wheat. Appl Environ Microbiol 48:897—-899.

Wick RR, Judd LM, Gorrie CL and Holt KE (2017) Unicycler: Resolving bacterial genome
assemblies from short and long sequencing reads. PLOS Comput Biol 13:e1005595. doi:
10.1371/journal.pcbi.1005595

Wiser MJ and Lenski RE (2015) A Comparison of Methods to Measure Fitness in
Escherichia coli. PLoS ONE. doi: 10.1371/journal.pone.0126210

Xin X-F, Nomura K, Aung K, Velasquez AC, Yao J, Boutrot F, Chang JH, Zipfel C and He SY
(2016) Bacteria establish an aqueous living space in plants crucial for virulence. Nature
539:524-529. doi: 10.1038/nature20166

Young SB and Setlow P (2003) Mechanisms of killing of Bacillus subtilis spores by
hypochlorite and chlorine dioxide. J Appl Microbiol 95:54-67. doi: 10.1046/j.1365-
2672.2003.01960.x

Zahran HH (1999) Rhizobium-Legume Symbiosis and Nitrogen Fixation under Severe
Conditions and in an Arid Climate. Microbiol Mol Biol Rev 63:968—989.

Zhu Y-G, Zhao Y, Zhu D, Gillings M, Penuelas J, Ok YS, Capon A and Banwart S (2019) Saoll
biota, antimicrobial resistance and planetary health. Environ Int 131:105059. doi:
10.1016/j.envint.2019.105059

RYSZARD SOLUCH 81



