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Chapter 1

General introduction and thesis outline



General introduction

Plants produce a large number of primary and secondary metabolites with diverse functions.
While primary metabolites are fundamental to growth and reproduction, secondary
metabolites contribute to adaptation of plants to environmental change (Bourgaud et al.,
2001) and play a critical role in plant defense against herbivory and pathogen attack (Bennett
& Wallsgrove, 1994; Rattan, 2010; Boulogne et al., 2012). Over the past 70 years, natural
product chemistry has led to the identification of more than 100,000 secondary metabolites
(Wink, 2010). Many of these metabolites exhibit a vast array of pharmaceutical activities
either as metabolite itself or as a scaffold for the synthesis of derivatives with enhanced or
other bio-activities (Bourgaud et al., 2001; Hartmann, 2007). Recent studies have shown
that microorganisms colonizing plant surfaces (phyllosphere, rhizosphere) and internal plant
tissue (endosphere) can induce changes in the plant metabolome, leading to alterations in the
biosynthesis of known plant metabolites or of yet unknown plant metabolites (Scherling et
al.,2009; van de Mortel et al., 2012; Huang et al., 2014; Ryffel et al., 2016). Hence, microbe-
plant interactions have been proposed as a novel, generic means to boost the production of
nutritionally and/or pharmaceutically valuable plant metabolites and to discover new plant
metabolites and their corresponding biosynthetic genes and pathways. My thesis focuses
on microbe-mediated modulation of plant chemistry and identification of bacterial traits
involved in the induction of these plant metabolome changes. Specific emphasis is given to
root-associated beneficial bacteria also referred to as Plant Growth-Promoting Rhizobacteria
(PGPR).

The rhizosphere, the narrow zone (+ 1-2 mm) surrounding and influenced by plant roots,
is rich in small- and large-molecular weight compounds that serve as a carbon source for
microbial growth (Bais et al., 2006). In return, the rhizosphere microbiome provides a first
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Fig 1. Direct and indirect mechanisms by which beneficial root-associated microorganisms
can impact on plant growth and on plant tolerance to biotic and abiotic stress factors.




line of defense against infections by root pathogens (Raaijmakers & Mazzola, 2016) as
well as other life-support functions for the plant including nutrient acquisition and growth
promotion (Van Loon, 2007; Bhattacharyya & Jha, 2012), induction of systemic resistance
against above-ground pathogens and herbivorous insects (Raupach et al., 1996; Van Wees et
al., 1999; Ryu et al., 2004; Haas & Défago, 2005), and enhanced plant tolerance to abiotic
stress (e.g. salinity, drought) (Dimkpa ef al., 2009; Yang ef al., 2009). Several microbial traits
and mechanisms involved in these interactions have been identified (Han et al., 2006; Nam et
al.,2006; Kim et al., 2007; Sumayo et al., 2013; Cheng et al., 2017), but how microorganisms
alter plant chemistry and if/how these phytochemical changes affect plant growth and health
are not well understood (Fig 1).

Plant growth-promoting rhizobacteria

Since Kloepper and colleagues termed plant growth promoting rhizobacteria (PGPR) for
the first time in their experiment on radish in the 1970s (Kloepper, 1978), a large number
of rhizobacterial genera including root endophytic bacteria have been described for their
plant growth-promoting properties; these genera include, among others, Agrobacterium,
Arthrobacter,  Azotobacter, Azospirillum, Bacillus, Burkholderia, Caulobacter,
Chromobacterium, Erwinia, Flavobacterium, Micrococcus, Pseudomonas and Serratia
(Lodewyckx et al., 2002; Gray & Smith, 2005; Bhattacharyya & Jha, 2012). Based on
the underlying mechanisms of plant growth promotion, PGPRs are generally categorized
into biofertilizers, phytostimulators and biopesticides (Lugtenberg & Kamilova, 2009;
Bhattacharyya & Jha, 2012).

Biofertilizers refer to rhizobacteria that increase the availability and uptake of micro-
and macronutrients such as iron, phosphate and nitrogen. Iron is an essential element that
functions as a cofactor for many metabolic pathways including respiration and photosynthesis
(Brittenham, 1994; Miller et al., 1995). In soil, however, iron exists as Fe*" which is
unavailable to plants and microorganisms. Hence, iron is the third most limiting nutrient for
the plant (Zhang et al., 2009). Siderophores, high affinity iron chelators, are produced by
several rhizobacterial genera (Kloepper, JW et al., 1980; Sharma & Johri, 2003; Rajkumar
et al., 2010; Radzki ef al., 2013) and have been implicated in plant growth promotion via
Fe-siderophore complex (Sharma & Johri, 2003). The possible mechanism implies that
the microbial siderophores-Fe complex is taken up by the plant or do a ligand exchange
with phytosiderophores (Masalha et al., 2000; Vansuyt et al., 2007; Ahmed & Holmstrom,
2014). Next to iron, also phosphate can be made available to the plant by microbes, albeit
via other mechanisms. In addition to the ‘classic’ phosphorus acquisition via symbiosis
with arbuscular mycorrhizal fungi, another wide-spread mechanism involves mineralization
of inorganic phosphorus through acidification by organic acids produced by rhizobacteria
(Rodriguez & Fraga, 1999). The hydroxyl and carboxyl groups of organic acids chelate the
cation of phosphate converting the mineral phosphate into soluble forms (Kpomblekou-a
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& Tabatabai, 1994). A number of reports investigated the impact of phosphate-solubilizing
bacteria on plant growth promotion in various crops (Han & Lee, 2006; Zhao et al., 2014,
Kudoyarova et al., 2017; Manzoor ef al., 2017). The conclusive role of P-solubilization in
growth promotion is not evident in several of these studies. For example, De Freitas et al.
(1997) reported that induced growth of canola by phosphate-solubilizing rhizobacteria was
not via P-uptake but some other yet unknown mechanisms. A third essential element for
plant growth is nitrogen. Apart from nitrogen fixation by symbiotic rhizobia, N, can also
be fixed into ammonia by free-living rhizobacteria. Several studies have demonstrated that
N,-fixing Azospirillum can significantly increase crop yield (Baldani ef al., 1983; Rodrigues
et al., 2008), a phenotype that is also associated with an increased number of root hairs and
lateral roots, thereby enhancing uptake of minerals and water (Okon et al., 1998; Bashan et
al., 2004).

Phytostimulators are rhizobacteria that directly affect plant growth via the production of
phytohormones such as indole-3-acetic acid (IAA), gibberellins, cytokinins, and abscisic
acid (Lugtenberg & Kamilova, 2009; Cassan et al., 2014). Several PGPR genera including
Rhizobium, Bradyrhizobium, and Azospirillum can produce IAA via the indole-3-pyruvic
acid (IPyA) pathway (Burdman et al., 2000)) that utilizes tryptophan released by roots as the
precursor. Other PGPRs such as Azospirillum brasilense can also produce IA A via tryptophan-
independent pathways although the underlying mechanism(s) is yet not fully resolved
(Jha & Saraf, 2015; Goswami et al., 2016). Also other plant hormones such as giberellins,
cytokinin, and abscisic acid, produced by various PGPR genera such as Azospirillum (Cassan
et al., 2014), Bacillus (Gutiérrez-Mafiero et al., 2001; Joo et al., 2005) and Pseudomonas
(Garcia de Salamone ef al., 2001) can impact on plant growth and development. Another
well-studied mechanism of hormone-mediated plant growth promotion by PGPRs is via
1-aminocyclopropane-1-carboxylate (ACC) deaminase, an enzyme that degrades ACC, a
precursor of the plant hormone ethylene, into ammonia and o-ketobutyrate (John, 1991).
ACC deaminase producing bacteria were shown not only to affect plant growth but also to
provide protection against abiotic stresses such as drought, salinity, flooding, temperature,
ultraviolet radiations, or heavy metals (Honma & Shimomura, 1978; Glick, 2014; Etesami et
al., 2015; Goswami et al., 2016).

Over the past decade, substantial interest has emerged on the role of microbial volatile organic
compounds (mVOCs) in plant growth promotion and induced systemic resistance (Schmidt ez
al.,2015). mVOCs are small molecules (< 300 mw) that are highly diffusible through the air-
filled spaces in the soil matrix and thereby can interact with plants and other organisms from
a distance (Hiltpold & Turlings, 2008; Schulz-Bohm et al., 2018; Sharifi & Ryu, 2018). Ryu
et al. (2003; 2004) first reported 2,3-butanediol produced by Bacillus subtilis as an inducer
of growth and systemic resistance (ISR) in Arabidopsis. Since then, various other bacterial
species such as Arthrobacter (Velazquez-Becerra et al., 2011), Microbacterium (Cordovez
et al., 2018), Pseudomonas (Park et al., 2015; Jishma et al., 2017; Rojas-Solis et al., 2018),
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and Stenotrophomonas (Rojas-Solis et al., 2018) have been investigated mVOCs-mediated
effects on growth and health of various plant species such as Arabidopsis, lettuce, moss,
tobacco, and tomato. The classes of bioactive mVOCs include alkenes, alcohols, ketones,
terpenes, benzonoids, and pyrazines (Schmidt ef al., 2015; Sharifi & Ryu, 2018). The study
by Meldau et al. (2013) further showed that dimethyldisulfide (DMDS)-producing Bacillus
sp. B55, when grown in minimal medium containing **S-labeled Na,SO, as the sole S source,
leads to incorporation of S into plant proteins, suggesting that sulfurous mVOCs can feed
directly into the plant’s sulfur metabolism. Similarly, Arabidopsis exposed to mVOCs from
Bacillus amyloliquefaciens (GB03) showed enhanced sulfur accumulation when traced with
radioactive sulfate (**SO472). Subsequent microarray data analysis further indicated that
mVOCs of strain GB03 induced transcription of genes responsible for sulfur assimilation
and for aliphatic, indolic glucosinolate biosynthesis further evidenced by increases of 33 and
70% of the total glucosinolate content in shoots and root, respectively (Aziz et al., 2016).
In addition, treated plants exhibited a significant protection from herbivory by the insect
Spodoptera exigua.

Biopesticides refer to PGPRs that suppress disease-causing agents (e.g. fungi, bacteria,
nematodes) directly via specific metabolites such as antibiotics, hydrolytic enzymes, and
mVOC such as hydrogen cyanide (HCN), or indirectly via induced systemic resistance (Vessey,
2003; Pieterse et al., 2014). Over the last four decades, a large number of bacterial genera,
including Agrobacterium, Arthrobacter, Azotobacter, Bacillus, Burkholderia, Collimonas,
Pantoea, Pseudomonas, Serratia, Stenotrophomonas, and Streptomyces have been identified
as biopesticides (Raaijmakers et al., 2009; Raaijmakers & Mazzola, 2012). Pseudomonas
and Bacillus are the most broadly studied genera as agronomic biocontrol agents. Despite
similarities in their effects on plant growth and health, there is a large diversity of functional
traits among the numerous species within these genera, with unique or shared gene clusters
encoding bioactive compounds such as 2,4-diacetylphloroglucinol (2,4-DAPG), pyrrolnitrin,
pyoluteorin, phenazines, 2,5-dialkylresorcinol, quinolones, rhamnolipids, and various
lipopeptides (LPs) (Raaijmakers & Weller, 1998; Raaijmakers et al., 2006; Gross & Loper,
2009; Raaijmakers et al., 2010). LPs operate largely via membrane disruption leading to
lysis of infectious propagules (e.g. zoospores) of plant pathogens (de Souza et al., 2003) or
trophozoites of the bacterivorous amoeba-flagellates (Mazzola et al., 2009). Similarly, 2,4-
DAPG produced by Pseudomonas spp. also exhibits broad-spectrum antimicrobial activities
but, at high concentrations can also be phytotoxic (Raaijmakers & Weller, 1998; Haas &
Défago, 2005; Weller et al., 2007; Kwak et al., 2012; Schlatter et al., 2017). Similar to
Pseudomonas, also Bacillus species harbor a large diversity of biosynthetic gene clusters for
lipopeptides and polyketides such as surfactins, fengycins, iturins, macrolactin, difficidin,
and oxidifficidin (Chen, X ef al, 2009; Raaijmakers et al., 2010). These metabolites are
active against a wide range of plant pathogenic fungi (Chen, X-H et al., 2009; Yuan et al.,
2012) such as Fusarium graminearum, Botrytis cinerea, Podosphaera fusca, Colletotrichum
demiatium, Penicillium roqueforti, Aspergillus flavus, and Rhizoctonia solani (Moyne et al.,
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2001; Hiradate et al., 2002; Yu et al., 2002; Chitarra et al., 2003; Toure et al., 2004; Romero
et al., 2007; Wang et al., 2007).

Several of these PGPRs and some of the bioactive compounds can also provide indirect plant
protection by priming disease or pest resistance responses in a systemic manner. Such defense
system is classified into two forms referred to as systemic acquired resistance (SAR) and
induced systemic resistance (ISR). The onset of SAR is initiated when the surface-localized
pattern-recognition receptors (PRRs) of the plant recognize conserved pathogen-associated
molecular patterns (PAMPs) such as flagellin of avirulent or necrotrophic pathogens (Boller
& Felix, 2009; Campos-Soriano et al., 2012; Macho & Zipfel, 2015; Couto & Zipfel, 2016).
This then increases the level of signaling molecules such as salicylic acid (SA) that in turn
upregulate the expression of the antimicrobial pathogenesis-related (PR) genes, fortifying
the plant against subsequent infection (Durrant & Dong, 2004; Fu & Dong, 2013). ISR is
mediated by PGPR primarily through jasmonic acid (JA) and ethylene (ET), although some
PGPRs can also induce resistance via the SA pathway (De Meyer & Hofte, 1997; van de
Mortel et al., 2012). Among the ISR-inducing genera, Pseudomonas and Bacillus are again
the most well studied to date. ISR-inducing determinants of Pseudomonas and Bacillus
identified to date include siderophores, SA, lipopolysaccharides (LPS), antibiotics (Meziane
et al., 2005; Bakker et al., 2007), and also mVOCs such as 2,3-butanediol (Ryu ef al., 2004).

Recent studies in our lab led to the identification of other genes and traits of Pseudomonas
fluorescens strain SS101 (Pf'SS101) involved in ISR and growth promotion (Cheng ef al.,
2017). Following a screening of a genome-wide random mutant library, we identified 21
mutants out of 7,488 that was compromised in their ability to promote Arabidopsis growth and
to induce systemic resistance against the bacterial leaf pathogen Pseudomonas syringae pv.
tomato (Pst). Subsequent analysis of root colonization, site-directed mutagenesis and genetic
complementation revealed the involvement of phosphogluconate dehydratase gene edd, the
response regulator gene colR and the adenylsulfate reductase gene cysH in growth promotion
and ISR by Pf'SS101. Further comparative plant transcriptome analysis indicated that sulfur
metabolism of Pf SS101 influenced sulfur assimilation, auxin biosynthesis and transport,
steroid biosynthesis and carbohydrate metabolism in Arabidopsis (Cheng et al., 2017). These
results were in line with results of a non-targeted metabolomics approach that showed that
PfSS101 differently regulated 50 metabolites in Arabidopsis (van de Mortel et al., 2012).
Genome-wide transcriptomics and screening with seven Arabidopsis mutants disrupted in
myb51, cyp79B2cyp79B3, cyp81F2, pen2, cyp71A412, cyp71A413, or myb28myb29 revealed
that camalexin and indolic glucosinolates, sulfur containing metabolites, may contribute to
the induced resistance response against Pst and the herbivorous insect Spodoptera exigua
(van de Mortel et al., 2012).
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Modulation of plant metabolism by PGPRs

While growth promotion and induced resistance by PGPRs have drawn the attention for
approximately 40 years (Kloepper, 1978), relatively few studies have addressed how PGPRs
modulate plant metabolism. Nevertheless, the number of studies on PGPR-mediated effects
on plant secondary metabolism shows an increasing trend (Fig 2), exemplifying its potential
for the coming decade. The increasing interest is due in part to the overwhelming attention
in research for plant microbiome assembly and functioning (Cordovez et al., 2019) as well
as the observation that PGPRs represent a novel and promising platform for boosting or
redirecting the production of high value natural products (HVNPs) in plants. Compared to
conventional breeding and plant genetic engineering, steering HVNPs via PGPRs has a few
distinct advantages. Such merits include simplicity and generality of application, and attested
safety to environmental issue in using bacteria as biological elicitors in farmland (Tabassum
et al., 2017). In addition, endless yet undiscovered rhizospheric and endophytic microbial
candidates make this tool a future-directed platform.

Studies on PGPR-mediated phytochemical changes have covered a broad range of plant
species from Arabidopsis as a model to medicinal plants and agricultural/horticultural crops.
The majority of these studies focus on economically important plant species belonging
to the Lamiaceae, Fabaceae and Asteraceae. On the PGPR-side, again Pseudomonas and
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Bacillus were the most extensively studied rhizobacteria but also other genera are being
tested for their effects on the plant metabolome (Etalo et al., 2018). The overall objective in
this research field is to investigate if PGPRs can increase the level of medicinal compounds
in herbs and plant species. One of the best examples to date is the boost of artemisinin,
the antimalarial bioactive chemical, in Artemisia annua by endophytic Pseudonocardia sp.
via upregulation of the artemisinin biosynthesis genes cyp7lavl and cpr (Li et al., 2012).
Similarly, an endophyte consortium, consisting of Acinetobacter and Marmoricola spp.
induced the biosynthesis of benzylisoquinoline alkaloids (BIAs), bringing about a substantial
increase of morphine production in Papaver somniferum (Ray et al., 2019). Another recent
study investigated the impact of various endophytic bacteria in Panax ginseng on the levels
of ginsenosides, which are antitumor bioactive glycosylated triterpenes (Ji et al., 2019).

Next to these medicinal plant compounds, PGPRs can also induce metabolome changes
that affect (a)biotic stress tolerance. For instance, soybean (Glycine max) treated with
Stenotrophomonas maltophilia N5.18 accumulated more isoflavonoids, phytoestrogen
(Algar et al., 2014). This study further demonstrated that another PGPR Curtobacterium sp.
strain M84 also induced isoflavonoids levels in soybean after infestations by the bacterial
leaf pathogen Xanthomonas axonopodis pv. glycines, suggesting a potential correlation
between isoflavonoids accumulation and systemic resistance. In the same manner, Bacillus
velezensis YC7010 significantly induced tricin, a flavonone glycoside, as well as contents of
lignin and cellulose in rice (Oryza sativa), thereby triggering defense mechanism against the
brown planthopper Nilaparvata lugens (Rashid et al., 2018). Similarly, treatment of cotton
with consortia of PGPR (9 Bacillus spp.) resulted in significant expression of (+)--cadinene
synthase gene family, gossypol accumulation and anti-herbivory against Spodoptera exigua
(Zebelo et al., 2016).

Notwithstanding the growing efforts to investigate PGPR-plant interactions, the bacterial
traits involved in rhizobacteria-mediated plant metabolome changes remain largely unknown.
Recently, the production of phenylacetic acid (PAA) by Bacillus fortis IAGS162 ameliorated
Fusarium wilt disease in tomato (Akram et al., 2016). Exposure of PAA to the media
supporting tomato seedling growth led to changes in defense-related pathways together with
up-regulation of various phenylpropanoid precursors. For Pseudomonas aeruginosa PM12,
methoxybenzene methanol (HMB) was identified as a bacterial determinant that triggered
systemic resistance in tomato against Fusarium wilt disease. An additional chemical analysis
by GC-MS revealed the impact of HMB on primary and secondary metabolism, signaling
and defense pathways in tomato (Fatima & Anjum, 2017). Moreover, several other studies
revealed that mVOCs from various PGPR strains also impact on primary metabolism (Wenke
et al., 2019), flavonoid biosynthesis (Zhang et al., 2007), or sulfur metabolism (Aziz et al.,
2016) but a comprehensive analysis of the specific mVOCs that trigger these responses and
the signal transduction pathways leading to these plant metabolome changes has not been
conducted yet for most of these PGPRs.
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Table 1. Examples of PGP R strains and traits associated with changes in the plant metabolome

PGPR strain PGPR trait

Plant plant metabolome changes Reference

Bacillus {fortis phenylacetic acid
IAGS162 (PAA)

Tomato induction of shikimate and (Akram et al., 2016)

phenylpropanoid pathways

increase of sugars, orgamc ac1ds

a e];;g:f Oogo};)qﬁv 12 ;’gﬁggg}’fﬁﬁ%ﬁ Tomato  polyamines, amuell(él?imds and sahcyllc (Fatimfoﬁcf?njum’
Bacillus Sulfurous volatiles,
amyloliquefaciens ~ dimethyldisulfide ~ Arabidopsis increase Olf alip hatllc tand indolic (Aziz et al., 2016)
G%O?) (DK/IDS) glucosiolates
increase of IAA, camalexin,
de Mortel et
Pseudomonas hydrox cmnamates and allphatlc yan
Sfluorescens SS101 Sulfur metabolism Arab1d0p51s glucosmof, tes in Arab1d0p51s increase S 2012; Cheng et

(cysH gene)

Broccoli of flavonoids, hydroxycmnamates Chapter7 )5

indolic glucosmolates in Broccoli
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Thesis outline

Numerous beneficial rhizobacteria (PGPRs) can promote plant growth and trigger
systemic resistance, thereby enhancing crop yield and improving plant quality traits. The
recent technological developments in LC/GC hyphenated mass spectrometry have opened
opportunities to study PGPR-mediated changes in phytochemistry as a novel platform that
can be integrated in microbiome-mediated plant breeding. To date, however, the underlying
mechanisms, bacterial traits and specificity in plant metabolome responses to single PGPRs
or consortia of PGPRs, also referred to as synthetic communities (syncoms), remain
largely elusive. Hence, the overall aim of my thesis is to study PGPR-induced changes
in the metabolome of different plant species and to identify the bacterial traits involved in
the induction of these plant metabolome changes. In Chapter 2, I provide an up-to-date
overview of the existing literature on microbe-mediated effects on the plant metabolome.
It provides an overview of phytochemical changes triggered by soil and plant-associated
bacteria in diverse plant species, ranging from Arabidopsis as a model plant to crop, herbal,
and medicinal plant species. Furthermore, this chapter also proposes a novel concept termed
“Microbial-Gene Positioning System (m-GPS)” as a comprehensive tool to investigate the
underlying mechanisms and genes associated with microbe-mediated modulation of plant
chemistry.

To investigate the specificity of plant metabolome changes induced by rhizobacteria, I
conducted a so-called ‘blind date’ experiment in Chapter 3, combining three strains of distinct
rhizobacterial genera (Pseudomonas, Microbacterium, Paraburkholderia) and three different
plant species, representing the model plant Arabidopsis, the medicinal plant Artemisia, and
the crop plant Broccoli. Bacterial and host-specific effects were investigated via untargeted
plant metabolomics, aided by root and shoot phenotyping and bacterial root colonization.
Also the association between altered plant metabolism and plant growth is investigated based
on the resource allocation theory and pathway analysis evidenced by chemical analyses.
In Chapter 4, I looked into the diversity of phytochemical changes upon exposure of two
Broccoli cultivars to different Paraburkholderia species. In this chapter, I not only looked
into changes in plant secondary metabolism but also into changes in primary metabolism
induced by these rhizobacterial species. In the following two experimental Chapters S and 6,
I focus on the identification of bacterial traits and genes associated with the changes observed
in plant phenotypes and metabolome described in Chapters 3 and 4. More specifically,
for Pseudomonas fluorescens SS101, 1 investigated if cysH, a gene involved in sulfur
metabolism, is associated with growth promotion and ISR, and if these phenotypic changes
in two Brassica plant species (Arabidopsis and Broccoli) can be explained by the observed
metabolome changes. In Chapter 6, I conducted a genome-wide transcriptome analysis on
Paraburkholderia graminis (Pbg) colonizing the roots of Broccoli to identify potential gene
candidates and pathways associated with the phenotypic and metabolic changes induced in
two Broccoli cultivars.
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Final Chapter 7 integrates the findings of this thesis and addresses the potential use
of rhizobacteria for sustainable agriculture and as a novel technological platform for the
production of pharmaceutical products such as HVNPs.
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Modulation of plant chemistry by beneficial
root microbiota

Desalegn W. Etalo, Je-Seung Jeon, Jos M. Raaijmakers
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Abstract

Plants are colonized by an astounding number of microorganisms that can reach cell densities
much greater than the number of plant cells. Various plant-associated microorganisms can
have profound beneficial effects on plant growth, development, physiology and tolerance to
(a)biotic stress. In return, plants release metabolites into their direct surroundings, thereby
feeding the microbial community and influencing their composition, gene expression and the
production of secondary metabolites. Similarly, microbes living on and in plant tissue may
induce known and yet unknown biosynthetic pathways in plants leading to diverse alterations
in the plant metabolome. Here, we provide an overview of the impact of beneficial microbiota
on plant chemistry, with an emphasis on bacteria living on or inside root tissues. We will also
provide new perspectives on deciphering the yet untapped potential of microbe-mediated
alteration of plant chemistry as an alternative platform to discover new pathways, genes and
enzymes involved the biosynthesis of high value natural plant products.

Keywords: microbe-plant interactions; beneficial rhizobacteria; phytochemistry; natural
products
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Introduction

Plant metabolites are estimated to be more than 100,000 at present (Wink, 2010) and new
analogues are still being discovered in a rapid pace. Many plant-derived compounds exhibit
a diverse array of biological activities including protection against herbivores and pathogenic
microorganisms. Furthermore, plant metabolites are a major source of pharmaceuticals, either
as the active ingredient of a crude plant extract or as a scaffold for chemical synthesis and
structural modifications(Cragg & Newman, 2013; Bauer & Bronstrup, 2014). Recent studies
have shown that specific microorganisms colonizing plant surfaces (phyllosphere, rthizosphere)
and internal plant tissue (endosphere) can induce changes in the plant metabolome, leading to
alterations in the biosynthesis of known plant metabolites or to the induction of yet unknown
metabolites (Scherling et al., 2009; van de Mortel ef al., 2012; Huang ef al., 2014; Ryffel et
al.,2016). Hence, microbe-plant interactions may provide a novel and more generic means to
boost the production of agriculturally and/or pharmaceutically interesting plant metabolites
and to discover structurally new plant metabolites and their corresponding biosynthetic genes
and pathways.

For centuries, reductionist approaches gave primary importance to the interplay between the
plant, abiotic conditions (light, water, CO,) and physico-chemical characteristics of the soil.
Over the past decade, Next Generation Sequencing (NGS) technologies have demonstrated
that plants are colonized by an astounding number of taxonomically diverse (micro)organisms
that can reach cell densities much greater than the number of plant cells. Several members of
this plant-associated microbial community can influence plant growth, development and
health(Mendes ef al., 2013; Panke-Buisse et al., 2015). Consistent with the terminology used
for microorganisms colonizing the human body, the collective communities of plant-
associated microorganisms, their genomes and interactions are referred to as the plant
microbiome (Mendes et al., 2013). Plants attract and feed their microbiome by the exudation
of photosynthetically fixed carbon into their direct surroundings, i.e., spermosphere,
phyllosphere, rhizosphere and endosphere (Haichar et al., 2008; Rudrappa et al., 2008;
Shidore et al., 2012; Reinhold-Hurek et al., 2015). The rhizosphere, the narrow zone (+ 1-2
mm) surrounding and influenced by plant roots, is rich in small- and large-molecular weight
compounds that serve as a carbon source for microbial growth (Bais ef al., 2006). In return,
the rhizosphere microbiome provides a first line of defense against infections by root
pathogens (Raaijmakers & Mazzola, 2016) as well as other life-support functions for the
plant including nutrient acquisition and growth promotion (Van Loon, 2007; Bhattacharyya
& Jha, 2012), induction of systemic resistance against above-ground pathogens and
herbivorous insects (Raupach et al., 1996; Van Wees ef al., 1999; Ryu et al., 2004; Haas &
Défago, 2005), and enhanced plant tolerance to abiotic stress (e.g. salinity, drought) (Dimkpa
et al., 2009; Yang et al., 2009). Several microbial traits and mechanisms involved in these
interactions have been identified (Han et al., 2006; Nam et al., 2006; Kim et al., 2007,
Sumayo et al., 2013), but how microorganisms alter plant chemistry and if/how these
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phytochemical changes affect plant growth, development and health are not well understood
yet (Fig 1). Here, we provide an up-to-date overview of studies on microbe-mediated
modulation of plant chemistry, with specific emphasis on endophytic and rhizosphere
bacteria. The impact of other (micro)organisms, including plant pathogenic fungi, arbuscular
mycorrhizal fungi, symbiotic nitrogen-fixing bacteria and parasitic weeds, on plant chemistry
is not reviewed here; we refer the reader to other relevant literature (Bouwmeester et al.,
2003; Hahlbrock et al., 2003; Furuhashi ef al., 2012; Okmen et al., 2013; Schweiger ef al.,
2014; Brusamarello-Santos et al., 2017). In specific cases, we will address the putative
mechanisms involved in the molecular interplay between beneficial bacteria and plants.
Finally, we propose a conceptual framework for the potential use of plant-microbe interactions
to elucidate and engineer plant metabolic pathways.
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Fig 1. Influences of beneficial microbes on plant growth, health and chemistry. Beneficial
microbes can enhance biomass, alter root system architecture, prime the plant defense against
pathogens and phytophagous insects, enhance tolerance to drought and salt stress and alter
phytochemistry. Phytochemical changes include induction, repression or biosynthesis of new
metabolites in treated plants. Plants can also influence the composition and activity of root-
associated beneficial microbes through their exudates. These beneficial microbes reside in
the rhizosphere and endosphere of the host plant. The causal relationships between changes
in phytochemistry, growth promotion and induced resistance (dotted arrows) are not well
understood.
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Modulations of plant chemistry by endophytes and beneficial root microbes

Endophytes are microbes that colonize living, internal tissues of plants without causing any
immediate, overt negative effects on plant performance (Hardoim et al., 2015). Although
the number of studies on plant-endophyte interactions is increasing rapidly, the number of
plant as well as microbial species investigated to date only represent the tip of the iceberg.
With approximately 300,000 higher plants and their endophytic microbiomes, there is an
enormous metabolic potential yet to be discovered. To date, effects of endophytes on the
plant metabolome are more frequently studied and reported for fungi than for bacteria (Zhi-
lin et al., 2007; Huang et al., 2008; Staniek et al., 2008; Shukla et al., 2014).

Endophytic fungi

Endophytic fungi are an important source of therapeutically active compounds. Some of
the well-known examples include amongst others the tetracyclic diterpenoid anticancer drug
paclitaxel from Taxomyces andreanae (Stierle et al., 1993), the potent anticancer, antiviral,
antioxidant, antibacterial and anti-rheumatic agent podophyllotoxin from Sinopodophyllum
hexandrum (Yang et al., 2003), the cognitive enhancer lycopodium alkaloid huperzine-A
from Shiraia sp. (Zhu et al., 2010), the antimicrobial agent enfumafungin from Hormonema
sp. (Schwartz et al., 2000), the lactone cholesterol-lowering agent lovastatin from Aspergillus
luchuensis (E1-Gendy et al., 2016), a nonpeptidal antidiabetic agent from Pseudomassaria sp.
(Zhang et al., 1999) and the diterpene pyrones immunosuppressive agents subglutinol A and
B from Fusarium subglutinans (Lee et al., 1995). Furthermore, in plants, endophytic fungi
are effective as biocontrol agents of plant diseases, insect pests and nematodes (Rowan, 1993;
Ostlind et al., 1997; Daisy et al., 2002; Schwarz et al., 2004; Tanaka et al., 2005; Wicklow et
al., 2005; Li et al., 2008; Wang et al., 2013; Gupta ef al., 2016; Kim et al., 2016; Schouten,
2016; Singh et al., 2016). For more comprehensive information on bioactive metabolites
from endophytic fungi we recommend the reader to excellent reviews of Newman and Cragg
(Newman & Cragg, 2015).

In addition to having the biosynthesis machinery for the above mentioned bioactive
metabolites, endophytic fungi are also know to play an important role in boosting metabolite
biosynthesis of their host. Inoculation of endophyte-free Catharanthus roseus plants with
the fungi Curvularia sp. and Choanephora infundibulifera enhanced the level of vindoline,
a terpenoid indole alkaloid (TIA), in the leaves by 403% and 229%, respectively. Real-time
PCR further showed that structural and regulatory genes involved in the TIA biosynthesis
pathways were significantly upregulated in endophyte-inoculated plants when compared
to endophyte-free plants (Pandey, Shiv S. et al, 2016). Polysaccharide fraction from
Trichoderma atroviride, an endopyte isolated from Salvia miltiorrhiza, significantly boosted
the biosynthesis of tanshionones in hairy root cultures and also induced transcription of genes
involved in tanshinone biosynthesis (Ming ef al., 2013). Also comparative metabolomics and
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transcriptomics of ryegrass infected with Epichloe festucae and non-infected plants revealed
that the endophyte caused ‘reprogramming’ of the host’s metabolism, favoring secondary
metabolism at the expense of primary metabolism. Particularly, flavonoids and anthocyanins
showed significant accumulation in plants infected with the endophyte (Dupont et al., 2015).

Endophytic and rhizosphere bacteria

Similar to endophytic fungi, endophytic and rhizospheric bacteria isolates are capable of
producing a large number of bioactive metabolites and detailed reviews on this topic are
provided by, among others, Gunatilaka (2006) and Singh et al. (2017). Several studies
have shown profound effects of bacterial endophytes on their host’s primary and secondary
metabolism. For example, comparative primary metabolome analysis of poplar plants
that were inoculated with Paenibacillus sp. showed significant increases in the levels of
asparagine, urea and threitol, whereas a number of intermediates such as organic acids
(malate, succinate, fumarate, citrate), amino acids (phenylalanine, 2-ketoglutatate, oxo-
proline) and the sugar phosphate (fructose-6-phosphate) were reduced in the inoculated
plants (Scherling ef al., 2009). Secondary metabolite profiling of grapevine treated with the
endophytic bacterium Enterobacter ludwigii showed a significant increase in the level of
vanillic acid and a decrease in the concentration catechin, esculin, arbutin, astringin, pallidol,
ampellopsin, D-quadrangularin and isohopeaphenol. In roots and stems, also changes in the
levels of epicatechin, procyanidin 1, taxifolin and the sum of quercetin-3- glucoside and
quercetin-3-galactoside were detected (Lopez-Fernandez ef al., 2016).

Other studies on bacteria-mediated changes in phytochemistry reported to date involve the
model plant species Arabidopsis thaliana, medicinal plants, food crops, ornamentals and trees/
shrubs. Crop and medicinal plants categories, each encompassing 25 and 16 plant species,
respectively, were the major hosts used in the reviewed articles. Among the reviewed articles,
a total of 53 plant species belonging to 28 families were used to investigate bacteria-mediated
phytochemical alterations. Lamiaceae, representing the herb plant that encopasses 8 plant
species, was the most widely used plant family, followed by Fabaceae (7) and Asteraceae (5).

When investigating bacteria-mediated alteration in phytochemistry, seudomonadales and
Bacillales were the most widely used bacterial orders (on 16 plant families each), followed
by Actinomycetales (on 9 plant families) (Fig 2). More detailed information pertinent to
phytochemical alterations induced by rhizobacteria is summarized in Supplementary
Tables S1 and S2. Furthermore, the chemical structures of several plant metabolites
whose biosynthesis is altered by endophytic and rhizospheric bacteria are shown in Fig 3.
The overall aim of the studies with medicinal plants was to investigate if rhizosphere or
endophytic bacteria can affect the level of a specific medicinal compound(s). For example,
endophytic actinobacterium Pseudonocardia sp. isolated from Artemisia annua induced
artemisinin (an antimalarial agent) production in Artemisia by upregulating the expression
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Fig 2. Plant families and bacterial orders described in the reviewed articles addressing
microbe-mediated changes in phytochemistry. (a) taxonomy of the plants is indicated at
family level along the Y-axis with the number of plant species belonging to the respective
families indicated between brackets. Plant species are divided into five categories: model
plant, medicinal plant, crop plant, ornamental plant and trees/shrubs. Similarly, the bacteria
used in these studies are indicated at order level by colored bars and the number of bacterial
species belonging to a given order is indicated along the X-axis. Details regarding the plants
and bacterial species indicated in this graph are provided in the Supplementary Tables S1
and S2. (b) Analytical tools used to investigate changes in phytochemistry in response to
beneficial microbes. The numbers in the Venn diagram correspond to the number of reviewed
articles that used the indicated analytical tools to analyze microbe-mediated changes in
phytochemistry. (¢) Methods of application of beneficial microbes in studies involving
microbe-mediated changes in phytochemistry. The numbers in the pie chart correspond to
the number of reviewed articles that used one of the indicated application methods. *includes
TLC and NMR, **involves reaction-based colorimetric/spectrophotometric quantitative
analysis of specific groups of compounds such as total flavonoids, total phenolics, total
proanthocyanidin, alkaloids and tannins.
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Fig 3. Chemical structures of representative plant metabolites that were changed by
beneficial bacteria treatment. Detailed information on these list of metabolites is included in

Supplementary Table S1.
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Pseudomonas fluorescens, Bacillus subtilis and Azospirillum brasilense. Inoculation of plants
with 4. brasilense only resulted in significant accumulation of carvacrol, a monoterpenoid and
the major constituent of Oregano essential oils (Banchio ef al., 2010). Combined foliar and
irrigation application of Paenibacillus polymyxa, an endophytic bacteria isolated from ginseng
plant leaves, resulted in increased ginsenoside concentration in 1-4 year old ginseng plants by
37%, 45%, 68% and 80%, respectively (Gao ef al., 2015). In addition to boosting metabolite
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biosynthesis of their host, root-associated bacteria are able to transform plant metabolites
into different derivatives. For example, Giudice et al. (2015) showed the presence of root-
associated bacteria in parenchymatous essential oil-producing cells. These bacteria were able
to metabolize essential oil and as a consequence release large number of compounds, some of
which were absent or present in very low amounts in the raw oil. Interestingly, axenic Vetiver
plantlets produces in vitro only trace amounts of oils with strikingly different composition
compared with the oils from in vivo Vetiver plantlets suggesting that root-associated bacteria
contribute to the Vetiver oil composition. Some of the isolated root-associated bacteria were
indeed able to induce the expression of the plant tepene synthase gene (Del Giudice et al.,
2008). Another interesting example is the conversion of the major ginsenoiside Rbl to the
potent antitumor compound ginsenoside Rg3 by Burkholderia sp. isolated from ginseng
roots. Collectively, these studies demonstrated that endophytic bacteria can not only boost the
levels of specific bioactive metabolites in their host but may also transform biologically less
active forms of metabolites into active derivatives (Fu et al., 2017). Other groundbreaking
studies revealed that specific metabolites such as the known anti-tumor agent maytansine, a
benzoansamacrolide, that was assumed to be of plant origin was actually synthesized by the
endophytic bacterial community residing in the root cortex of Putterlickia verrucosa and P.
retrospinosa plants (Kusari ef al., 2014).

Phytochemical changes and their impact on plant growth and health

In the coming sections, we will highlight several studies where plant growth promotion and
plant protection against pests and diseases were investigated in relation to microbe-mediated
changes in plant chemistry. Growth promotion and induced systemic resistance (ISR) are two
of the most well-studied plant phenotypic responses to rhizosphere and endophytic bacteria
(Fig 1). Similarly, a number of reports have shown global changes in the plant metabolome
in response to inoculation with plant growth-promoting rhizobacteria (PGPR) (Dardanelli
et al., 2010; Walker et al., 2011; Walker et al., 2012; Algar et al., 2013). Yet, the causal
relationships between plant metabolome changes, plant growth promotion and/or protection
(direct, indirect) conferred by these PGPRs are not well understood. In the following sections,
the relationship between microbiome-mediated metabolome change and plant growth and
health for model plants and crops will be discussed.

Model plants

Our earlier work showed that rhizobacterium Pseudomonas fluorescens strain SS101
promoted growth of A. thaliana and induced systemic resistance (ISR) to the bacterial leaf
pathogen Pseudomonas syringae pv tomato (Pst) and the herbivore insect Spodoptera exigua
(van de Mortel ef al., 2012). The ISR response correlated with increased levels of camalexin
and glucosinolates, in particular the indole glucosinolates for insect resistance (van de
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Mortel et al., 2012). Mutant lines of A. thaliana defective in glucosinolate biosynthesis were
compromised in resistance to both Pst and S. exigua (van de Mortel ef al., 2012), indicating
an important role of these plant metabolites in the ISR response. Similar to beneficial
bacteria, root colonization of A. thaliana by the beneficial fungus Trichoderma asperelloides
T203 substantially altered the plant’s primary metabolism with increased levels of amino
acids and polyamines that are closely linked to plant growth and that act as a precursor for
the biosynthesis of important defense-related secondary metabolites (Brotman et al., 2012).

Even without direct physical contact with their host, beneficial rhizobacteria can influence
plant metabolism, growth and health through the production of volatile organic compounds
(VOCs). Bacillus sp B55, a rhizobacterium naturally associated with Nicotiana attenuata
roots, produces sulfur-containing VOCs, in particular dimethyl disulfide (DMDS), which
promoted plant growth. When strain B55 was grown in minimal medum containing
»S-labeled Na,SO, as the sole S source, plants absorbed and incorporated **S into their
proteins, suggesting that provision of reduced sulfur to the plant is a possible mechanisms
underlying growth promotion (Meldau et al., 2013). Similarly, Arabidopsis exposed to
VOCs from Bacillus amyloliquefaciens (GB03) showed enhanced sulfur accumulation when
traced with radioactive sulfate (**SO4 ~2). Interestingly, microarray data analysis further
indicated that several sulfate reduction genes and transcripts encoding genes for the majority
of aliphatic glucosinolates and some genes involved in the indole-glucosinolate pathway
were induced by the bacterial treatment. Furthermore, treated plants exhibited a significant
increase in cysteine, the precursor for methionine that acts as the main substrate for aliphatic
glucosinolate biosynthesis. Interestingly, glucosinolate analysis of plants exposed to BG03
VOCs showed 33 and 70% increases in the total glucosinolate content in shoots and roots,
respectively, compared to the untreated control (Aziz et al., 2016). Furthermore, treated
plants showed significant reduction in herbivory by the insect Spodoptera exigua.

Crop plants

Similar to model plants, microbe-mediated changes in phytochemistry of crop plants appear
to correlate with biomass enhancement and resistance against pathogens. For example,
Betelvine plants treated with Serratia marcescens NBR11213 showed a significant increase
in biomass and retarded infection by Phytophthora nicotianae, an oomycete plant pathogen
with broad host range. Plants treated with S. marcescens showed significant accumulation
of gallic acid, ferulic acid, chlorogenic acid and caffeic acid (Lavania et al., 2006), phenolic
acids that exhibit antifungal and anti-oomycetes activities (Sarma & Singh, 2003; Widmer &
Laurent, 2006; Ockels ef al., 2007; Nguyen et al., 2013; Li ef al., 2017). Similarly, chickpea
treated with Pseudomonas fluorescens (pfs3) accumulated similar potent antifungal phenolics
and the level of these metabolites coincided with seedlings survival when challenged with
the fungal root pathogen Sclerotium rolfsii (Sarma et al., 2002). Moreover, rice plants
treated with Azospirullum sp. B510 showed enhanced resistance against the rice blast fungus
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Magnaporthe oryzae and the bacterial pathogen Xanthomonas oryzae (Yasuda et al., 2009).
Interestingly, Azospirullum sp. B510 induced p-coumaric and ferulic acid, which are major
constituents of rice phenolics (Chamam et al., 2013).

Similar to what is described above for model plants, rhizobacteria-mediated changes in
phytochemistry in crop plants also may have an adverse effect on phytophagous insect
performance. Treatment of cotton with consortia of rhizobacteria (composed of 9 Bacillus
spp.) resulted in accumulation of gossypol and reduced herbivory by Spodoptera exigua via
reduced the pupation and higher larval mortality. Transcriptional analysis further revealed
that the rhizobacteria significantly upregulated the expression of the (+)-3-cadinene synthase
gene family involved in the biosynthesis of gossypol (Zebelo et al., 2016). Collectively, these
and other examples for model, medicinal, crop plants as well as trees/shrubs (Supplementary
Table S1), signify the magnitude of changes that can be brought about by root-associated
bacteria on the plant transcriptome and metabolome and how these changes can impact plant
growth, development and health. Understanding the bacterial determinants involved in the
alteration of the plant metabolome will shed more light on the fundamental mechanisms
underlying of the activation of specific metabolic networks and their importance for the
fitness to the host plant in managed or natural ecosystems.

Microbial traits and molecular mechanisms

Most of the studies reviewed here onrhizobacteria-mediated changes in phytochemistry did not
provide direct evidence or insght into the underlying molecular mechanisms. Various bacterial
determinants have been identified for their role in biological nitrogen fixation (Dixon & Kahn,
2004), production and regulation of phytohormones and analogues (Casséan et al., 2014),
siderophore production (Neilands, 1995) and phosphate solubilization (Rodriguez & Fraga,
1999). Our recent work involving site-directed mutagenesis and genetic complementation
of Pseudomonas fluorescens strain Pf SS101 pointed to three genes, i.e. phosphogluconate
dehydrates gene (edd), the response regulator gene colR and the adenylsulfate reductase gene
(cysH), involved in plant growth promotion and ISR. Also various other bacterial traits have
been identified for their role in plant growth promotion and ISR, including lipopolysaccharides
(Leeman et al., 1995), salicylic acid (De Meyer & Hofte, 1997), siderophores (Sayyed et al.,
2013), 2-aminobenzoic acid (Yang et al., 2011), cyclic lipopeptides (Ongena et al., 2007),
exopolysaccharides (Uma Sankari J. et al, 2011), cell wall degrading enzymes (Kobayashi
et al., 2002), flagella (Meziane et al., 2005), 2,4-diacetylphloroglucinol (Weller ef al., 2004),
2,3-butanediol (Ryu et al., 2004), and N-alkylated benzylamine (Ongena, M. et al., 2005).
To date, however, bacterial determinants involved in the alteration of the plant metabolome
remain largely elusive. Recently, phenylacetic acid (PAA) produced by beneficial bacteria
Bacillus fortis IAGS162 was shown to be a determinant of ISR against Fusarium wilt disease
in tomato. Plants exposed to PAA and challenged with the fungal pathogen F. oxysporum f.sp.
lycopersici showed extensive changes in their primary metabolism. Particularly, the shikimate
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and phenylpropanoid pathways (I-phenylalanine, cinnamic acid, benzoic acid, caffeic
acid, and salicyclic acid) were upregulated (Akram et al., 2016). Similarly, 3-hydroxy-5-
methoxy benzene methanol (HMB), isolated from extracellular metabolites of Pseudomonas
aeruginosa PM12, was shown to have significant impact on the plant metabolome and to be
a potent determinant of ISR. Tomato plants treated with HMB showed enhanced levels of
sugars (fructose, glucose, sucrose), phosphorylated sugars (fructose-6- phosphate, glucose-
6-phosphate, myo-inositol-phosphate), organic acids (a-ketoglutarate, malate, oxaloacetate,
citrate, succinate), polyamines (picolinic acid, pipecolic acid, putrescine, spermidine), amino
acids (phenylalanine, arginine, glutamine and proline) and salicylic acid. The levels of
glycerol-3-phosphate, fumarate, cis- aconitate, leucine, tyrosine and threonine were reduced
in plants treated with HMB when compared to untreated control plants (Fatima & Anjum,
2017). As indicated above, beneficial rhizobacteria can also influence the host metabolome
via VOCs, that may influence the expression of various plant genes including those involved
in flavonoid (Zhang et al., 2007) or sulfur metabolism (Meldau et al., 2013; Aziz et al., 2016).

Microbial-Gene Positioning System (m-GPS)

The above-mentioned examples highlight the paramount importance of plant-associated
microbes in shaping the metabolome landscape of their host. Microbe-mediated alteration
or reprograming of the plant metabolome is dependent on the combination of plant species/
cultivar and microbial species. For example, when two rice cultivars (Cigaron and Nipponbare)
were inoculated with Azospirillum lipoferum, the impact on the root metabolome was greater
for Cigaron. More specifically, treated Cigaron cultivars exhibited a reduction in the level of
a number of flavonoids and an increase in the level of hydroxycinnamic acid derivatives and
alkylresorcinol (Chamam et al., 2013). In another study, treatment of these two rice cultivars
with either A. lipoferum 4B (rhizospheric) or Azospirillum sp. B510 (endophytic) resulted in
Azospirillum strain x cultivar specific changes in the metabolome. Strain 4B (rhizospheric
bacteria isolated from Cigalon) induced major changes in secondary metabolism only in
Cigalon roots, while strain B510 (endospheric bacteria isolated from Nipponbare) induced
metabolic changes in shoots and roots of both rice cultivars (Chamam et al., 2013). Whether
these differences are truly strain specific or more related to their lifestyle, i.e. rhizosphere
versus endosphere, remains to be resolved. Also treatment of seeds of two maize cultivars
(PR37Y15 and DK315) with three beneficial bacteria A. brasilense CFN-535, A lipoferum
CRT1 and A. brasilense UAP-154, revealed major Azospirillum strain-cultivar specific
qualitative and quantitative changes in secondary metabolism, primarily benzoxazinoids
(Walker ef al., 2011). Based on these observations, we postulate that microbes, due to their
long standing co-evolutionary relationship with their host, serve as specialized engineers of
the plant’s primary and secondary metabolism. We predict that such specific alteration of
the plant metabolome when interrogated by integration of different approaches involving
transcriptomics, proteomics and metabolomics, can reveal new genes, enzymes, pathways
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and metabolic networks in plants associated with growth, development and tolerance to (a)
biotic stresses (Fig 4). In this context, microbe-plant interactions may serve as a valuable tool
to predict and identify rate limiting/critical steps in plant metabolic pathways. To further frame
the more fundamental concept behind this approach, we propose the term “microbial-Gene
Positioning System (m-GPS)”, which involves identification of metabolic pathways that are
perturbed by the microbial treatment followed by mapping of the changes in the expression
of genes and the activity of enzymes belonging to the corresponding metabolic pathways.
Based on these analyses, pragmatic decisions can be made to pick the most influential gene(s)
that is/are targeted by the beneficial microbes to impact the flux of a given metabolite(s). The
role of these candidate genes can be validated using mutant lines or reverse genetics tools.
If indeed these genes show an influential role in the biosynthesis of high value natural plant
products (HVNPs), they can be used in conventional breeding or synthetic biology programs
for trait improvement. Screening for allelic variants/orthologues of the candidate genes
across plant species may further help to identify an elite allelic variant and the associated
sequence information can be used for protein engineering intended to create ultra-enzymes in
biotechnology and synthetic biology programs (Fig 4a). Similarly, bacterial traits involved in
the modulation of the plant metabolome can be explored as an innovative strategy to improve
the collective genome of the rhizosphere microbiome. Once prominent bacterial traits are
identified, further screening of allelic variants/orthologues can be performed across several
rhizobacterial species and strains of a given species. Using such strategy, best performing
allelic variant(s) of bacterial traits in altering the plant metabolome can be used to enhance
the content of HVNPs in plants (Fig 4b). The current targeted genome editing techniques
such as the CRISPR/Cas system (Selle & Barrangou, 2015) will have a profound contribution
to our quest to understand signal perception and downstream signalling and to ultimately
engineer bacterial traits to impact plant chemistry.

Concluding remarks and future perspective

In this review, we provided an overview of microbe-mediated changes in plant chemistry
and other plant phenotypes (enhanced growth, ISR). Establishing a causal relationship
requires comprehensive understanding of the metabolic pathways involved in plant growth
and defense, and of the microbial traits and mechanisms underlying the alteration of plant
phenotypic and metabolic traits. Unravelling the chemical interplay between microbial
metabolites, enzymes and elicitors and how these affect plant signal perception, signal
transduction and the downstream metabolic networks requires systems-based approaches to
connect host- and microbial traits with the observed changes in the metabolome, biomass
and resistance to biotic stresses. The number of publications in the area of bacteria-mediated
phytochemical alterations is increasing due to exciting developments in next generation
sequencing and state-of-the-art LC/GC hyphenated mass spectrometry technologies (Fig 2b).
Future studies that focus on the beneficial microbe-mediated plant metabolome reprograming
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Fig 4. [llustration of the microbial Gene Positioning System (mGPS), a conceptual framework
that proposes to use beneficial microbe-mediated alteration of plant metabolic pathways as a
means to identify influential genes involved in the biosynthesis and regulation of High Value
Natural Products (HVNPs). (a) The first strategy initially involves comparing the influence of
different beneficial microbes on the plant metabolic pathways involved in the production of
HVNPs (1), after which follows the identification of the metabolic pathway that is impacted
the most by the treatment of beneficial microbes (2). Subsequently, the most influential gene
in the biosynthetic pathway of HVNPs is identified (3); following this step, the performance
of allelic variants/orthologues of the identified gene from different plant species is evaluated
and the best performing allelic variant/orthologous gene is then used for improvement of
HVNPs production in plants (4). (b) A second potential strategy to improve the production
of HVNPs in plants is to screen a number of beneficial microbes for their impact on the
production of targeted compounds (1). The best performing microbe is then subjected to
random mutagenesis (2) to identify the microbial determinant involved in the alteration of
HVNPs (3). Then, orthologous genes of the microbial determinant are evaluated for their
ability to elicit maximum production of the targeted HVNPs (4).

will expand our horizon beyond the use of microbes as a biocontrol agent or as plant growth
promotor only. Endophytes are receiving particular attention in this research field as they
are assumed to have a more intimate association with their host plant than microorganisms
that live in the ‘spheres’ (thizosphere, phyllosphere). Interestingly, metabolites detected in
crude extracts from plants could originate from the plant, the endophyte (Kusari et al., 2014),
from the combined effort of both (Kusari et al., 2011; Heinig et al., 2013), from modification
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of the plant metabolites by endophytes (Tian et al., 2014; Fu et al., 2017), or even from
modification of endophyte metabolites by the host plant (Strobel & Hess, 1997). Moreover,
endosymbiotic bacteria residing inside the fungal hyphae (Hoffman & Arnold, 2010) as
well as endophyte-endophyte interactions may even increase the complexity of the overall
‘plant” metabolome. These examples underscore how the genetics and chemistry between
plants and their microbiomes (i.e. the holobiont (Rohwer et al., 2002; Rosenberg & Zilber-
Rosenberg, 2016)) are intertwined to each other. Although most studies to date have focused
on the impact of one microbial strain on the plant metabolome (Fig 2c¢), future studies that
interrogate the relationships between the microbiome composition, its functions and plant
metabolome dynamics will greatly help to understand the ecological significance of microbe-
mediated alteration of the plant metabolome.
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Supplementary materials

Table S1. Overview of studies on alterations in the chemistry of model, medicinal, crop and
ornamental plant species induced by beneficial bacteria

Table S2. Overview of different bacterial genera studied for their impact on the chemistry of
different plant species

Above supplementary tables are available at: https://doi.org/10.1039/C7NP00057]
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Abstract

Various rhizobacteria promote plant growth and trigger systemic resistance against leaf
pathogens and phytophagous insects. To date, however, the underlying chemistry and
metabolic signatures of these rhizobacteria-induced plant phenotypes are less understood.
To identify core metabolic pathways that are targeted by growth-promoting rhizobacteria,
we used combinations of three plant species and three rhizobacterial species and interrogated
the plant shoot chemistry by untargeted metabolomics. Our results showed that a substantial
part (50-64%) of the metabolites detected in host shoot tissue was differentially regulated
by the rhizobacteria. Among others, the phenylpropanoid pathway was targeted by the
rhizobacteria in each of the plant species. Differential regulation of the various branches of
the phenylpropanoid pathways showed an association with either plant growth promotion
or growth reduction. Overall, suppression of flavonoid biosynthesis was associated with
growth promotion, while growth reduction showed elevated levels of flavonoids. Our study
also showed that a number of pharmaceutically and nutritionally important metabolites in
the plant shoot were significantly increased by rhizobacterial root treatment, providing new
avenues to use rhizobacteria to tilt plant metabolism towards the biosynthesis of valuable
natural plant products.

Keywords: beneficial rhizobacteria; plant metabolomics; bacteria-plant interactions;
phenylpropanoids; flavonoids, metabolic alterations
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Introduction

The rhizosphere, the narrow zone (+ 1-2 mm) surrounding and influenced by plant roots,
harbors a plethora of soil-borne microorganisms that can have deleterious or beneficial effects
on plant growth and health (Raaijmakers et al., 2009; Mendes et al., 2013). Amongst the
best-studied beneficial rhizosphere microbes are the Plant Growth-Promoting Rhizobacteria
(PGPR). Their beneficial association is thought to be ancient and presumably has been shaped
by co-evolutionary processes in the long-term interactions with their host plants (Lambers
et al., 2009). PGPR can enhance plant growth through direct and indirect mechanisms
(Lugtenberg & Kamilova, 2009). The direct mechanisms involve facilitation of nutrient
acquisition and modulation of phytohormones, whereas indirect effects involve reducing the
inhibitory effects of biotic stress factors through parasitism, antibiosis, competition and the
induction of systemic resistance (L. C. van Loon et al., 1998; De Vleesschauwer & Hofte,
2009; Lugtenberg & Kamilova, 2009; Van der Ent et al., 2009; Pineda ef al., 2010; Stringlis,
LA etal,2018).

PGPR can also have profound effects on the physiology and metabolism of their host
plants, not only by enhancing the production of known secondary metabolites but also by
inducing the biosynthesis of yet-unknown compounds (van de Mortel ez al., 2012). The plant
secondary metabolites affected by PGPR reported to date include, among others, polyphenols,
flavonoids and glucosinolates but also primary metabolites such as carbohydrates and amino
acids (Etalo ez al., 2018). So far, only a few studies have provided insights into the association
between rhizobacteria-induced biochemical changes and plant growth and defense (Walker et
al., 2011; van de Mortel et al., 2012; Weston et al., 2012; Etalo et al., 2018; Hu et al., 2018;
Stringlis, loannis A et al., 2018).

PGPR can prime plant defense against pathogens and insect herbivores and at the same
time promote plant growth. This is in contrast to the widely accepted concept of the
trade-off between plant defense and plant fitness in general and plant growth in particular.
Understanding the underlying growth- and defense-associated plant metabolic networks
and unraveling their interactions is essential to understand and optimize rhizobacteria-
mediated growth promotion and ISR. Although some reports indicated rhizobacteria-
mediated changes in specific metabolites classes (Mishra et al., 2006; Walker et al., 2011,
Chamam et al., 2013), their overarching effects on the global metabolome of plants and in
particular on core metabolite pathways that are co-occurring with growth promotion across
plant species are not well understood. More specifically, PGPR-mediated re-routing of the
plant’s metabolism could give insight into the metabolic interplay between plant defense and
growth. Furthermore, it is highly instrumental to understand the organization of metabolite
routes, which consequently contribute to the engineering of the plant metabolism by tilting
a particular pathway towards a desired target. Recently, PGPR-induced metabolic changes
have attracted the interests of researchers for the development of new strategies to enhance
the production of high value plant compounds (HVPC) (Etalo et al., 2018).
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Here, we studied the impact of three strains of different rhizobacterial genera on the
phenotype and shoot metabolome of three plant species: Arabidopsis thaliana (model plant),
Brassica olearacea var. italica (crop) and Artemisia annua (medicinal plant). Our primary
interest was to identify core metabolic pathways that are targeted by rhizobacteria in different
plant species and investigated their regulation under effective and ineffective rhizobacteria-
plant partnerships that lead to plant growth promotion or growth reduction, respectively.
A combination of in vitro bioassays and untargeted metabolomics was used to examine
common and specific plant responses triggered by these different rhizobacterial strains.
Our results show that inoculation of the plant root system with each of these rhizobacteria
induced substantial changes in the shoot metabolome in a species-specific manner. Both
growth-promoting and growth-reducing plant-rhizobacteria combinations revealed that the
phenylpropanoid pathway is central to the plant metabolome response and that differential
regulation of different branches of this pathway showed an association with positive and
negative effects of the rhizobacteria on plant growth.

Materials and Methods

Plant material and growth

For in vitro experiment, seeds of Arabidopsis thaliana Columbia (Col-0) and Artemisia annua
(kindly provided by Artemisia F1seed, Department of Biology, University of York, England)
were surface sterilized as previously described (van de Mortel et al., 2012). Seeds of Brassica
olearacea var. italica, cultivar Coronado (kindly provided by Bejo Seeds, Warmenhuizen,
the Netherlands) were surface sterilized for 30 min in 1% (v/v) sodium hypochlorite and
0.1 % (v/v) Tween 20 and then washed three times with ample sterile distilled water. After
sterilization, seeds were pre-germinated on wet filter paper in plastic petri dishes and placed
at 4 °C in the dark for 2 to 4 days. After the emergence of the radicle, seeds were sown on
half-strength Murashige and Skoog (MS) medium containing 2.5% (w/v) sucrose and plant
agar 12%. The plates were then transferred to a climate chamber at 21 °C /21 °C day/night;
180 pumol light m?s™!, 16h light/8h dark cycle and 70% relative humidity. After 7 days for 4.
thaliana and A. annua and 3 days for B. oleracea, 2 nl of a washed bacterial cell suspension
(OD,,, = 1.0) was inoculated onto the root tips of the seedlings. After inoculation, plants were
grown in the same growth chamber until harvest.

Bacterial strains and culture conditions

The rhizobacterial species Paraburkholderia graminis (Pbg) (Carrion et al., 2018) and
Microbacterium (MB) (Cordovez et al., 2018) used in this study were originally isolated
from the rhizosphere of sugar beet Beta vulgaris. Pseudomonas fluorescens (Pf SS101) was
isolated from wheat rhizosphere (de Souza et al., 2003). Pf SS101 was cultured in King’s
medium B (KB), while MB was cultured in Tryptone Soy broth (TSB) medium and Pbg
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in Luria Bertani (LB) medium (Lennox, Carl Roth) at 25 °C for 16h. Bacterial cells were
collected by centrifugation, washed three times with 10 mM MgSO, and resuspended in 10
mM MgSO, to a final density of ~10° cells/ml (OD, = 1.0).

Plant phenotyping

Fresh biomass of plant shoots was determined every two days until 11 days post inoculation
(dpi) for Arabidopsis and Broccoli and 14 dpi for Artemisia. For each plant species, four
independent biological replicates were used with 10 seedlings of Arabidopsis, 8 of Artemisia
and 5 of Broccoli per biological replicate. Prior to root dry mass measurements, roots were
carefully detached from the MS-agar and washed with sterile distilled water to remove agar.
Thereafter, root dry biomass was determined (Ostonen et al., 2007). Student’s #-Test and
two-way ANOVA were used to determine statistically significant (P < 0.05) differences
between treatments.

Rhizobacteria colonization

Bacterial root colonization was determined at 11 dpi for Arabidopsis and Broccoli and at 14
dpi for Artemisia. Roots were collected in sterile glassware and their weight was determined.
Root samples were vortexed for 60 s in 10 mM MgSO,, sonicated for 60 s, and vortexed
once more for 15 s. After serial dilution, 50 ul of the suspensions were plated onto PSA
(PfSS101 and Pbg) and TSA (MB) containing 100 pg ml' delvocid (DSM). After 3 days
incubation at 25 °C, the number of colonies were determined for each of the replicates.
Bacterial colonization was expressed as colony-forming units (cfu) per gram of root fresh
weight.

Plant metabolite analysis

Sample collection and extraction

Shoots were harvested at 11 dpi for Arabidopsis (N=10) and Broccoli (N=5) seedlings, and at
14 dpi for Artemisia (N=8). For each plant species x rhizobacteria combination, 4 biological
replicates comprising the aforementioned number of plants were used. Briefly, shoots were
snap frozen in liquid nitrogen and ground to a fine powder under continuous cooling and
kept at -80 °C until further use. For extraction of semipolar metabolites, 300 pL of 99.89%
methanol containing 0.13% (v/v) formic acid was added to 100 mg powdered plant material
in 2 ml round bottom Eppendorf tubes, and sonicated for 15 min followed by centrifugation
for 15 min at 20,000 Xg. The supernatants were transferred to a 96-well plate (AcroPrepTM,
350 pL, 0.45um, PALL) and vacuum filtrated into a 96-deep-well autosampler plate (Waters)
using a Genesis Workstation (Tecan Systems).
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Metabolite analysis

An UltiMate 3000 U-HPLC system (Dionex) was used to create a 45 minutes linear gradient
of 5-35% (v/v) acetonitrile in 0.1% (v/v) formic acid (FA) in water at a flow rate of 0.19
ml min'. 5 pl of each extract was injected and compounds were separated on a Luna C18
column (2.0 x 150 mm, 3um; Phenomenex) maintained at 40 °C (De Vos ef al., 2007). The
detection of compounds eluting from the column was performed with a Q-Exactive Plus
Orbitrap FTMS mass spectrometer (Thermo Scientific). Full scan MS data were generated
with electrospray in switching positive/negative ionization mode at a mass resolution of
35,000 (FWHM at m/z 200) in a range of m/z 95-1350. Subsequent MS/MS experiments
for identification of selected metabolites were performed with separate positive or negative
electrospray ionization at a normalized collision energy of 27 and a mass resolution of 17,500.
The ionization voltage was optimized at 3.5 kV for positive mode and 2.5 kV for negative
mode; capillary temperature was set at 250 °C; the auxiliary gas heater temperature was set
to 220 °C; sheath gas, auxiliary gas and the sweep gas flow were optimized at 36, 10 and 1
arbitrary units, respectively. Automatic gain control was set a 3¢ and the injection time at 100
ms. External mass calibration with formic acid clusters was performed in both positive and
negative ionization modes before each sample series.

LCMS data processing and analysis

Mass peak picking and alignment were performed using Metalign software (Lommen,
2009). Mass features in the resulting peak list were considered as a real signal if they are
detected with an intensity of more than 3 times the noise value and in 3 out of the 4 biological
replicates of at least one treatment. Mass features originating from the same metabolites
were subsequently reconstituted based on their similar retention window and their intensity
correlation across all measured samples, using MSClust software (Tikunov ez al., 2012). This
resulted in the relative intensity of 725 putative metabolites in Arabidopsis, 868 in Artemisia
and 1908 in broccoli, in which the metabolite abundance was represented by the Measured
Ion Count (MIC), i.e the sum of the corrected intensity values of all mass features ions within
the corresponding cluster. ANOVA and a threshold of at least a 2-fold change were applied
to pinpoint compounds that were significantly different between rhizobacteria-treated and
control samples. Log transformation and scaling of the data was performed in GeneMaths
XT 1.6 (www.applied-maths.com). Transformed and scaled values were used for hierarchical
cluster analysis using Pearson’s correlation coefficient and Unweighted Pair Group Method
with Arithmetic Mean (UPGMA).

Annotation of differential metabolites was performed after manually identifying the
putative molecular ions within the clustered masses. In-house database was used to annotate
metabolites detected in Arabidopsis and Broccoli by considering the observed accurate
masses and retention times of the molecular ions. Secondly, if selected compounds were not
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yet present in this experimentally obtained database, detected masses were matched with
compound libraries, including Metabolomics Japan (www.metabolomics.jp), the Dictionary

of Natural Products (http://dnp.chemnetbase.com), KNApSAcK (http://kanaya.naist.jp/
KNApSAcK), and Metlin (http:// metlin.scripps.edu/) using a maximum mass deviation of
5 ppm. To annotate metabolites detected in Artemisia, we used the online Magma (Ridder et
al., 2013) in combination with the above-mentioned publicly available databases.

Statistical analysis

The relative changes in shoot biomass, root biomass in the combinations of the three
plants and three rhizobacterial strains was analyzed with R Studio (Version 3.5.2). First,
the normality and homogeneity of variance of the data was assessed and when the two
assumptions are not met, the data was transformed using Box-Cox transformation using
the package MASS. Differences were tested by two-way analysis of variance (ANOVA). A
Tukey-HSD test was used to separate group mean values when the ANOVA was significant
at p < 0.05. The ANOVA table is shown in Supplementary Material, Table S1. Differences
between rhizobacterial treatments and non-treated control on raw phenotype parameters were
compared by Student’s #-Test.

Results

Plant growth promotion is bacteria and plant species-specific

To assess the magnitude of the changes in growth of Arabidopsis (a model plant), Artemisia
(a medicinal plant) and Broccoli (a crop) upon rhizobacterial treatment (Fig 1), we used
the percent change in fresh biomass of root and shoot relative to the non-treated, germ-free
control plants. Two-way ANOVA showed that the impact of the three rhizobacteria on plant
growth was highly dependent on the interacting partners (Supplementary Material, Table S1).

Effective partnerships

Root tip inoculation with Pf'SS101 resulted in a significant increase in shoot biomass in
both Arabidopsis and Artemisia (63.1% = 4.7 and 38.7% =+ 6.3, respectively) (Fig 1a2).
Similarly, root tip inoculation with Pbg resulted in significant increases in shoot biomass of
both Artemisia and Broccoli (470.4% + 21.3 and 54.1% + 11.9, respectively). Considering
the relative increase in shoot biomass, Phg-Artemisia was the most striking partnership with
a biomass increase of almost 5-fold relative to the untreated control plants. Likewise, the
effect of the rhizobacterial strains on root biomass was highly species-specific. Pbg resulted
in significant increases in root biomass in both Artemisia and Broccoli (773.9% (£ 28.2) and
258.8% (£ 50.1), respectively) (Fig 1b2). To assess the temporal changes in plant growth,
the time-dependent changes in plant biomass of the respective bacteria-plant combinations
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Fig 1. Phenotypic changes in response to rhizobacteria inoculation. Photographs of MS
agar plates with Arabidopsis, Artemisia and Broccoli seedlings at 11/14/11 dpi, respectively
(al). Percent change in shoot fresh biomass (a2). Root morphology changes in response
to rhizobacteria inoculation (b1). Percent change in root fresh biomass (b2). Pf SS101:
Pseudomonas fluorescens SS101, MB: Microbacterium sp, Pbg: Paraburkholderia graminis.
Asterisks denote statistical differences (two tailed Student’s t test): * P < 0.05; ** P <0.01.
Means of percent changes with a different letter are significantly different based on Two way
ANOVA (Tukey, P < 0.05).

were used as a measure (Fig 2). The best-performing combinations were characterized by an
early and sustained growth promotion. For example, the combination Pbg-Artemisia showed
a significant increase in shoot fresh biomass as early as 5 dpi, while growth promotion in
the combination P/ SS101-Artemisia was only apparent after 13 dpi (Fig 2¢). Pbg-Broccoli
showed a significant and sustained plant growth promotion at 7 dpi compared to the control
plants (Fig 2b). In Arabidopsis, only PfSS101 induced a significant increase in shoot biomass
(Fig 2a).
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Ineffective partnerships

Root tip inoculation of Pf SS101 resulted
in a significant reduction (-22% + 2.6) of
the shoot biomass in Broccoli. Similarly,
with Pbg
significantly reduced the shoot biomass
(-24.9% = 1.8). Root tip inoculation of both
Artemisia and Broccoli with MB had no
significant impact on both shoot and root

inoculation of Arabidopsis

biomass (Fig 1a2).

Relationship between growth promotion
and root colonization

In the gnotobiotic assays described here,
root colonization was assessed when plants
were 11 days old. Root colonization by Pf
SS101 was considerable for Arabidopsis,
Broccoli and Artemisia with populations
ranging from 1.5£0.1x 10°t09.4+0.7x 107
CFU-mg! root fresh weight. In contrast, MB
colonization of roots varied greatly between
MB established
population densities on Arabidopsis roots
of 7.5 £ 0.5 x 10° CFU-mg!, whereas on
Artemisia roots MB densities were below
the detection limit (2.3 CFU mg'). Pbg
colonized roots of all three plant species

different plant species:

at relatively high densities ranging from
8.1+0.3x107to 1.0+ 0.1 x 10° CFU'-mg
(Supplementary Material, Table S2). To
determine correlations, if any, between
the rhizosphere population densities and
specific plant phenotypes (i.c. biomass), we
plotted the rhizobacterial densities against
various plant parameters (Supplementary

Material, Fig S2). Colonization of the

root at higher density showed a positive, negative or no association with the shoot and root

biomass depending on the host-rhizobacteria combination. For example, Pbg showed higher

population densities, compared to PfSS101 and MB, on the root of Arabidopsis and Artemisia.
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In Arabidopsis, high population densities of Pbg were associated with a significant reduction in
shoot biomass while in Artemisia it resulted in substantial enhancement of the shoot biomass.
In Broccoli, all three rhizobacterial strains showed a similar level of root colonization: Pbg
showed significant increase in shoot biomass while PfSS101 resulted in significant reduction
in shoot biomass and MB showed no significant growth promotion. Hence, there was no clear
overall correlation between root colonization and shoot biomass (Supplementary Material,
Fig S2a). The lack of an overall association between root colonization and shoot biomass
was also found for the root biomass (Supplementary Material, Fig S2b).

Global and specific rhizobacteria-induced changes in the plant shoot metabolome

LC-MS-based non-targeted metabolite profiling was used to investigate the global and
specific effects of each of the three rhizobacterial strains on the occurrence and relative
abundance of semi-polar secondary metabolites of Arabidopsis, Artemisia and Broccoli.
Particular emphasis was given to investigate the metabolic alterations that differentiate
effective from ineffective plant-rhizobacteria partnerships. An overview of metabolites that
were significantly increased or reduced revealed that root inoculation with Pbg exerted the
largest alteration of the shoot metabolome of Artemisia and Arabidopsis, combinations that
represent the most effective and infective partnerships, respectively. Furthermore, most
of the differential metabolites were unique for plants inoculated with Pbg, i.e they were
below the detection limit in control plants. In Broccoli, the ineffective partnership with Pf
SS101 accounted for the largest share of the ‘upregulated’ metabolites, whereas its effective
partnership with Pbg accounted for the largest share of ‘down-regulated’ metabolites (Fig 4a).
ANOVA with correction for multiple testing (Benjamini and Hochberg), principal component
analysis (PCA) and hierarchical cluster analysis (HCA) were performed to investigate and
visualize metabolite clusters that were significantly altered (p < 0.05, fold change > 2) in
a rhizobacteria-plant specific manner (Fig 3). Below, we will discuss the most significant
changes for each of the three plant species induced by the respective rhizobacterial strains.

Arabidopsis

Inoculation of Arabidopsis roots with each of the three rhizobacteria resulted in significant
changes in the shoot metabolome. From the total of 725 metabolites that were detected in both
positive and negative ionization mode, 465 (64%) metabolites were significantly different
between at least two treatments. In the PCA, the first three principal components explained
89% of the total variance (Fig 3a). The first principal component (PC1), representing 56% of
the total variance, was associated with metabolites that were highly induced (Fig 3b clusters 5;
291 metabolites and 6; 10 metabolites) or reduced in the ineffective partnership between Pbg
and Arabidopsis (clusters 3; 82 metabolites and 4; 33 metabolites). Pbg-induced metabolites
in cluster S primarily encompassed flavonoid glycosides including anthocyanins (cyanidin
rutinoside, delphinidin rutinoside), tryptophan and its derivatives such as IAA, defense
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or stress-associated metabolites such as salicylic acid, dihydroxybenzoic acid glucosides,
scopolin and camalexin. The second principal component (PC2) explained 21% of the total
variance and corresponded to metabolites that were increased (Fig 3a and b, clusters 2; 18
metabolites and 6; 9 metabolites) or decreased (cluster 7; 10 metabolites) in the effective
partnership of Arabidopsis with Pf'SS101 and MB. Among the identified metabolites, the
long-chain aliphatic glucosinolate glucohirsutin (8-(methylsulfinyl)octyl glucosinolate) was
significantly increased in Arabidopsis shoot after inoculation with Pf'SS101 or MB. From the
same group of glucosinolates, 8-(methylthio) octyl glucosinolate was significantly increased
after inoculation with Pf SS101 (Supplementary Material, Table S4). The third principal
component (PC3) explained 12% of the total variation and was represented by metabolites
that accumulated only after inoculation with either Pf'SS101 or MB (Fig 3a, cluster 1; 8
metabolites and cluster 9; 7 metabolites, respectively). A fatty acyl glycoside demonstrated
Pf'SS101-specific accumulation while fumaric acid displayed MB-specific increases.

Broccoli

Similar to Arabidopsis, inoculation of Broccoli roots with each of the three rhizobacterial
strains resulted in substantial alteration of the shoot metabolome. From the total of 1908
metabolites that were detected in either positive or negative ionization modes, 933 (49%)
were significantly different between at least two treatments. For this set of metabolites, HCA
revealed 8 distinct metabolite clusters of the host metabolome. Similar to Arabidopsis, PCA
showed that the metabolome of Broccoli seedlings inoculated with different rhizobacteria
is clearly different from the control and from each other. The first three PCs explained 84%
of the total variance (Fig 3c). PC1, representing 47% of the total variance, was associated
with metabolites that discriminate both the control and MB samples from the Pbg and Pf
SS101 samples. These metabolites were either highly increased or highly decreased in plants
inoculated by Pbg or Pf'SS101 (Fig 3d decreased cluster 3 and induced clusters 6 and 7) that
represents effective and ineffective partnership with the host, respectively. The anticancer
indole glucosinolate glucobrassicin also showed a significant increase in plants inoculated
with Pbg and Pf SS101. PC2 explained 22% of the total variance and corresponded to
metabolites that were either specifically altered in the Pbg or P/ SS101 treatments (Fig 3d
induced (clusters 8 (Pf SS101) and 9 (Pbg)) or reduced by Pbg inoculation (cluster 4)).
Metabolites that were specifically induced in the ineffective partnership between Pf'SS101
and the host were dominated by flavonoids such as kaempferol, quercetin glycosides and
glucosinolates including glucoibervirin, neoglucobrassicin and 4-methoxyglucobrassicin.
Furthermore, a number of hydroxycinnamates with or without conjugation with quinic acid,
including chlorogenic acid (caffeoyl-quinic acid), coumaroyl quinic acid, sinapic acid and
ferulic acid, were predominant in this metabolite cluster (cluster 7). PC3 explained 15% of
the total variation and corresponded to MB-induced metabolites represented in cluster 1 and
induced metabolites by all three rhizobacteria in cluster 2. Hexose 1-phosphate in cluster 1
showed a MB-specific increase. Meanwhile, some of the putatively annotated metabolites in
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Fig 3. Rhizobacteria-mediated changes in the shoot metabolome. Shown are PCA and HCA
results based on differentially regulated semi-polar metabolites in the shoot of Arabidopsis (a
and b), Broccoli (¢ and d) and Artemisia (e and f) after root inoculation with three different
rhizobacteria (Pf'SS101: Pseudomonas fluorescens SS101, MB: Microbacterium sp. and Pbg:
Paraburkholderia graminis). * GLS=glucosinolate, ** d=derivative. In the HCA, metabolite
clusters are indicated by different colors and when none of the metabolites in a given cluster
was annotated, the cluster number is omitted (clusters 6 and 7 in (b) and cluster 5 in (d)).
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cluster 2 including tryptophan, a precursor of indole glucosinolates was reduced by all three
rhizobacterial treatments.

Artemisia

From the total of 868 metabolites that were detected in the Artemisia shoot samples, 451
(52%) metabolites were significantly different between at least two rhizobacteria treatments.
Unlike that of Arabidopsis and Broccoli, HCA revealed only few distinct metabolite clusters
in Artemisia in response to the rhizobacteria (Fig 3f). In the PCA, the first two PCs explained
80% of the total variance (Fig 3e). The first principal component explained more than 64% of
the total variance and corresponds to metabolites that were either reduced or enhanced during
the most effective partnership of the host with Pbg (Fig 3f cluster 1 (reduced metabolites) and
cluster 2 (induced metabolites)). Flavanones, flavonol glycosides, coumarins, benzoic acid
derivatives, acylated polyamine, catechin, fatty acyl glycosides of mono- and disaccharides,
dipeptide and terpene glycosides showed significant reductions upon Pbg inoculation.
Various other metabolites belonging to the compound classes hydroxycinnamoyl quinic acids
and derivatives, organic acids, mono and diterpenoids, and iridoids showed a significant
increase after root inoculation with Pbg. Treatment of Artemisia with Pbg resulted in
significant reduction in artemisinic acid while the relative levels of both dihydroartemisinin
and artemisinic alcohol significantly increased. PC2 explained 16% of the total variance and
corresponded to induced metabolites (cluster 3) in response to Pf'SS101 inoculation. Putative
metabolite identification revealed that the amino acid arginine, fatty acyl glycoside blumenol
glycoside and phenylpropanoid glycoside derivatives were induced in a Pf'SS101-specific
manner.

Comparative analysis of rhizobacteria-induced plant shoot metabolome changes

The metabolome changes induced by the different rhizobacteria in the shoots of Arabidopsis
and Broccoli were subjected to a comparative analysis as both plant species belong to the
Brassicaceae family. Although total glucosinolate levels in shoots of both Brassica species
were commonly upregulated by Pf SS101, glucosinolate subcategories were altered in
a rhizobacteria-specific manner. For instance in Arabidopsis, the effective partnership
with Pf SS101 enhanced the relative levels of aliphatic long-chain glucosinolates such
as glucohirsutin and 8-methylthiooctyl glucosinolate, whereas the infective partnership
between Pf'SS101 and Broccoli led to an increase in the levels of indolic glucosinolates (i.e.
glucobrassicin, desulfoglucobrassicin, 4-methoxyglucobrassicin and neoglucobrassicin) and
short-chain aliphatic glucosinolates such as glucoibervirin. In contrast to the effective Pf
SS101-Arabidopsis partnership, the ineffective Pbg-Arabidopsis partnership caused a drastic
reduction of all detected aliphatic glucosinolates, (i.e. glucohirsutin (8-methylsulfinyloctyl
glucosinolate), glucolesquerellin (6-methylthiohexyl glucosinolate), 7-methylthioheptyl
glucosinolate and 8-methylthiooctyl glucosinolate. In Broccoli, both its ineffective partnership
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with Pf SS101 and its effective partnership with Pbg caused significant increases of the
indolic glucosinolate glucobrassicin. Meanwhile, the effective MB-Arabidopsis partnership
led to upregulation of glucohirsutin while this rhizobacterial strain barely influenced the
level of glucosinolates in Broccoli (Supplementary Material, Table S5). Flavonoids, on the
other hand, were shown to respond in a more rhizobacteria-specific manner. In Arabidopsis,
flavonoids were predominantly enhanced by both Pbg and MB treatments while in Broccoli
Broccoli

a Arabidopsis Artemisia

PfSS101 MB PfSS101 MB PfSS101 MB

12% [ 3.2 28% 0 29% [ 5.5
Up- 1.2
i a 3. 9.
regulation 4 i 415
PfSS101 MB PfSS101 MB PfSS101 MB
153%/ 4.2 1.2% [ 1.6 3.2%
Down-
regulation 19 0.

2.6 1.6 18.6

&

bg

"Ul

bg

b
b

Plant Rhizobacteria

Increased metabolites

Decreased metabolites

Tonization

Ionization

Total Total

Arabidopsis PfSS101 59 38 21 75 45 33
MB 184 105 79 62 36 26

Pbg 324 183 141 147 85 62

Artemisia PfSS101 45 24 21 13 8 5

MB 14 11 3 10 8 2
Pbg 243 134 109 245 130 115

Broccoli PfSS101 585 303 282 201 120 81
MB 230 143 87 160 85 75
Pbg 411 203 208 439 235 204

Fig 4. Rhizobacteria-mediated global changes in the shoot metabolome of the three different
plant species. The Venn diagrams display the distribution of unique and shared differentially
regulated metabolites in shoots of Arabidopsis, Artemisia and Broccoli (a). Presented values
are the sum of differentially regulated metabolites detected in either positive or negative
ionization modes. Total number of metabolites increased and decreased in abundance based
in either positive or negative ionization mode are presented in (b). Further details are provided
in Supplementary Table 2. Pf'SS101: Pseudomonas fluorescens SS101, MB: Microbacterium
sp., Pbg: Paraburkholderia graminis.
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Pf SS101 elevated the level of many flavonoids (Supplementary Material, Table S5).
Combination of Arabidopsis with Phg and MB, and Broccoli with Pf SS101 represent
ineffective partnerships. In conclusion, comparative metabolomics of the two Brassicaceae
plant species suggests that regulation of particular biosynthetic pathways is rhizobacteria
specific and host species dependent. Alteration to a particular branch of phenylpropanoid
pathway showed co-occurrence with growth promotion (effective partnership) or growth
reduction (ineffective partnership) in cross-species plant-rhizobacteria combination. Most
interestingly, metabolite identification led to a list of natural products that are presumed
to exert health promoting or pharmaceutically important effects during both effective and
ineffective partnership between plants and rhizobacteria. The list of various metabolites that
are presumed to have specific functions are summarized in Supplementary Table S7.

Discussion

Over the past decades, several studies indicated that beneficial rhizobacteria promote plant
growth, induce systemic resistance against pathogens and phytophagous insects and can alter
plant secondary metabolism (Van Peer ef al., 1991; Walker et al., 2011; van de Mortel et
al., 2012; Etalo et al., 2018; Hu et al., 2018; Stringlis, loannis A et al., 2018). Our results
confirm and extend the importance of rhizobacteria in plant growth promotion (Barriuso et
al., 2008; van de Mortel ef al., 2012; Castanheira et al., 2016; Cordovez et al., 2018) and
provide a unique insight into the global metabolome changes and specific plant metabolic
signatures of effective and ineffective partnerships between rhizobacteria and their host plant.
Effectiveness refers in this study to an interaction that resulted in growth promotion. Of
the three tested rhizobacterial genera, none of the strains showed growth-promoting effects
for all three different plant species indicating specificity in rhizobacteria-plant interactions.
For example, Pbg established an effective partnership with Artemisia and Broccoli whereas
interaction with Arabidopsis was deleterious given the significant reduction in biomass and
the accumulation of stress-related dark-purple anthocyanins in the leaves (Fig 1al). Even
when there is effective partnership between rhizobacteria and the host, the extent of growth
promotion can significantly differ as shown by the partnership of Pbg with Artemisia and
Broccoli. The temporal analyses of the rhizobacteria-host interactions also demonstrated that
establishment of effective partnership was characterized by early and sustained induction
of growth promotion as was typically the case for the Pbg interaction with Artemisia and
Broccoli (Fig 2). The differential growth response of the three plant species to Pbg inoculation
exemplifies the need for finding the right partnership between rhizobacteria and host plant.
The establishment of high population densities of PGPR on root is claimed to be associated
with plant growth promotion. This may explain the lack of phenotypic responses of Artemisia
to MB inoculation. However, our results also indicated that high rhizosphere population
densities of the introduced strains can be associated with either growth promotion or growth
reduction as was seen for the combination of Pbg with Artemisia (growth promotion) and Pbg
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with Arabidopsis (growth reduction) (Supplementary Material, Fig S2a2 and al, respectively).

Generally, rhizobacteria-mediated alteration of the plant metabolome can arise from effective
or ineffective partnerships. The ineffective partnership between Pbg and Arabidopsis is
characterized by the depletion of long- and short-chain aliphatic glucosinolates and massive
accumulation of metabolites from the phenylpropanoid pathway including anthocyanin and
other flavonoid glycosides (Fig 3b, Supplementary Material, Table S4 and Fig 5). The
accumulation of stress/defense-related metabolites such as anthocyanin and other flavonoid
glycosides, camalexin, B-d-glucopyranosyl indole-3-carboxylic acid and salicylic acid (Fig 5)
suggest that Pbg is perceived by Arabidopsis as a biotic stressor (Hagemeier ef al., 2001; Oh
et al.,2014; Ali et al., 2018). Similarly, the ineffective partnership between Broccoli and Pf
SS101 resulted in a significant accumulation of flavonoids (Fig 3d, Supplementary Material,
Table S5). Furthermore, there was a significant increase in the level of glucobrassicin and its
derivatives such as neoglucobrassicin, desulfoglucobrassicin, and 4-methoxyglucobrassicin.
Interestingly, 4-methoxyglucobrassicin was reported to be a signal molecule involved in plant
defense against bacteria and fungi (Bednarek et al., 2009; Clay et al., 2009). This suggests
that Broccoli perceived Pf'SS101 as a foe or that P/SS101 induced resistance against fungal/
bacterial infections. In conclusion, the above two examples suggest an association between
ineffective partnerships and accumulation of flavonoids in the host shoot tissues.

The metabolome profile of Arabidopsis inoculated with Pbg (an ineffective partnership)
appears similar to that of the hydroxycinnamoyl transferase (HCT)-deficient Arabidopsis
reported by (Besseau ef al., 2007). HTC and chalcone synthase (CHS) are key regulators
of the phenylpropanoid pathway and influence the channeling of the key precursor
P-coumaroyl CoA either to flavonoids or to monolignols and sinapoylmalate (Fig 5).
Similar to the ineffective partnerships of Pbg-Arabidopsis or Pf SS101-Broccoli, HTC-
mutants displayed high accumulation of flavonoids (Besseau et al., 2007). Accumulation
of flavonoid glycosides in Arabidopsis may affect auxin transport (Besseau et al., 2007),
distribution and turnover (Kuhn et al., 2016), thereby affecting plant growth. Besseau et al.
(2007) further showed that suppression of flavonoid production via CHS silencing, restored
auxin transport and normal development of HCT-deficient plants. Another interesting Pbg-

Fig 5. Rhizobacteria-mediated alteration of the phenylpropanoid pathway in three different
plant species (Arabidopsis thaliana (AT), Brassica oleracea (BO) and Artemisia annua
(AA)). The metabolites corresponding to the different branches of the phenylpropanoid
pathway are indicated by the metabolite ID corresponding to each species and their level
of accumulation is indicated by the scaled fold change corresponding to the green and red
boxes for each of the metabolites. Fold change of metabolite abundance was calculated by
dividing the average abundance of a metabolite in rhizobacteria treated plants to untreated
control plants. For detailed information on the identity of the individual metabolites, consult
the supplementary excel tables S4-S6. IAOx (indole-3-acetaldoxime), IAN (indole-3-
acetonitrile), PAL (Phenylalanine ammonia-lyase), C4H (Cinnamate 4-hydroxylase), 4CL
(4-coumarate-CoA ligase), CHS (Chalcone synthase), HCT (hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoyl transferase) and STS (stilbene synthase).
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induced chemotype in Arabidopsis is the accumulation of metabolites derived from the
indole pathways such as IAA and camalexin. Indole-3-acetaldoxime (IAOx) plays important
roles in plant development and defense response as a branching point for biosynthesis of
indole glucosinolate, IAA and camalexin (Bak et al., 2001). When compared to control
plants, Pbg-treated Arabidopsis showed no significant change in the level of indole
glucosinolates. However, both IAA and camalexin showed marked increases suggesting
that Pbg inoculation leads to channeling of IAOx towards IAA and camalexin biosynthesis.
Interestingly, the ineffective partnership between Pf'SS101 and Broccoli was characterized
by the accumulation of indolic glucosinolates while IAA and camalexin were not detected
in the samples. Collectively, these results suggest that different rhizobacteria can influence
the channeling of precursors towards specific branches of metabolic pathways involved in
growth, development and/or stress tolerance in plant species-rhizobacteria specific manner.
Of all rhizobacteria-plant combinations, the Phg-Artemisia combination can be considered as
the most effective partnership in terms of growth promotion. When compared to the control
plants or plants treated with the other two rhizobacteria, the effective partnership between
Pbg and Artemisia was hallmarked by a substantial alteration of the host metabolome (Fig
3f and Fig 5). This ‘rewiring’ of the Artemisia metabolome primarily involved accumulation
of hydroxycinnamates and suppression of other phenolic compounds such as flavonoids and
benzoic acid derivatives (Fig 5). p-Coumaroyl CoA is the central metabolite and branch-
point in phenylpropanoid biosynthesis in plants. The channeling of this important precursor
towards various branches of the phenylpropanoid pathway is mainly influenced by the
enzymes hydroxycinnamoyl CoA:shikimate/quinatehydroxycinnamoyltransferase (HCT)
and chalcone synthase (CHS) (Fig 5). Our results showed that one of the distinctive metabolic
signatures between effective and ineffective partnerships is the differential regulation of the
flavonoid pathway that is ubiquitously present in plant species. Under effective partnership,
it is either suppressed or showed slight change in accumulation. Whereas, under ineffective
partnership it showed high accumulation in the plant shoot (Fig 5). Considering our results
and other reports on the negative role of flavonoids on auxin transport, auxin distribution and
turnover (Jacobs & Rubery, 1988; Murphy et al., 2000; Brown et al., 2001; Besseau et al.,
2007; Kuhn et al., 2011; Buer et al., 2013; Kuhn et al., 2016), suppression or tight regulation
of flavonoids by rhizobacteria could be employed as a potential strategy to promote plant
growth.

Our result clearly indicated that different rhizobacteria alter the host metabolome either in
effective or ineffective partnerships. Both kinds of partnership can be employed to boost
nutritionally and/or pharmaceutically important high value natural plant compounds
(HVPC). For example, flavonoid glycosides induced in the ineffective partnership between
Pbg and Arabidopsis are considered as vital phytochemicals in diets and are of great general
interest due to their diverse bioactivities. Similarly, glucosinolates in Brassica species,
hydroxycinnamic acid derivatives and dihydroartemisinin in Artemisia are potentially
health-beneficial metabolites. In effective partnerships, the increase in these compounds is
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even more pronounced when we consider the relative increase in the host biomass due to
rhizobacteria inoculation. A typical example for this is the Pbg-Artemisia combination that
resulted in five-fold increase in host biomass and up to three-fold increase per unit fresh tissue
biomass in both artemisinic alcohol and dihydroartemisinin. The application of rhizobacteria
to plant roots to boost economically or pharmaceutically interesting metabolites may be
considered as a simple and generic approach. Moreover, breeding towards plant traits that
promote the recruitment of effective rhizobacteria that induce health-promoting compounds
could be considered as an alternative strategy. Understanding the underlying molecular
mechanisms and traits by which beneficial rhizobacteria alter the host chemistry will be
needed to optimize this microbe-mediated plant engineering strategy. This approach, referred
to as “microbe Gene Positioning System (mGPS)” (Etalo et al., 2018), can be integrated
with other approaches such as synthetic biology, gene-editing technologies and even with
conventional breeding strategies to enhance HVPC production in crops and medicinal plants.
Hence, efforts to engineer pharmaceutically and nutritionally important plant products should
consider both the plant and its microbiome members as part of the puzzle.
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Supplementary materials

Table S1. Analysis of variance ANOVA (type II) of shoot and root biomass changes in three
plants species inoculated with phylogenetically distinct rhizobacterial genera.

Sample Factor SumSq Df Fvalue Pr(>F)

Shoot fresh Plant species 2598.8 2 127.17 1.81E-14 Hkok
biomass Bacterial species 2048.2 2 100.23 3.20E-13 Hkk
relative Plant species : Bacterial species 7500.8 4 183.53 < 22E-16 Hkk
change Residuals 2759 27

Root fresh Plant species 481.95 2 43.507 3.59E-09 *okk
biomass Bacterial species 1061.18 2 95.795 5.48E-13 sk
relative Plant species : Bacterial specie 132242 4 59.689 5.14E-13 ok
change Residuals 149.55 27
Root dry Plant species 894.3 2 30.101 1.338E-07 ok
weight Bacterial species 6860.2 2 230.893 < 2.2E-16 ok
relative Plant species : Bacterial species 4183.9 4 70.408 6.925E-14 Hkok
change Residuals 4011 27

Significance codes: *** 0, ** 0.001, * 0.01.

Table S2. Population density of three rhizobacterial genera colonizing root of Arabidopsis
(11 dpi), Artemisia (14 dpi) and Broccoli (11 dpi). Pf SS101: Pseudomonas fluorescens
SS101, MB: Microbacterium sp., Pbg: Paraburkholderia graminis.

Plant species PfSS101 MB Pbg
Arabidopsis thaliana 9.9+0.5x 10° 7.5+£0.5x10° 1.2+0.1 x 108 CFU/mg*
Artemisia annua 1.5+0.1x10° n.d. 1.0+ 0.1 x 10° CFU/mg
Brassica oleracea 9.4+0.7x 10’ 4.6+0.7x 107 8.1 +0.3 x 10’ CFU/mg

CFU: Colony forming unit
n.d.: not detected )
*Values represent the average of 3 replicates = SE
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Table S3. Number of differentially regulated plant secondary metabolites in the shoots of
Arabidopsis, Artemisia, and Broccoli after treatments of the roots with three rhizobacteria
generas. Pf SS101: Pseudomonas fluorescens SS101, MB: Microbacterium sp., Pbg:
Paraburkholderia graminis

Number of metabolites

. Increased metabolites Increased metabolites
Plant Bacteria . oy
Ionization mode Ionization mode
Total = . Total = .
PfSS101 total 59 38 21 78 45 33
MB total 184 105 79 62 36 26
Pbg total 324 183 141 147 85 62
'i PfSS101 only 4 2 2 29 17 12
S MB_only 8 5 3 5 4 1
'-g Pbg only 154 86 68 93 57 36
- Common in PfSS101 and MB 50 32 18 44 26 18
Common in PfSS101 and Pbg 44 29 15 41 22 19
Common in MB and Pbg 165 93 72 49 26 23
Common in Pf'SS101, MB, and Pbg 39 25 14 36 20 16
PfSS101 total 45 24 21 13 8 5
MB total 14 11 3 10 8 2
Pbg total 243 134 109 245 130 115
= PfSS101 only 7 4 3 3 2 1
g MB only 1 1 0 3 3 0
£ Pbg only 201 111 90 238 128 110
< Common in Pf'SS101 and MB 9 7 2 6 5 1
Common in Pf'SS101 and Pbg 38 20 18 6 2 4
Common in MB and Phg 13 10 3 3 1 2
Common in PfSS101, MB, and Pbhg 9 7 2 2 1 1
PfSS101 total 585 303 282 201 120 81
MB total 230 143 87 160 85 75
Pbg total 411 203 208 439 235 204
o= PfSS101 only 227 122 105 16 12 4
g MB only 99 66 33 40 12 28
£ Pbg only 80 41 39 235 114 121
= Common in PfSS101 and MB 115 70 45 91 56 35
Common in PfSS101 and Pbg 315 155 160 175 104 71
Common in MB and Pbg 88 51 37 110 69 41
Common in P£SS101, MB, and Pbg 72 44 28 81 52 29
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Fig S1. Rhizobacteria-mediated phenotypic changes in three plant species. Change in shoot
fresh biomass (a), root fresh biomass (b), and root dry weight (¢) at 11 dpi for Arabidopsis (1)
and Broccoli (3) and 14 dpi for Artemisia (2). Pf SS101: Pseudomonas fluorescens SS101,
MB: Microbacterium sp., Pbg: Paraburkholderia graminis. Box plots represent the average
of 4 replicates. Means of percent changes with a different letter are significantly different

Arabidopsis a2 Artemisia a3 Broccoli
a a 80, a 400 a
b . g 60 E 300 $
é C 40 200 = C ==
-
20 C . 100
0 0
Control PfSS101  MB Pbg Control PfSS101  MB Pbg Control PfSS101  MB Pbg
a o a
. b a.' 150
E b b N =3
E 100
é 20 b
50 ¢ $ C
10 b : ety
C o0 C == -
et . —t——
0 0
Control PfSS101  MB Pbg Control PfSS101  MB Pbg Control PfSS101  MB Pbg
3 15
a
a .
a 4 :
E 2 $ 10
| b s b b b
(_; i C —_
B et
0 0
Control PfSS101  MB Pbg Control PfSS101  MB Pbg Control PfSS101  MB Pbg

from each other according to One-way ANOVA (Tukey, P<0.05).

58




a 1 Arabidopsis az Artemisia a3 Broccoli

80 600 80
7
500
2 ¢ + (m % 60
- MB Phy
g “ PrSS101 400 50 3
ISION "
BT 300
e} g 2 30
<= 20
7 200
o O 10
=N 100
S 0 Awms
*5 g " Pbg MB ® 10
3 o 0A PFSS101
= 20 @ prssi01
n -40 -100 30
0 SEH06  1E+07 IE+08  15E+08 0 1E+05  2E+05 SE+08 15E+09 0 1E+08 2E+08 3E+08
70 900 350
» 60 800
2 # PrSSI101 0 = 300
E — 50 250 Phg
8 g)o © 600
) 500 200
o gy E
<
= o 400 150
w2 TG 20
Lq&) ° MB 300 100
3\/ " 200
) 0 Pbg 50 @ prssion
8 100 ° A
e~ 10 0
0 A MB PfSS101 MB
20 -100 50
0 SE+06  1E+07 1E+8  1.5E+08 0 1E+05  2E+05 SE+08 1.5E+09 0 1E+08 2E+08 3E+08
CFU/mg root CFU/mg root CFU/mg root

Fig S2. Correlation between rhizobacteria root colonization and host phenotypes. Correlation
rhizobacterial population density (CFU/mg root) and percent changes of shoot fresh biomass
(a) and root fresh biomass (b) of Arabidopsis; 11dpi (1), Artemisia; 14dpi (2), and Broccoli;
11dpi (3). Pf SS101: Pseudomonas fluorescens SS101, MB: Microbacterium sp., Pbg:

Paraburkholderia graminis.
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Abstract

Beneficial rhizobacteria can promote plant growth and induce resistance. Recent advances
in analytical chemistry allow to study the impact of rhizobacteria on primary and secondary
metabolism in plants and how these changes associate with the plant phenotypic changes. In
this study, a new strategy integrating GC/LC-MS-based metabolomics was firstly employed to
elucidate changes in primary and secondary metabolite networks in the shoots of two Broccoli
cultivars upon root colonization by three Paraburkholderia species, P. graminis (Pbg), P.
hospita (Pbh), and P. terricola (Pbf). Results showed that Pbt was a poor colonizer of the
roots of Malibu cultivar and did not promote plant growth in contrast to other combinations
of the two Broccoli cultivars and Paraburkholderia species. Pbh and Pbt induced resistance
in Malibu cultivar to infections by the bacterial leaf pathogen Xanthomonas campestris.
Subsequent metabolomics exhibited that soluble sugar levels were much higher in leaves
of Malibu cultivar most likely providing resources for the biosynthesis of phenylpropanoid
downstream metabolites such as hydroxycinammates, flavonoids, and stilbenoids, metabolites
with antimicrobial activities. In addition to enhancement of key precursors for growth and
secondary metabolite biosynthesis, treatment of Paraburkholderia also induced metabolite
remobilization. The metabolite remobilization involved both suppression of resource
competing metabolite pathways such as amino acids and rechanneling of existing primary
metabolite-derivatives and other secondary metabolites to other metabolite pathways.
Flavonoids, hydroxycinnamates, stilbenoids, coumarins and lignins showed substantial
accumulation upon treatments with the Paraburkholderia species, metabolites with direct
antimicrobial effects and that can act as a physical barrier against pathogenic bacteria such
as Xanthomonas campestris. The integrated primary and secondary metabolome profiling
conducted in this study further suggests that rhizobacteria could avert the negative impact of
defense priming on the host fitness by generating substantial amounts of soluble sugars and
by remobilizing other metabolites to compensate for the high energy and carbon skeleton
demand associated with growth and defense priming.

Keywords: broccoli metabolites; Paraburkholderia; beneficial rhizobacteria; non-targeted
metabolomics; secondary metabolites, primary metabolites.
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Introduction

Plants are fine-tuned factories of more than 100,000 secondary metabolites (Wink, 2010).
Many plant species exhibit pharmaceutical activities, providing valuable scaffolds for the
development of new pharmaceuticals (Cragg & Newman, 2013; Bauer & Bronstrup, 2014).
For the plant itself, secondary metabolites are involved in adaptation to environmental
changes (Bourgaud et al., 2001) including tolerance to biotic stresses such as insect herbivory
and pathogen infections (Bennett & Wallsgrove, 1994; Rattan, 2010; Boulogne et al., 2012).
Therefore, steering plant chemistry to elevate specific metabolites has been a major direction
in plant breeding. Recent studies have shown that rhizobacteria, i.e. bacteria colonizing the
surface and internal plant root tissue, can enhance plant growth, induce systemic resistance
and alter changes in plant chemistry, providing new avenues to enhance the levels of specific
plant secondary metabolites of interest.

Plants photosynthetically fix carbon and metabolize it for growth and defense. Both processes
appear incompatible due to limited resources and is referred to as the “defense-growth trade-
off”” (Huot et al., 2014). However, several studies have shown that specific rhizobacteria can
parallelly induce both growth and defense. For instance, our previous studies demonstrated
that Pseudomonas fluorescens SS101 enhanced biomass of Arabidopsis as well as resistance
against a bacterial leaf pathogen and insect herbivory (van de Mortel ef al., 2012; Cheng
et al., 2017). Similar results were observed in Oryza sativa (Chamam ef al., 2013), Panax
ginseng (Gao et al., 2015), Piper betle (Lavania et al., 2006), Pisum sativum (Mabrouk et
al., 2007), and Salvia officinalis (Ghorbanpour et al., 2016) upon inoculation with various
rhizobacterial genera. However, how specific rhizobacteria induce defense and enhance
growth simultaneously is not well understood. Here, we studied the impact of root-colonizing
Paraburkholderia species on growth and defense of two Broccoli cultivars. Broccoli
(Brassica olearacea var. italica) is a crop plant consumed worldwide, known to have high
value natural compounds including glucosinolates and flavonoids (Naguib et al., 2012). The
Broccoli cultivars used in present study were Coronado and Malibu, bred to possess high and
lower levels of glucosinolates (glucoiberin, glucoraphanin and glucobrassicin), respectively.
Paraburkholderia is a diverged monophyletic clade from the genus Burkholderia (Sawana et
al., 2014). A number of rhizospheric and endophytic Paraburkhoderia species, in particular
Paraburkholderia phytofirmans PsIN, P. fungorum and P. graminis, can promote growth of
maize, strawberry and Arabidopsis (Ledger ef al., 2016; Mitter et al., 2017; Rahman et al.,
2018) and suppress pathogen infections (Timmermann et al., 2017; Carrion et al., 2018).
Also various Paraburkholderia species are typically found in the mycosphere consuming
organic acids released from the fungi and using the hyphae as ‘highways’ for translocation
(Nazir et al., 2009). The Paraburkholderia species used in our work presented here are
Paraburkholderia graminis (Pbg), P. hospita (Pbh), and P. terricola (Pbt) which exhibited
plant protection against the fungal root pathogen Rhizoctonia solani. For P. graminis, we
further showed that the production of sulfurous volatiles was a key mechanism in disease
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suppression (Carrion et al., 2018).

In the present study, we monitored the effects of different root-colonizing Paraburkholderia
species on phenotypes of two Broccoli cultivars, in particular growth promotion and defense
against the bacterial leaf pathogen Xanthomonas campestris. At two different time points
during the Paraburkholderia-Broccoli interactions we conducted untargeted metabolomics
to map the systemic changes in primary and secondary metabolomism in the shoots of
Broccoli. Our results show that, in the partnerships of Paraburkholderia species with the
two Broccoli cultivars, there were common and specific signatures in both primary and
secondary metabolism. The results suggest that the enhanced accumulation of soluble sugars
in shoots of Broccoli cultivars upon Paraburkholderia root colonization translate into distinct
changes in secondary metabolism that in turn associate with distinctive changes in plant
growth and defense. The integrated strategy adopted in this study enhanced our fundamental
understanding of metabolic fluxes associated with plant growth and defense.

Materials and Methods

Bacterial strains and culture conditions

The rhizobacterial strains Paraburkholderia graminis (Pbg), P. hospita (Pbh), and P. terricola
(Pbt) used in this study were originally isolated from rhizospheric soil of Beta vulgaris grown
in Rhizoctonia solani suppressive soil (Carrion et al., 2018). Culture of Paraburkholderia
species were maintained in Luria Bertani (LB)-medium (Lennox, Carl Roth) at 25 °C. After
incubation for 16 hours, bacteria cells were spun down to make bacteria pellets. These pellets
were then washed three times with 10 mM MgSO, and resuspended in 10 mM MgSO, to a
final density of OD,, = 1.0 (~10° cells per ml).

Plant Materials and growth conditions

Seeds of two Broccoli cultivars (Brassica olearacea var. italica), Coronado and Malibu, were
kindly provided by Bejo Seeds (Warmenhuizen, The Netherlands). The seeds were surface
sterilized for 30 minutes by immersing them in 1% (v/v) sodium hypochlorite amended with
0.1 % (v/v) of Tween 20, and rinsed three times with ample sterile distilled water. Thereafter,
five seeds were sown on 100 X 100 mm square petri dishes containing 50 ml of half-strength
Murashige and Skoog (0.5 X MS) agar media with 0.5% sucrose (w/v) and 1.2% plant agar
(w/v). Five days after germination and vegetative growth in petri dishes, the root tips of the
seedlings from the two Broccoli cultivars were inoculated with 2 pl cell suspension (+10°
cells per ml) of each three Paraburkholderia species. Plants treated with 2 ul 10 mM MgSO,
served as controls. The plates with the control and inoculated plants were then sealed and
incubated in a climate chamber (21 °C / 21 °C day/night temperature; 180 pmol light m?s™
at plant level during 16 h/d; 70% relative humidity) until harvest (11 days post inoculation).
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Temporal changes in shoot fresh biomass were measured every two days until harvest.

Rhizobacteria root colonization assay

Bacterial root colonization was determined at 6 and 11 dpi for each of the three
Paraburkholderia species on each of the two Broccoli cultivars. Briefly, treated roots
were collected at 6 and 11 dpi and placed in sterile 50 mL Falcon tube and its biomass was
measured. Then the root samples were vortexed (60 s) in 10 mM MgSO,, sonicated (60 s),
and again vortexed (15 s) to resuspend the bacteria adhering to the root. The suspensions
were serial dilution plated onto PSA plates containing 100 ug ml"' delvocid (DSM) to inhibit
fungal growth. Plates were incubated at 25 °C in the dark for 3 days, colonies were counted
and the number of colony-forming units (cfu) per gram of root fresh weight was calculated.

Plant phenotyping

Fresh biomass of the Broccoli shoots was measured to determine the effect of the rhizobacteria
on plant growth. For Broccoli, shoot fresh biomass from the respective treatments was
weighed every two day after bacterial inoculation until the last harvest at 11 dpi. The average
weight of 5 Broccoli seedlings was considered as one independent biological replicate. The
roots were carefully removed from the MS-agar and washed with distilled water to eliminate
adhering agar, blotted dry on filter paper and their fresh weight was recorded.

Induced resistance assays

To assess the impact of Paraburkholderia species on induced resistance, the two Broccoli
cultivars were inoculated with the three Paraburkholderia species and grown for 11 days.
Thereafter, leaves were inoculated with the bacterial leaf pathogens Xanthomonas campestris
pv. Armoraciae P4216 (Xca) and Xanthomonas campestris pv. Campestris P4014 (Xcc). To
do that, Xca and Xcc were cultured in LB-medium at 25 °C. After 16 hours, bacterial cells
were washed following similar procedure for Paraburkholderia as described above. A 2 pul
suspension of Xca or Xcc (~1 X 10° cell per ml) was inoculated on the first true leaf of the
Broccoli seedlings after scratching the leaf surface with sterile 20 ul pipet tips. Ten days after
pathogen challenge, disease severity of the shoots was assessed by determining the migration
of the lesion from the inoculation spot to the other parts of the shoot following an ordinal
scale from O - 5 as shown in supplementary Fig S2. Severity values were converted to 0 to
100 Disease severity index (DSI) using the equation (Kobriger & Hagedorn, 1983). DSI (%)
= Y (severity class x no. plants in class)/(total no. of plants x the highest class No.)
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Plant metabolomics

Sample collection

Shoots from the control plants and plants treated with three Paraburkholderia species
were harvested at 6 and 11 dpi. For each plant cultivar x Paraburkholderia combination, 4
biological replicates of 5 plants each were considered. Briefly, shoots were snap frozen in
liquid nitrogen and ground to fine powder under continuous cooling and kept at -80 °C until
further use.

Polar primary metabolite extraction and analysis

Polar primary metabolite sample preparation was performed as described by (Weckwerth et
al., 2004; Carreno-Quintero et al., 2012). Briefly, a total of 1.4 mL of methanol containing
ribitol (0.2mg/mL) as an internal standard was added to a 2 mL Eppendorf tube containing
a total of 200 mg Broccoli leaf powder. After vortexing (10 s) and shaking in a thermomixer
at 950 rpm for 10 min, the samples were centrifuged at maximum speed for 10 min. 500 uL
of the supernatant was transferred to a new 2 mL Eppendorf tube and 370 pl of chloroform
and 750 pl of distilled water were added. The mixture was vigorously mixed by vortexing
and centrifuging for 10 min at maximum speed (14,000 rpm). 50 ul of the upper polar phase
was transferred to an insert in a 2 mL vial. The solvent was then vacuum dried (speedvac)
for 16 h at room temperature and sealed under an argon atmosphere. The dried samples were
derivatized online as described by Lisec et al. (2006) using a Combi PAL autosampler (CTC
Analytics). Initially, 12.5 ul methoxyamine (20 mg mL"! pyridine) was added to each of the
samples and incubated for 30 min at 40 °C under agitation. The samples were then derivatized
for one hour by adding 17.5 ul of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA).
An alkane mixture (C11-C21 and C24-C33) was added to determine the retention indices of
metabolites. The derivatized samples were analyzed by a GC-TOF-MS system consisting
of an Optic 3 high-performance injector (ATAS) and an Agilent 6890 gas chromatograph
(Agilent Technologies) coupled to a Pegasus III time-of-flight mass spectrometer (Leco
Instruments).

2 uL of each sample was subjected to the injector at 70 °C using a split flow of 19 mL min'.
The chromatographic separation was performed using a VF-5ms capillary column (Varian;
30 mx 0.25 mm x 0.25 mm) including a 10-m guardian column with helium as carrier gas at a
flow rate of 1 mL min™'. The temperature was isothermal for 2 min at 70 °C, followed by a 10
°C min™' ramp to 310 °C, and was held for 5 min. The transfer line temperature was set at 270
°C. The column effluent was ionized by electron impact at 70 eV. Mass spectra were acquired
at 20 scans s within a mass-to-charge ratio range of 50 to 600 at a source temperature of 200
°C. A solvent delay of 295 s was set. The detector voltage was set to 1,400 V.
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Semi-polar secondary metabolite extraction and analysis

For extraction of semi-polar secondary metabolites, 300 pL of 99.89% methanol containing
0.13% (v/v) formic acid was added to 100 mg plant material in 2 ml round bottom Eppendorf
tubes, and sonicated for 15 min followed by centrifugation for 15 min at 20,000 X g. The
supernatants containing predominantly the semi-polar metabolites were transferred to 96-
well filter plate (AcroPrepTM, 350 uL, 0.45um, PALL), vacuum filtrated to the 96-deep-well
autosampler plates (Waters) using a Genesis Workstation (Tecan Systems).

An UltiMate 3000 U-HPLC system (Dionex) was used to create a 45 minutes linear gradient
of 5-35% acetonitrile in 0.1% formic acid (FA) in water at a flow rate of 0.19 ml min™'. 5
ul of each extract was injected and compounds were separated on a Luna C18 column (2.0
X 150 mm, 3pm; Phenomenex) maintained at 40 °C (De Vos et al., 2007). The detection of
compounds eluting from the column was performed with a Q-Exactive Plus Orbitrap FTMS
mass spectrometer (Thermo Scientific). Full scan MS data were generated with electrospray
in switching positive/negative ionization mode at a mass resolution of 35,000 (FWHM at
m/z 200) in a range of m/z 95-1350. Subsequent MS/MS experiments for identification
of selected metabolites were performed with separate positive or negative electrospray
ionization at a normalized collision energy of 27 and a mass resolution of 17,500. The
ionization voltage was optimized at 3.5 kV for positive mode and 2.5 kV for negative mode;
capillary temperature was set at 250 °C; the auxiliary gas heater temperature was set to
220 °C; sheath gas, auxiliary gas and the sweep gas flow were optimized at 36, 10 and 1
arbitrary units, respectively. Automatic gain control was set a 3° and the injection time at 100
ms. External mass calibration with formic acid clusters was performed in both positive and
negative ionization modes before each sample series.

Data processing and analysis

GC-TOF-MS

Raw data was primarily processed by Chroma TOF software 2.0 (Leco Instruments) and
MassLynx software (Waters), and subjected to MetAlign software to extract and align the
mass signal whose signal-to-noise ratio larger than 3 as described by Carreno-Quintero et
al. (2012). The mass features were considered as a signal if they were detected in at least 3
biological replicates. Mass features fragments originating from the same metabolites were
clustered together by MSClust software into 138 representative primary metabolites. Further,
data transformation and scaling were performed in GeneMaths XT 1.6 (www.applied-maths.
com). This then used for hierarchical cluster analysis using Pearson’s correlation coefficient
and Unweighted Pair Group Method with Arithmetic Mean (UPGMA). To identify
metabolites, the reconstructed mass spectra file was introduced to NIST MS search software
(v 2.2) with Wiley spectral libraries and in-house library, followed by comparison with
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retention indices determined by a series of alkanes. Metabolite annotations were manually
curated. The mass intensity of the representative metabolites was normalized by the internal
standard, ribitol.

LC-MS

Peak picking, baseline correction, and mass signal alignment of the LC-MS data was
performed using Metalign software (Lommen, 2009). The mass features were considered
as a signal if they were detected in at least 3 biological replicates of a treatment with signal
intensity 3 times of the noise value. Then, mass features originating from the same metabolites
were clustered based on retention window and their correlation across all measured samples,
using MSClust software (Tikunov et al., 2012). After this, so-called centrotypes, representing
reconstructed putative metabolites mass spectra were selected, of which relative abundance
was represented by the Measured Ion Count (MIC) representing the sum of the ion count
values (corrected by their membership) for all measured cluster ions in a given sample. The
samples were batch corrected to reduce batch effect of large series of samples during the
LCMS analysis according to (Wehrens et al., 2016). ANOVA and fold changes > 2.0 were
applied to identify mass signals that were significantly changed between the treatments. Data
transformation and scaling was performed in GeneMaths XT 1.6 (www.applied-maths.com).
Transformed and scaled values were used for hierarchical cluster analysis using Pearson’s
correlation coefficient and Unweighted Pair Group Method with Arithmetic Mean (UPGMA).

Annotation of differential metabolites was performed based on selection of pseudomolecule
ions from the masses in the MSClust-reconstructed metabolites, first by matching their
accurate masses plus retention times to previously reported metabolites present in Arabidopsis
and Broccoli on the same LC-MS system and similar chromatographic conditions. Second,
if compounds were not yet present in this experimentally obtained database, detected masses

were matched with compound libraries, including Metabolomics Japan (www.metabolomics.
ip), the Dictionary of Natural Products (http://dnp.chemnetbase.com), KNApSAcK (http://
kanaya.naist.jp/KNApSAcK), and Metlin (http:// metlin.scripps.edu/) using a maximum
deviation of observed mass from calculated of 5 ppm. The identity of potential candidate
metabolites was further verified using Magma online tool (Ridder ef al., 2013) that compares
the Insilco fragmentation patterns of a given metabolites to the experimentally obtained
fragmentation patterns.

Statistical analysis

The relative changes in shoot biomass, root biomass in the combinations of two Broccoli
cultivars and Paraburkholderia species was analyzed with R Studio software (Version 3.6.1).
First, the normality and homogeneity of variance of the data was assessed and when the two
assumptions were not met the data was transformed using Box-Cox or log transformation
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using a package MASS. Differences were tested by two-way analysis of variance (ANOVA).
A Tukey-HSD test was used to separate group mean values when the ANOVA was significant
at p <0.05. The ANOVA table is shown in Supplementary Material, Table S1. Differences in
phenotypic parameters between the rhizobacterial treatments and non-treated controls were
assessed by Student’s ¢-Test.

Results

Paraburkholderia species promote growth of Broccoli

In general, root tip inoculation of the Broccoli cultivars with different Paraburkholderia
species led to changes in leaf color (deep green leaves), shoot biomass, root biomass and
root architecture (Fig 1a). Percent change in biomass was used as a standard measure to
assess the growth-promoting effects of the Paraburkholderia species in two Broccoli
cultivars. The percent change in biomass was calculated by dividing the biomass difference
between rhizobacteria-treated plants and the control to the biomass of the control plants.
Two-way analysis of variance was conducted to assess the influence of the two independent
variables (Paraburkholderia species and Broccoli cultivars) on shoot and root biomass. The
Paraburkholderia species included three levels (Pbg, Pbh and Pbf) and the Broccoli cultivars
consisted of two levels (Coronado and Malibu). Furthermore, two-tailed student’s z-test was
used to assess the impact of the Paraburkholderia species inoculation on shoot and root
biomass when compared to the control plants.

Results showed that all but Pbt-Malibu interaction resulted in significant increase in shoot
biomass when compared to the control plants (Figlb). All three Paraburkholderia species
significantly increased the root biomass in both Broccoli cultivars when compared to the
control (Fig 1c¢). In general, the relative impact of Paraburkholderia species was up to 3
times higher for root biomass than for shoot biomass (Fig 1b and 1c¢). The two-way ANOVA
showed highly significant interactions between Paraburkholderia species and Broccoli
cultivars regarding the percent change in shoot and root biomass (Supplementary Table S1).
Overall, for cultivar Coronado the percent change in shoot biomass was not significantly
different between the three Paraburkholderia species. Whereas, in Malibu the percent
change in shoot biomass was significantly higher for Pbg and Pbh inoculated plants as
compared to Pbt. Furthermore, inoculation of plants with Pbk led to a significantly higher
increase in shoot biomass in Malibu than in cultivar Coronado. When it comes to percent
change in root biomass, only inoculation of Pbt showed significant differences between the
two Broccoli cultivars. Over a period of 11 days, both Pbg and Pbh inoculated Broccoli
cultivars showed significantly higher shoot and root biomass from 7 dpi onwards. Whereas,
Pbt inoculated plants showed significantly higher shoot biomass in Coronado cultivar from
9 dpi onward. As indicated above, the shoot biomass of Malibu cultivar inoculated with Pb¢
was not significantly different from the untreated plants (Fig 1d).
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Fig 2. Root colonization ability of three Paraburkholderia species on two Broccoli cultivars
at 6 and 11 dpi. Means of 3 replicates are shown. Different letters indicate significant
differences based on three-ways ANOVA (Broccoli cultivars and Bacteria species, P <
0.05). Broccoli cultivars (Cor: Coronado, Mal: Malibu) and Paraburkholderia species, Pbg:
Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola.

Relation between root colonization and plant growth promotion

Root colonization of the three Paraburkholderia species was assessed for the two Broccoli
cultivars at the early and late seedling growth stages. The data was log-transformed as
the data did not meet both criteria for homogeneity of variance and normality. Three-way
analysis of variance was conducted on the interaction effect of Paraburkholderia species,
Broccoli cultivars and time after inoculation on root colonization. The Paraburkholderia
species included three levels (Pbg, Pbh and Pbt), the Broccoli cultivars included two
levels (Coronado and Malibu) and time after inoculation consisted of two levels (6 dpi
and 11 dpi). There was highly significant three-way interaction effect on root colonization

Fig 1. Biomass and phenotypic changes in Broccoli cultivars in response to root tip inoculation
with three Paraburkholderia species. (a) Pictures of MS agar plate with two Broccoli
cultivars (Coronado and Malibu) at 11 days post inoculation with the three Paraburkholderia
species. (b) Percent changes in shoot biomass (mean + standard error, n = 4) and (c) Percent
changes in root biomass (mean =+ standard error, n = 6) of two broccoli cultivars inoculated
with the Paraburkholderia species. Pbg: Paraburkholderia graminis, Pbh: P. hospita, and
Pbt: P. terricola. Different letters show significant difference between the treatments (Two-
way ANOVA, Tukey’s HSD post hoc test, P < 0.05). Asterisks denote statistical differences
between non-bacteria treated control (two-tailed Student’s t test): * P< 0.05; ** P<0.01. (d)
Temporal changes in shoot biomass of two Broccoli cultivars (d': Coronado and d*: Malibu)
inoculated with the Paraburkholderia species. Asterisks denote statistical differences (two-
tailed Student’s t test): * P< 0.05; ** P< 0.01. Pbg: Paraburkholderia graminis, Pbh: P.
hospita, and Pbt: P. terricola.
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(Supplementary Table S3). In general, compared to the other two Paraburkhoderia species,
Pbg showed significantly higher root colonization in both cultivars at both time points (Fig
2) In addition, Pbg showed significantly higher root colonization in Coronado cultivar at
early time point, while in Malibu the root colonization by Pbg was not significantly different
between the two time points. In contrast, Pbh showed significantly lower root colonization
at 6 dpi on Coronado cultivar. However, at the later time point, it showed significant increase
in root colonization. Whereas, its root colonization was not significantly different between
the two time points in Malibu cultivar. On the other hand, Pbtr showed significantly lower
root colonization in Malibu cultivar at both time points. Furthermore, Pb¢ on Malibu showed
significant decline in root colonization at the later time point. Hence, ineffective growth
promotion in combination of Malibu-Pbt seemed to have a strong correlation with cultivar
specific lower root colonization capacity of Pbt.

Paraburkholderia species altered primary and secondary metabolism of Broccoli shoot

Considering the extent of species and cultivar-dependent variations in root colonization and
plant growth promotion, we investigated the systemic effect of the different Paraburkholderia
species on the shoot metabolome of the two Broccoli cultivars at 6 and 11 dpi. We specifically
looked into the association between primary and secondary metabolism affected by the
Paraburkholderia species. GC-MS- and LC-MS-based non-targeted metabolomics were
used to profile polar primary metabolites and semi-polar secondary metabolites in shoot
extracts, respectively. The data was subjected to ANOVA with correction for multiple testing
(Benjamini-Hochberg) and metabolites that were significantly different (P < 0.05 and fold
change >2) between at least two treatments were used for multivariate analysis. Principal
Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were used to reduce
the dimensionality of the data and explore specific patterns between the different plant—
rhizobacterial interactions.

Effect of Paraburkholderia on shoot primary metabolism

GC-MS-based non-targeted metabolomics demonstrated that out of 138 polar metabolites,
68 metabolites were significantly different at least between two treatments in shoots of the
two Broccoli cultivars upon inoculation with three rhizobacterial species at 6 and 11 dpi.
At 6 dpi, PCA indicated that the first three principal components (PC) explained 67.7% of
the total variance (Fig 3al). The first PC (PC1), explained 34.8% of the total variance and
corresponded to either enhanced or reduced metabolites in the Broccoli cultivars by the
Paraburkholderia treatment when compared to the controls (Fig 3bl, Clusters 1, 5, 8 and
9). Out of the three Paraburkhoderia species, root tip inoculation by Pbg had the greatest
impact on shoot primary metabolism of both Broccoli cultivars. Inoculation with Pbh and
Pbt resulted in changes in the shoot primary metabolome in a cultivar-dependent manner.
For Pbh, the impact on shoot primary metabolome was more extensive for Malibu than for
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Fig 3. Rhizobacteria-mediated changes in shoot primary metabolites in two Broccoli cultivars.
(a) Principal Component Analysis (PCA) and (b) Hierarchical Cluster Analysis (HCA) based
on differentially regulated metabolites of the samples at 6 dpi (1) and 11 dpi (2). In the
HCA, metabolite clusters are indicated by different colors. Information on the representative
metabolites of each clusters is given on the right side, if the metabolites are annotated. (¢)
Impact of Paraburkholderia species on sugar generation and utilization of two Broccoli
cultivars. Broccoli cultivars (Cor: Coronado, Mal: Malibu), Cont.: non-rhizobacteria treated
control, Pbg: Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola.
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Fig 3. (continued)

Coronado, while for Pbt more extensive changes in the shoot primary metabolome were
observed for Coronado (Fig 3al). The major changes in primary metabolism induced by
Paraburkholderia included accumulation of sugars (Cluster 9) and depletion of amino acids
(Cluster 5, phenylalanine, lysine, methionine) and of the phosphate ester, phosphoenolpyruvate
(PEP), a key intermediate in glycolysis and gluconeogenesis.

Some ofthe representative metabolites in cluster 8 that showed accumulation in all interactions,
except in the ineffective Pbt-Malibu interaction, include aspartic acid, mannonic acid and
putrescine. The second principal component (PC2) explained 18.2% of the total variance and
associated with metabolites that showed variation between the two cultivars. Furthermore,
treatment of the two cultivars with Pbg and Pbh widened the inherent variation in the level
of some of the metabolites between the two Broccoli cultivars. (Fig 3b1 Clusters 2 and
3). Amino acids such as glutamine, oxoproline (pyroglutamic acid), GABA (y-aminobutyric
acid) and isoleucine were intrinsically higher in Coronado when compared to Malibu.

At the later seedling growth stage (11 dpi), inoculation of the Broccoli cultivars with the three
Paraburkholderia species continued to have substantial impact on shoot primary metabolism.
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PCA showed that the first three principal component explained 72.0% of the total variance
(Fig 3a2). Here, the impact of all three Paraburkholderia species on the shoot metabolome
was Broccoli cultivar dependent and was greater in Malibu (Fig 3a2). The first principal
component (PC1) explained 44.2% of the total variance and corresponded to metabolites
that were enhanced (Fig 3b2 Cluster 5) or reduced (Cluster 2) in the Paraburkholderia
treatments. The depleted Broccoli shoot metabolites upon inoculation with the three
rhizobacterial species encompassed amino acids such as lysine, phenylalanine, methionine,
the non-proteinogenic amino acids ornithine and GABA, as well as the important metabolic
intermediate phosphoenolpyruvate (PEP). In all but the ineffective partnership between
Pbt-Malibu, the important intermediate phosphoenolpyruvate, showed 11-14 fold decreases
(Supplementary excel, Table S6). On the other hand, sugars and other metabolites, including
ascorbic acid and aspartic acid, represent the induced metabolites by the Paraburkholderia
treatments when compared to the control plants (Cluster 5). Sugars showed greater abundance
in Malibu cultivar treated with Paraburkholderia than in Coronado. However, at 11 dpi,
sugars in Paraburkholderia-treated plants showed dramatic depletion in Coronado cultivar
as compared to 6 dpi. Whereas in Malibu cultivar the temporal variation in the level of
the sugars was less pronounced (Fig 3b2 Cluster 5, Supplementary Fig S3 and S4). The
PC2, representing 19.4% of the total variance, was associated with metabolites in cluster
1 including glycine that were depleted in all treatment combinations except in the controls
and in the ineffective partnership between Pbf and Malibu (Fig 3b2 Cluster 1). Oxoproline
and some other metabolites shown in cluster 3 were intrinsically abundant in the shoots of
Coronado.

Paraburkholderia’s impact on Broccoli primary metabolism is associated with soluble sugars

As sugars are the primary drivers of plant growth, we looked into their temporal dynamics,
particularly related to sugar generation and utilization in the shoots of the two Broccoli
cultivars with or without the influence of the Paraburkholderia species. The fold change
in sugar level between Paraburkholderia treated and control plants at 6dpi was used as a
measure of sugar generation. While the temporal fold change in sugar level of treated plants
from 6 to 11 dpi was used as a measure of sugar utilization. In control plants, sugars showed
no significant change between the two Broccoli cultivars at 6 dpi (supplementary Fig S3).
In contrast, treatment with the Paraburkholderia species showed unprecedented impact on
the sugar generation in shoots of both Broccoli cultivars resulting in significant increases in
the level of fructose and its derivatives, glucose, sorbose, galactose and galactopyranose at
6 dpi. Moreover, the magnitude of sugar generation showed remarkable difference between
the Paraburkholderia species-Broccoli cultivar combinations (Fig 3c¢1). Pbg showed the
highest sugar generation when compared to Pbh and Pbht and its sugar generation ability
was significantly higher in Malibu cultivar. The ineffective partnership between Pbt and
Malibu had the least significant impact on sugar generation. Similarly, the sugar utilization
also showed noticeable differences among the Paraburkholderia species-Broccoli cultivar
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combinations. In Coronado, Pbg inoculation led to greater sugar utilization when compared
to cultivar Malibu. The ineffective partnership between Pbt and Malibu showed reduced
sugar utilization when compared to the effective partnership of Pb¢ with Coronado (Fig 3¢2).

Effects of Paraburkholderia on shoot secondary metabolism

From the total of 1868 metabolites detected in positive or negative ionization mode, 1386
metabolites were significantly different between at least two treatments. PCA of the metabolites
at 6 dpi demonstrated distinct clustering of the samples based on the Paraburkholderia
species-Broccoli cultivar combination (Fig 4al). The first PC explained 33.2% of the total
variation and was associated with metabolites that were intrinsically abundant in one of
the two Broccoli cultivars (Clusters 3, 5 and 12). Treatment of the two Broccoli cultivars
with the Paraburkhoderia species also widened the variation in the level of the metabolites
that were intrinsically different between the two Broccoli cultivars. Metabolites that were
intrinsically abundant in Coronado included aliphatic glucosinolates such as 2-methylbutyl
glucosinolate and glucoiberverin as well as the aromatic glucosinolates glucotropaeolin
and gluconasturtiin. The levels of aliphatic glucosinolates 2-methylbutyl glucosinolate and
glucoiberverin were 147 and 209 times higher in Coronado when compared to Malibu,
respectively (Cluster 3). In Malibu, on the other hand, a number of metabolites from the
phenylpropanoid pathway were intrinsically abundant (Clusters 5 and 12). The second
principal component (PC2) explained 20.9% of the total variance and was associated with
metabolites that were reduced (Fig 4b1 Clusters 2 and 4) or induced (Clusters 7 and 11)
by the Paraburkholderia treatments. Inoculation of Pbg had the greatest impact on the
shoot secondary metabolome profile of both Broccoli cultivars, whereas the ineffective
partnership between Pbt and Malibu had less pronounced impact on the shoot metabolome.
Metabolites in cluster 2, comprising amino acids such as arginine, asparagine, tryptophan
and N-acetylated glutamic acid/fucosamine, showed greater reduction in their abundance
upon treatment with Paraburkholderia species. Cluster 4 encompassed metabolites that
were more abundant in Malibu than Coronado and included ascorbic acid ethyl ester,
N-acetyl-tryptophan, and terpenoids such as S-furanopetasitin and sonchuionoside C. The
metabolites in clusters 7 and 11 were induced by all the Paraburkholderia species and were
dominated by phenylpropanoids. In Malibu, inoculation of Pbg led to greater accumulation
of phenylpropanoids such as flavonoids glycosides (kaempferol-di/tri-(feruloyl/coumaroyl)
glycosides and robinin), hydroxycinnamates (ferulic acid and its derivatives, caffeic acid
derivatives such as chlorogenic acid) and an indole acetic acid derivative such as indole-
3-acetic-acid-O-glucuronide when compared to the other two Paraburkholderia species.
PC3 explained 4.9% of the total variance and was represented by Pbg-triggered (Clusters
8 and 10) or Pbht-induced (Cluster 13) metabolites in both Broccoli cultivars. Pbg-induced
metabolites in cluster 8 consisted of the flavonoid kaempferol 3-sophorotrioside. Whereas
Pbi-triggered metabolites in cluster 13 included the hydroxycinnamate 1,2-bis-O-sinapoyl-
beta-D-glucoside and resveratrol-sulfoglucoside, a stilbenoid.
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Similarly, at 11dpi, inoculation with Paraburkholderia species led to substantial changes
in the shoot metabolite profiles of the two Broccoli cultivars (Fig 4a2 and 4b2). In the
PCA, the first three PCs explained 51.1% of the total variance. The first PC, explaining
29.1% of the total variance is associated with metabolites that accumulated or were reduced
in response to Paraburkholderia and the change in these group of metabolites was more
pronounced in Malibu cultivar (Fig 4b2 Clusters 1, 2, 3, 4 and 5: up, 10 and 11: down). The
induced metabolites in the above-mentioned clusters included flavonoids i.e. flavonol-di/tri-
glycosides, kaempferol-di/tri-glycosides (feruloyl/caffeoyl/coumaroyl), robinin, medicarpin-
O-glucoside-malonate, as well as hydroxycinnamates i.e. ferulic acid, caffeic acid and
various derivatives of these metabolites. Furthermore, coumarins such as eupatoriochromene
and mahaleboside and mevalonate, a precursor of mevalonate pathways that goes to
terpenoid biosynthesis was also induced by the Paraburkholderia treatment. The reduced
metabolites in both Broccoli cultivars included amino acids such as arginine, asparagine
and acetyl/valyl conjugated amino acids i.e. valyl-methionine, and N-acetylglutamic acid
(Cluster 10). Meanwhile, metabolites in cluster 11 were also reduced by the Paraburkhoderia
treatment and these metabolites were intrinsically abundant in Coronado cultivar. Some of
the metabolites in cluster 11 included sulfur-containing metabolites such as the aliphatic
glucosinolates 2-methylbutyl glucosinolate and glucoiberverin, derivatives of sulfurous
amino acids including leucyl-cysteine and methionyl-isoleucine, as well as precursor
or breakdown products of glucosinolates, for instance, 6-methylthiohexanaldoxime
and 3-methylsulfinylpropyl isothiocyanate. The second PC (PC2) explained
23.8% of the total variance and was associated with metabolites that were intrinsically more
abundant in cultivar Malibu (Fig 4b2 Clusters 6, 7, 8 and 9). Metabolites in clusters 6, 7, 8
and 9 showed significant depletion in all effective partnerships between the Paraburkholderia
species and Broccoli cultivars. Tryptophan, a building block for indolic glucosinolate and
the growth hormone indole-3-acetic acid, N-acetylated amino acid including N-acetyl
phenylalanine/tryptophan, terpenoids i.e. S-furanopetasitin and sonchuionoside C, and
sulforaphane an isothiocyanate are some of the metabolites in these cluster worth mentioning.
PC3 explained 6.2% of the total variance and was associated with yet unknown metabolites
that showed Pbg specific alteration in both Broccoli cultivars (Clusters 13).

Paraburkholderia induces systemic resistance against the bacterial leaf pathogen
Xanthomonas campestris in a cultivar-dependent manner

As shown above, the two Broccoli cultivars exhibited inherent differences in their shoot
chemistry (Fig 4). Furthermore, treatment of the plant roots with different Paraburkholderia
species led to substantial alteration of the shoot metabolome including metabolome
signatures specific to the individual combination of Paraburkholderia species and Broccoli
cultivar (Fig 4). Based on this, we hypothesized that the inherent and induced differences in
shoot chemistry between the two cultivars could contribute to a differential defense response
against leaf pathogens. To address this hypothesis, treated and control plants of the two
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Fig 4. Rhizobacteria-mediated changes in the shoot secondary metabolites in Broccoli
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(HCA) based on differentially regulated metabolites of the samples at 6 dpi (1) and 11 dpi
(2). In the HCA, metabolite clusters are indicated by different colors. Information on the
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Fig 5. Impact of root-colonizing Paraburkholderia species on defense of Broccoli cultivars
against two bacterial leaf pathogens. Disease severity index of two broccoli cultivars treated
with either one of the three Paraburkholderia species and challenged with two bacterial leaf
pathogens (a) Xanthomonas campestris pv. armoraciae P4216 (Xca) and (b) Xanthomonas
campestris pv. campestris P4014 (Xcc). Broccoli cultivars (Cor: Coronado, Mal: Malibu),
Control: non-treated control, Pbg: Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P.
terricola. Different letters show statistically significant differences between the treatments
(Two-way ANOVA, Tukey’s HSD post hoc test, P < 0.05).

cultivars were challenged with two bacterial leaf pathogens, i.e. Xanthomonas campestris
pv. armoraciae P4216 (Xca) and Xanthomonas campestris pv. campestris P4014 (Xcc).

Regression analysis was employed to examine the interaction effect of two independent
variables (Paraburkholderia species and Broccoli cultivars) on disease severity of the two
bacterial pathogens using the “betareg” package in R. The Paraburkholderia species included
three levels (Pbg, Pbh and Pbt) and the Broccoli cultivars consisted of two levels (Coronado
and Malibu). There was a highly significant interaction effect of the Paraburkholderia species
and Broccoli cultivars on disease severity for both Xanthomonas pathovars (Supplementary
Table S4). No significant inherent variation in disease severity was observed between the
two Broccoli cultivars when they were challenged with the two bacterial pathogens (Fig 5).
However, treatment of the roots of the two Broccoli cultivars with the Paraburkholderia
species led to a reduction or an enhancement of disease severity. For example, treatment with
Pbg and Pbh enhanced disease severity in Coronado cultivar challenged by both bacterial
pathogens, whereas Pbh and Pbt significantly reduced disease severity in cultivar Malibu
challenged by each of the two bacterial pathogens (Fig 5).

Discussion

Our results showed that root-colonizing Paraburkholderia species altered shoot primary and
secondary metabolism of Broccoli seedlings, promoted growth and induced systemic defense
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against bacterial leaf pathogens. The magnitude of the alteration of these traits is dependent
on the Paraburkholderia species and Broccoli cultivar combinations. The widely accepted
“defense-growth tradeoff” concept asserts that activation of plant defense comes at the
expense of plant growth due to resource limitations (Huot et al., 2014). Here we showed that
rhizobacteria treatment of plant roots promotes growth and at the same time primes the plant
defense against biotic stress factors. Rhizobacteria defense priming is considered to have
lower cost when compared to activation of direct defense (Martinez-Medina ef al., 2016).
However, judging the cost of defense priming by only assessing some key physiological
process such as seed production, number of flowers, pollen quality and number, and plant
growth does not necessarily explain the energy and carbon costs associated with defense
priming. Hence, to understand the underlying mechanisms by which rhizobacteria promote
growth and prime the plant’s defense without compromising plant fitness, it requires a
comprehensive investigation of the host metabolome network.

Root colonization by rhizobacteria is an important trait required for establishing beneficial
effect on plant growth and health (Lugtenberg et al., 2001; Compant et al., 2010). In line with
this, our study showed an association between root colonization ability of the Paraburkholderia
species, their impact on the host metabolome and their ability to promote plant growth. For
example, Pbh showed significantly reduced root colonization for cultivar Coronado at 6 dpi
and its impact on both primary and secondary metabolism was the lowest when compared to
Pbg and Pbt treated plants. Interestingly, at 11dpi, Pbh exhibited enhanced root colonization
which coincided with an elevated impact on the shoot metabolome, comparable to that of
plants treated with Pbg and Pbt (Fig 3 and 4 PCA). Similarly, Pbt showed significantly
reduced root colonization for cultivar Malibu at both 6 and 11dpi with no significant growth
promotion effect and the least impact on the shoot primary and secondary metabolism as
compared to plants inoculated with Pbg and Pbh. The two Broccoli cultivars used in this
study showed inherent differences in their shoot metabolome profile. Phenylpropanoids
were more abundant in Malibu and glucosinolate and other sulfur-containing compounds
showed higher abundance in Coronado. Assuming this variation in shoot chemistry may
be reflected in differences in root chemistry, these intrinsic differences between the two
cultivars might have influenced the root colonization ability of Paraburkholderia species and
the effectiveness of the partnerships. Although the root exudate profile of the two Broccoli
cultivars was not assessed in our study, exudate composition of plant species has a major
impact on microbiome assembly and functions in the rhizosphere (Philippot ef al., 2013;
Pérez-Jaramillo et al., 2016; Hu et al., 2018; Lundberg & Teixeira, 2018; Pérez-Jaramillo et
al., 2018; Stringlis, loannis A et al., 2018; Huang et al., 2019). Assessing the root exudate
profile of the two broccoli cultivars in combination with bioassay-guided fractionation of the
exudates will be instrumental to identify metabolite signatures that govern the differences in
root colonization by the Paraburkholderia species and the effectiveness of their partnership
with different Broccoli cultivars.
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The Paraburkholderia species exerted a substantial impact on the host primary and
secondary metabolism at both early and late stages of seedling growth. Their biggest impact
on primary metabolism was reflected in soluble sugar generation and utilization and both
parameters showed significant variation across the Paraburkholderia species - Broccoli
cultivar combinations (Fig 3c¢). All combinations, except Pbt-Malibu, resulted in effective
partnership, i.e. plant growth promotion. Effective partnerships showed higher soluble sugar
generation at the early stage of seedling growth and high sugar utilization at the later stage
of seedling growth, whereas the ineffective partnership between Malibu and Pbt showed
reduced sugar generation and utilization. Soluble sugars are fuel for growth and for the
biosynthesis of secondary metabolites involved in defense (Herrmann & Weaver, 1999;
Hartmann & Trumbore, 2016). Moreover, soluble sugars such as galactose, glucose, sorbose,
fructose, sucrose and xylose have been reported to be effective chemotaxis agents for bacteria
(Adler et al., 1973; Ordal et al., 1979). Their increased production under effective partnership
between plants and rhizobacteria could provide both the plants and rhizobacteria with fuel for
energy production to sustain growth and secondary metabolite production. In general, low
sugar concentration promotes ‘source’ activities such as photosynthesis, nutrient mobilization
and export, while high sugar level enhances ‘sink’ activities such as growth and sugar storage
(Rolland et al., 2006). Hence, we postulate that the enhancement of the sugar levels is a
key mechanism that determines the effectiveness of the partnership between rhizobacteria
and plants. Furthermore, under effective partnership, there was significantly higher depletion
(>11-fold) of PEP, a key substrate for the TCA cycle and the shikimate pathway (Fig 6),
whereas PEP depletion was only about 2-fold under ineffective partnership. Furthermore,
greater depletion of GABA under the effective partnership suggests catabolism of GABA to
succinyl semialdehyde followed by its conversion to succinate to feed the greater demand
of pyruvate in the TCA cycle. Key intermediates in the TCA cycle such as citric acid and
malic acid showed increased abundance under effective partnership. In the TCA cycle, citrate
is converted to malate and used in the mitochondria for energy production (Fernie et al.,
2004). Hence, these observations most likely meet the greater demand for carbon and energy
occurring during enhanced growth and defense priming in the effective Paraburkholderia-
Broccoli interactions.

For the soluble sugars, Paraburkholderia species showed their biggest impact on fructose
abundance. Phg-Malibu interaction showed the highest root colonization and had the highest
impact on shoot fructose level (~>280 folds). In contrast, Pbt-Malibu and Pbh-Coronado
interactions showed the lowest root colonization levels and had the lowest impact on shoot
fructose generation at the early stages of seedling growth. Interestingly, the biggest impact on
shoot fructose abundance by Pbg also showed the biggest impact on secondary metabolism
in general and phenolic compounds accumulation in particular when compared to Pbh and
Pbt at 6 dpi (Fig 6). This suggests that the effects of elevated levels of soluble sugars are
not only limited to plant growth but also extend to secondary metabolites biosynthesis. For
example, fructose is the primary substrates for fructose-6-phospate, a key substrate for the
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biosynthesis of both PEP and erythros-4-phosphate (Fig 6). These two intermediates are
channeled to the shikimate pathway that bridges carbohydrate metabolism to biosynthesis
of aromatic primary and secondary metabolites (Herrmann & Weaver, 1999). The shikimate
pathway provides all the important precursors for the biosynthesis of phenylpropanoids
including hydroxycinnamates, flavonoids, stilbenoids, coumarins and lignins that showed
significant accumulation in plants treated with Paraburkholderia species (Fig 4b and 6).
A study on the pho3 mutant of Arabidopsis that accumulates soluble sugars to high levels,
showed large increases in the expression of transcriptional factors and enzymes involved in
anthocyanin biosynthesis (Lloyd & Zakhleniuk, 2004). Another study also showed greater
accumulation of fructose (~10 fold) and flavonoids in quinoa cotyledons in response to UV-B
radiation (Hilal et al., 2004). Considering our results and the aforementioned findings by
other studies, we postulate that one of the key mechanisms by which rhizobacteria modulate
host secondary metabolism is by soluble sugar generation.

In addition to enhancement of key precursors for growth and secondary metabolite
biosynthesis, treatment of Paraburkholderia also induced metabolite remobilization. The
metabolite remobilization involved both suppression of resource competing metabolite
pathways such as amino acids and rechanneling of existing primary metabolite-derivatives
and other secondary metabolites to other metabolite pathways. For example, aromatic
glucosinolate, amino acids and their derivatives, some terpenoids showed more depletion in
effective partnerships (Fig 6 and Fig 4b2). Hence, remobilization of the existing metabolites
towards targeted metabolite pathways could be an additional strategy used by rhizobacteria
to reduce the cost of de novo biosynthesis of metabolites.

Our results also showed that rhizobacteria-mediated reorganization of the host metabolome
landscape not only affects plant growth but also the defense response of Broccoli cultivars
to bacterial leaf pathogens. In general, inoculation of the Paraburkholderia species showed
greater suppression of pathogen proliferation in cultivar Malibu that intrinsically has more
phenolic compounds (Fig S). The phenylpropanoid pathway appears to be the central target
by the Paraburkholderia species and was altered to a greater extent in Malibu than in
Coronado (Fig 6). All metabolite classes belonging to this pathway including flavonoids,
hydroxycinnamates, stilbenoids, coumarins and lignins showed substantial accumulation
upon treatments with the Paraburkholderia species (Fig 6). These metabolites were reported
to have direct antimicrobial effects and/or act as a physical barrier against pathogenic
microorganisms (Dixon et al., 2002; Cvikrova et al., 2006). Hydroxycinnamic acids and
flavonoid were shown to negatively affect the disease symptom development in Chinese
cabbage challenged by Xanthomonas campestris pv. campestris (Xcc) (Islam et al., 2018).
Of all the Paraburkholderia species-Broccoli cultivars combinations, treatment of roots of
cultivar Coronado with Pbg resulted in higher disease severity (Fig 5). However, we could not
find a specific metabolic signature that corresponds to the increased pathogen susceptibility
of Coronado treated with Phg.
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Fig 6. Alteration of core primary and secondary metabolite pathways by Paraburkholderia
species in Broccoli. The metabolite pathways are organized as modules inside different
colored boxes and the abundance of the significantly altered metabolites is represented
by the heat map where each cells representing the abundance of a metabolite of a sample
for Paraburkholderia species-Broccoli cultivar and time combinations. The metabolite
ID corresponding to each metabolites is indicated at the top of the heat map and detailed
information on the identity of the individual metabolites is provided in the supplementary
excel Table S9. G-6P (Glucose 6-phosphate), F-6P (Fructose 6-phosphate), CHS
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(Chalcone synthase), cisZOG1 (Cis-zeatin O-glucosyltransferase 1), CYP (Cytochrome
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3-acetic acid), IAN (indole-3-acetonitrile), IAOx (indole-3-acetaldoxime), IPP (isopentenyl
pyrophosphate), MAM (methylthioalkylmalate synthase), and STS (stilbene synthase).
Broccoli cultivars (Cor: Coronado, Mal: Malibu), Cont.: non-rhizobacteria treated control,
Pbg: Paraburkholderia graminis, Pbh: P. hospita, and Pbt. P. terricola. Multiple-headed
arrows indicate hidden intermediate processes in the pathways.
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Defense priming is not a low-cost defensive measure as postulated but could cost substantial
amounts of energy and carbon resources. This is shown by the massive accumulation of
phenylpropanoids and other defensive compounds in plants primed by Paraburkholderia
species even before the plants were challenged with the bacterial leaf pathogens. The integrated
primary and secondary metabolome profiling of primed plants suggests that rhizobacteria
could avert the negative impact of defense priming on the host fitness by generating massive
amount of soluble sugars and remobilizing other metabolites to accommodate for the high
energy and carbon skeleton demand associated with growth and defense priming. This could
indicate that defense costs can be regulated if resources are not limiting and aligns with
studies that showed the inevitability of defense-growth trade-off occurs primarily under
resource-limiting conditions (Bergelson & Purrington, 1996; van Dam & Baldwin, 1998).

The magnitude of the impact of the rhizobacteria on plant growth, metabolism and defense
priming showed an association with the level of root colonization by the rhizobacteria.
On the other hand, the plant genotype and its intrinsic chemical composition could affect
the ability of the rhizobacteria to colonize the host root and could determine the impact
rhizobacteria have on different phenotypic traits of the host. Hence, breeding of plant for
different traits should consider its impact on the host chemistry and its associated effect on the
recruitment of beneficial microbes for the plant functioning. Furthermore, investigating the
underlying mechanism of rhizobacteria-mediated generation of soluble sugars in plants could
be instrumental for breeding programs that aim to produce high yielding and stress-resilient
crops. Hence, further studies on beneficial bacterial traits involved in the modulation of the
host metabolism could provide information on the underlying mechanisms of rhizobacteria-
mediated alteration of host metabolism, growth and defense priming.
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Fig S1. Absolute changes in shoot (a) and root (b) biomass of Broccoli cultivars Coronado (1)
and Malibu (2) at 11 dpi with Paraburkholderia species. Pbg: Paraburkholderia graminis,
Pbh: P. hospita, and Pbt: P. terricola. Different letters show significant statistical difference
between the treatments (One-way ANOVA, Tukey’s HSD post hoc test, P < 0.05).
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Fig S2. Disease severity scale. For the severity (c¢), each Broccoli seedlings from four
biological replicates were individually scored (n = 20). Disease severity was scored by
determining the migration of the lesion from the inoculation spot to the other parts of the
shoot following an ordinal scale from 1- 5, where 1 = no necrosis or migration, 2 = full
infection of the treated leaf, 3 = migration to the leafstalk of the treated leaf, 4 = infection of
the neighboring leaf, and 5 = infection of the entire seedling.
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Fig S3. Absolute abundance of soluble sugars in two Broccoli cultivars upon Paraburkholderia
inoculation at two time points (6 and 11 dpi). Comparative analysis of the of abundance of
soluble sugars between the two cultivars at 6 dpi (a) and at 11 dpi (b). Comparative analysis
of the abundance of soluble sugars at two time points in Coronado (¢) and Malibu (d)
cultivars. Pbg: Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola. Asterisks
denote significant statistical differences between Broccoli cultivars, Coronado and Malibu
(two tailed Student’s t test): * P < 0.05; ** P <0.01.
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Fig S4. Paraburkholderia species-mediated changes in shoot soluble sugar abundance in two
Broccoli cultivars, Coronado and Malibu, at 6 dpi (a), 11 dpi (b), and relative fold change
between the two time points (c¢). In (a) and (b), fold change was calculated by dividing the
abundance of each soluble sugars in treated plants to that of the non-treated control. Pbg:
Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola.
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Table S1. Analysis of variance ANOVA (type II) of percent changes in shoot and root biomass
in two Broccoli cultivars inoculated with three Paraburkholderia genera at 11 dpi.

Sample Factor SumSq Df Fvalue Pr(>F)
Broccoli cultivars 1425 1 4.882 0.040333 *
Shoot fresh biomass Bacteria species 12949 2 22.182 1.39E-05 oHk
relative change Broccoli cultivars: Bacteria species 8561 2 14.665  0.000166  ***
Residuals 5254 18
Broccoli cultivars 1210.18 2 19.711 3.42E-06 oAk
Root fresh biomass Bacteria species 142.42 1 4.6394 0.039404 *
relative change Broccoli cultivars: Bacteria species 400.55 2 6.5241 0.004441 HE
Residuals 920.94 30

Significance codes: *** 0, ** 0.001, * 0.01.

Table S2. Population density of three Paraburkholderia species on roots of two Broccoli
cultivars. Pbg: Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola.

Broceoli cultivar Population density (Cfu/mg roots)

Rhizobacteria

6 dpi

11 dpi

Coronado

Malibu

Paraburkholderia graminis
P. hospita
P terricola

2.05+0.11x 108
1.18+0.09 x 10°
1.58 +0.03 x 10’

8.10+0.28 x 107
2.06+0.08 x 107
1.95+0.04 x 10’

P. graminis
P, hospita
P, terricola

1.00+0.05 x 108
1.40+0.15 x 10’
1.72+0.16 x 10°

1.02+0.07 x 108
1.53+0.06 x 10’
7.02+0.35x 10°

Cfu: Colony forming unit ) )
*Values represent the average of 3 replicates = SE of three replicates
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Table S3. Analysis of variance ANOVA (type 1) of root colonization of three Paraburkholderia
species in two Broccoli cultivars at two time points (6 dpi, 11 dpi). Data was log transformed
using the package MASS in R.

Factor Sum Sq Df F value Pr(>F)
Day post inoculation 0.0887 1 41.745 1.11E-06  ***
Broccoli cultivar 0.7069 1 332.569  1.44E-15 ***
Bacteria species 13.4135 2 3155.343 <22e-16 ***
Day post inoculation: Broccoli cultivar 0.4061 1 191.066  6.35E-13  ***
Day post inoculation: Bacteria species 1.3366 2 314421 <2.2e-16 ***
Broccoli cultivar: Bacteria species 4.353 2 1023.972 <22e-16 ***
Day post inoculation: Broccoli cultivar: Bacteria species ~ 0.9733 2 228.966  2.33E-16  ***
Residuals 0.051 24

Signif. codes: 0=***0.001 =** 0.01 =*

Table S4. Beta regression analysis of disease severity in twoBroccoli cultivars (Coronado and
Malibu) primed with Paraburkholderia species and treated withXanthomonas, a Broccoli
leaf pathogen. Different Paraburkholderia species were used to induced systemic resistance.
Xca: Xanthomonas campestris pv. Armoraciae P4216 and Xcc: X. campestris pv. Campestris
P4014.

Pathovar model term df1 df2 F.ratio p-value
Rhizobacteria 3 Inf 11.74 <.0001

Xca Broccoli cultivar 1 Inf 64.893 <.0001
Rhizobacteria:Broccoli cultivar 3 Inf 20.627 <.0001
Rhizobacteria 3 Inf 3.811 0.0096

Xcc Broccoli cultivar 1 Inf 49.535 <.0001
Rhizobacteria:Broccoli cultivar 3 Inf 7.604 <.0001
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Table S5. Paraburkholderia species-mediated changes in shoot polar primery metabolites
(GC-MYS) in two Broccoli cultivars (Coronado and Malibu) at 6 dpi. The tabulated data
corresponds to the hierarchical cluster analysis (HCA) showen in Fig 3b1 of the manuscript.
The fold changecorresponding to each metabolites was calculated by dividing the abundance
of each metabolites in Paraburkholderia treated plants to the non-treated control. Pbg:
Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola.

2-Amino-3-cyano-4-(2'-furyl)-4-
169 191 1877 1877 ooyano-d-(2-furyl-4- 588 529 2423 202 246 47

101 16.1 73 1801 1802  D-(-)-Fructopyranose (isomer 2) ~ 78.58 22.07 80.8 26.95 10.85 1598
100 16.0 73 1795 1792  D-(-)-Fructofuranose (isomer 1)  32.09 9.51 31.1 15.76 546 745

102 143 73 1640 1634 Xylose 371 2.08 2.64 477 275 296
105 167 73 1863 1865 Fructose 138.02 47.19 84.47 157.82 40.86 37.71
109 188 73 2074 2077 Myo-Inositol 406 2.18 3.69 629 258 345
110 233 73 2606 2611 Sucrose 3.8 252 357 489 276 286
106 16.6 73 1854 1854 Sorbose 73.61 25.66 43.78 77.87 2194 20.4
107 182 73 2010 2010 D-Galactopyranoside 1423 501 938 2353 531 529

d-Galactose, 2,3,4,5,6-pentakis-O-
108 17.1 73 1899 1898 (mmethylsilylgi,Ecs—methyloxyme, 22.64 632 12.58 4436 6.79 6.93

. RI Fold change
I\?hstcr II\\I/lawmg RT(m) Mass QObse- in DB Annotation Coronado Malibu
rved Pbg _Pbh__Pbt ___Pbg _Pbh__ Pbt
4-(2-Aminoethyl)-2-methoxyphenol,
- 166 73 1848 1846 +( octhyl)-2-methoxyp 854 -692 -148 819 -517 -501
|| 13.0 55 1529 1529 Hexamethylene diacrylate 158 -18 -1 582 -537 347
Bl 8 128 73 1520 1522 L-5-Oxoproline -14 -138 -143 307 281 -2.28
Bl 6 129 73 1523 1525 GABA 123 2126 -125 -1.74 -1.64 0.67
4 10 9.8 73 1286 1286 Isoleucine -2.16 -2.82 -321 049 025 043
4 112 174 1387 1386 Ethyl 2,4-Dimethylbenzoate -1.16 -1.21  -1.7 04 -284 0.69
4 12 157 73 1767 1768 Glutamine 136 <132 265 -3.67 -338 -224
5 25 141 73 1623 1624 L-Phenylalanine -1.94 16 -193  -131 -147 101
5 8.5 73 1192 Methyl 7-Trimethylsilylheptanoate -5.11 -2.09 -2.81 -3.99 -2.64 -2.32
5 31 172 73 1910 1912 Lysine 3.61 -2.87 -421 254 -2.89 223
Trimethyl[(2E/Z)-6-(2-thienyl)-2,6-
5 135 73 1573 Yh[e(ptadienylﬂsilane” 252 <194 312 253 -195 -1.64
5 120 73 1453 1452 N,\N-Dicthyl 6-oxoheptamide  -16.07 -4.09 -16.43 -18.08 -10.83 -10.08
5 32 128 176 1514 1515 Methionine 285 219 351 -3.09 29 -1.85
Diethyl (2R/S,3R)-2-Allyl-3-
5 137 73 1591 1595 (et ylsﬂoxy;succmgte 345 242 328 41 37 273
5 146 73 1669 1673 T8-Dehydro-fdeoxocureumen- 305 505 323 31 256 -1.96
5 58 95 73 1263 1263 Phosphoenolpyruvate 3.81 205 -2.63 348 232 -1.76
6 | 27 161 73 1805 DL-Ornithine -12.52 -10.61 -13.78 -11.85 -8.33 -6.05
Ml 47 123 73 1479 1480 Malic acid 131 157 148 112 148 171
gl 2 100 73 1299 1300 Glycine 208 123 103 077 101 128
7 6 139 73 1611 1612 Glutamic acid 128 114 113 124 -135 099
8 4 116 73 1420 1420 L-Aspartic acid 23 167 418 296 267 197
8 146 17.9 73 1977 1981 Mannonic acid, lactone 1.96 -1.24 4.08 1.59 087 0.62
TMS 4-DI-TMS-
8 9.4 73 1259 1260 AMINORUTYRATE 322 155 17 168 186 176
8 8 153 73 1729 1731 Putrescine 144 109 142 118 102 095
9 45 165 73 1839 1863 Ascorbic acid 15 134 146 185 149 171
9
9
9
9
9
9
9
9
9
9
9

103 169 73 1879 1881 Glucose 21.19 6.66 12.81 2526 697 7.46
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Table S6. Paraburkholderia species-mediated changes in shoot polar primery metabolites
(GC-MYS) in two Broccoli cultivars (Coronado and Malibu) at 11 dpi. The tabulated data
corresponds to the hierarchical cluster analysis (HCA) showen in Fig 3b2 of the manuscript.
The fold changecorresponding to each metabolites was calculated by dividing the abundance
of each metabolites in Paraburkholderia treated plants to the non-treated control. Pbg:
Paraburkholderia graminis, Pbh: P. hospita, and Pbt: P. terricola.

. RI Fold change
I\C]lhm] I\Ifllamng] RT(m) Mass Obse- in DB Annotation Coronado Malibu
rved Pbg  Pbh _ Pbt Pbg  Pbh _ Pbt
22 10.0 73 1299 1300 Glycine -1.16 -1.84 -129 24 -122 -1.14
32 128 176 1514 1515 Methionine -2.37 -3.18  -2.1 -2.59 -339 -1.95

Trimethyl[(2E/Z)-6-(2-thienyl)-2,6-
heptadienyl]silane

146 73 1669 1673 SDehydro-fdeaxocureumens 05 16 936 231 249 -17
120 73 1453 1452 NN-Diethyl G-oxoheptamide  -11.7 -459 -3.09 -11.19 -10.7 -425

Diethyl (2R/S,3R)-2-Allyl-3-
137 73 1591 1595 (trimethylsiloxy)succimte 214 212 235 27 295 -2.89

13.5 73 1573 -2.22 221 -241 206 -2.12 -14

25 14.1 73 1623 1624 L-Phenylalanine -1.05 -1.17 -0.83 -2.72 -2.86 -1.63
58 9.5 73 1263 1263 Phosphoenolpyruvate -14.18 -11.91 -12.75 -11.43 -11.3 -2.13
31 172 73 1910 1912 Lysine -2.71 255 2775 347 34 292
27 16.1 73 1805 DL-Ornithine -10.86 -14.9 -10.33 -23.84 -22.03 -13.68

166 73 1848 1846 +(Z-AminoethyD-2-methoxyphenol, ¢y 1966 _106 119 -13.78 -823
3TMS derivative

8.5 73 1192 Methyl 7-Trimethylsilylheptanoate -7.85 -3.95 -3.55 -2.19 -3.16 -1.29
16 129 73 1523 1525 GABA 238 231 244 -L13 -127 131
13.0 55 1529 1529 Hexamethylene diacrylate -9.3 -13.75 -12.34 1.09 1.07 144
18 128 73 1520 1522 L-5-Oxoproline 249 215 23 103 -L1l 101
153 73 1729 1731 Putrescine 142 136 132 401 362 283
94 73 1259 1260 A e 361 289 365 261 284 2.16
4 116 73 1420 1420 L-Aspartic acid, 2TMS derivative  1.74 207 177  3.03 477 34
110 233 73 2606 2611 Sucrose 163 247 191 284 289 365
102 143 73 1640 1634 Xylose 213 311 288 109 1076 7.98
105 167 73 1863 1865 Fructose 2005 45.02 30.13 252.76 196.15 132.07
109 188 73 2074 2077 Myo-Inositol 126 226 203 705 612 987
106 166 73 1854 1854 Sorbose 113 2571 1828 973 79.09 53.56

D-Galactopyranoside, methyl
107 182 73 2010 2010 2.3 A-tris-O-(trimethylsilyl)-, acetate 1.99 52 414 4556 3849 25.88

103 169 73 1879 1881 Glucose 257 7.06 583 84.07 7588 53.04

d-Galactose, 2,3,4,5,6-pentakis-O-
108 17.1 73 1899 1898 (trimethylsilyl)-, o-methyloxyme, 2.68 7.65 592 107.78 84.51 48.95
(1E)-

45 16.5 73 1839 1863 Ascorbic acid 1.19 139 091 213 233 255
6 13.9 73 1611 1612 Glutamic acid 1.05 112 122 1.66 1.57 1.69
5 12.7 73 1511 1512 ASPARTIC ACID-TRITMS -147 1.1 1.04 222 178 246

101 161 73 1801 1802 D-(-)-Fructopyranose (isomer2)  9.02 18.82 10.12 64.34 32.8 62.32
100 16.0 73 1795 1792  D-(-)-Fructofuranose (isomer 1)  4.18 9.7 495 2031 10.47 1598
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Table S9. Polar primary and semi-polar secondary metabolites classes and their metabolites
ID used in Fig 6 of the manuscript. GC: Gas chromatography- mass spectrometry, LC: Liquid
chromatography- mass spectrometry.

Mapping # Compound Tool
Amino acid
1 Serine GC
2 Threonine GC
3 Valine LC
4 L-Aspartic acid GC
5 ASPARTIC ACID-TRITMS GC
6 Glutamic acid GC
7 Glutaminic acid LC
8 Putrescine GC
9 Tryptophan or (C07839), (C14916) LC
10 Isoleucine GC
11 Proline GC
12 Glutamine GC
13 Isoleucyl-Cysteine LC
14 5-Hydroxyindoleacetylglycine LC
15 L-Asparagine GC
16 GABA GC
17 Methionyl-Isoleucine LC
18 L-5-Oxoproline GC
19 L-Serine GC
20 N-Acetyl-L-phenylalanine LC
21 Hmnamyleiveine LC
22 Glycine GC
23 N-Acetyl-D-tryptophan LC
24 Succinyladenosine LC
25 L-Phenylalanine GC
26 tryptophan LC
27 Ornithine GC
28 N-Acetylglutamic acid LC
29 Arginine LC
30 Asparagine LC
31 Lysine GC
32 Methionine GC
33 Valyl-Methionine LC
34 Raphanusamic acid LC
Benzene, Benzoic acid
35 Dioxacarb LC
36 1-O-Vanilloyl-beta-D-glucose LC

37 2-Hydroxybenzaldehyde O-[xylosyl- LC
(1->6)-glucoside]

38 Anthranilic acid LC
39 Apiosylglucosyl 4-hydroxybenzoate LC
40 dihydroxybenzoic acid glucoside LC
41 Formylsalicylic acid LC
42 Gabaculine LC
43 4-Hydroxybenzoate-O-glucoside LC
44 Olivetolic acid LC
Butenolide
45 Ascorbic acid GC
46 L-ascorbic acid ethyl ester LC
Carboxylic acid
47 Malic acid GC
48 Indole-3-acetic-acid-O-glucuronide LC
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Mapping #
49
50
51
52
53
54

55
56

57

58
59

60
61

62
63

64
65

66

67

68
69

70

71

72

73

74
75
76
77

78

Compound

Indole-3-acetaldehyde or (C10663),
(C06345)

Citric acid
Garcinia acid
Starch acetate
Carnitines
Isovalerylcarnitine
Coumarin
7-Methoxycoumarin or (C03081)
Eupatoriochromene
Mahaleboside
Scopoletin or (C10290), (C18077),
(C01938)

Ester
Phosphoenolpyruvate
Binapacryl
Fatty acid, Fatty acyl glycoside
(S)-Mevalonic acid
cis-Zeatin-O-glucoside
Ethyl 7-epi-12-hydroxyjasmonate
glucoside
(6S,9R)-Vomifoliol
Flavonoid
Kaempferol 3-sophorotrioside
Kaempferol 3-O-[6-(4-coumaroyl)-
beta-D-glucosyl-(1->2)-beta-D-
glucosyl-(1->2)-beta-D-glucoside]
Kaempferol
3-(2"-sinapoylsophoroside)
7-glucoside
Kaempferol
3-O-hydroxyferuloylsophoroside
7-O-glucoside
Isoschaftoside 4'-glucoside/
Schaftoside 4'-glucoside
Robinin
Flavonol 3-O-beta-D-glucosyl-(1-
>2)-beta-D-glucosyl-(1->2)-beta-D-
glucoside
Flavonol 3-O-beta-D-glucosyl-(1-
>2)-beta-D-glucosyl-(1->2)-beta-D-
glucoside tri glycoside
Flavonoid-di-glycoside
Kaempferitrin (C16981)/ Vitexin
2"-rhamnoside (C12628)/ Apigenin
7-O-neohesperidoside (C12627)
Flavonol 3-O-beta-D-glucosyl-(1->2)-
beta-D-glucoside
5-Deoxykievitone/ 6-Prenylnaringenin
(C09832)/ Flavaprenin (C18023)/
Glepidotin B (C09753)/ 4-Glyceollidin
(C15510)

Medicarpin 3-O-glucoside-6'-malonate
Flavonol 3-O-D-xylosylglucoside
Puerarin xyloside
Kaempferol 3-O-caffeoyl-
sophoroside 7-O-glucoside/ Quercetin
3-[p-coumaroyl-(->6)-glucosyl-(1->2)-
glucosyl-(1->2)-glucoside]

Tool

LC
LC
LC
LC
LC
LC

LC
LC

LC

GC
LC

LC
LC

LC
LC

LC

LC

LC

LC

LC
LC

LC

LC

LC

LC

LC
LC
LC
LC

LC



Table S9. (Continued)

Mapping #

79

80
81
82

83

84

85

86

87

88
89

90
91
92
93
94
95
96
97
98

99

100

101
102
103
104
105
106

107

108

109
110

111
112

113
114

115

116
117

Compound

Quercetin 3-[p-coumaroyl-(->6)-
glucosyl-(1->2)-glucosyl-(1->2)-
glucoside], Kaempferol 3-O-caffeoyl-
sophoroside 7-O-glucoside
Kaempferol 3-(2-feruloylsophoroside)
7-glucoside
Kaempferol tri glycoside + feruloyl

Flavonoid-di-glycoside:(C12634) or
(C05625), (C18942))

Kaempferol 3-O-beta-D-sophoroside
or (C05625), (C17563)

Flavonoid di glycoside: (C12634) or
(C05625), (C17563), (C19796)

Flavonoid di glycoside: (C12634) or
(C05625), (C17563), (C19796))

Glucosinolate
Glucoraphanin

hexyl glucosinolate (3-Methylpentyl
glucosinolate/ 4-Methylpentyl
glucosinolate)

2-Methylbutyl glucosinolate

4-Methylthiobutyl-
desulfoglucosinolate

Glucoalyssin
Glucoiberin
Glucoiberverin
Gluconasturtiin
Glucotropaeolin
4-Hydroxyglucobrassicin
4-methoxyglucobrassicin
Desulfoglucobrassicin
Glucobrassicin
Glucuronide

4-Hydroxy-5-(3',5'-dihydroxyphenyl)-
valeric acid-O-glucuronide

Glycoside

D-(-)-Fructofuranose,
pentakis(trimethylsilyl) ether (isomer
1))

D-(-)-Fructopyranose
Xylose
Glucose
Glucoheptonic acid
Fructose
Sorbose

D-Galactopyranoside, methyl
2,3,4-tris-O-(trimethylsilyl)-, acetate

d-Galactose, 2,3,4,5,6-pentakis-O-
(trimethylsilyl)-, o-methyloxyme,
(1E)-

Myo-Inositol
Sucrose
Hydroxycinnamate
4-Demethylsimmondsin 2'-(E)-ferulate

Methylsyringin

Sinapine
5-O-Feruloylquinic acid
6-Feruloylglucose 2,3,4-trihydroxy-3-
methylbutylglycoside

3-O-Caffeoyl-4-O-methylquinic acid
O-Feruloylquinate

Tool

LC

LC
LC
LC

LC
LC

LC

LC
LC

LC
LC

LC
LC
LC
LC
LC
LC
LC
LC
LC

LC

GC

GC
GC
GC
LC
GC
GC

GC

GC

GC
GC

LC
LC

LC
LC

LC

LC
LC

Mapping #
118
119
120
121
122

123

124
125
126
127
128

129

130
131
132
133
134
135
136

137
138
139

140

141
142
143
144
145
146
147

148

149

150

151

152

153
154

155
156

Compound
N1,N10-Dicoumaroylspermidine
1,2-Bis-O-sinapoyl-beta-D-glucoside
5-O-Caffeoylshikimic acid
p-Coumaroyl quinic acid
Chlorogenic acid

Chlorogenic acid or Coumarin:
(C01527) or (C08996)

2-Feruloyl-1,2'-disinapoylgentiobiose
3,4,5-Trimethoxycinnamic acid
Urolithin A-3-O-glucuronide
1,2,2"-Trisinapoylgentiobioside
3',6-Disinapoylsucrose
1-O-Sinapoyl beta-D-glucoside or
4-O-beta-D-Glucosyl-sinapate

Sinapic acid
3,4-Dihydroxyphenylpyruvate
1-Feruloyl-D-glucose
Ferulic acid
5-Hydroxyferulic acid methyl ester 1T
5-Hydroxyferulic acid methyl ester I
Dihydroferulic acid 4-O-glucuronide

1-Caffeoyl-beta-D-glucose or
(C10431)

Caffeic acid 3-glucoside

p-Coumaroyl-D-glucose or (C04415),
(C05158)

Phenylpyruvic acid or (C12621),
(C00811)

Lignan
Phrymarolin I
Syringin
Citrusin B
Methoxyphenol
4-Heptyloxyphenol
Monosaccharide
N-Acetyl-D-fucosamine
Oraganic acid
Mannonic acid, lactone
O-glycosyl compound
Furaneol 4-(6-malonylglucoside)
Oligopeptide
Glycylprolylhydroxyproline
Oligosaccharide
Zizybeoside 11
Phenolic acid

Simple phenolic: (C05613) or
(C07086), (C07215), (C01454)

Quinoline
Quinoline
Saccharide
(3S,7E,9S)-9-Hydroxy-4,7-
megastigmadien-3-one 9-glucoside
Stilbenoid
(Z)-Resveratrol 3,4'-diglucoside
Resveratrol-sulfoglucoside
Sulfonylurea
Sulfometuron
Sulfometuron methyl

Tool
LC
LC
LC
LC
LC

LC

LC
LC
LC
LC
LC

LC

LC
LC
LC
LC
LC
LC
LC

LC
LC
LC

LC

LC
LC
LC
LC
LC
GC
LC

LC

LC

LC

LC

LC
LC

LC
LC
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Table S9. (Continued)

Mapping # Compound Tool
Sulfoxide
157 3-Methylsulfinylpropyl isothiocyanate ~ LC
158 Sulforaphane LC
Terpenoid
159 (4R,58,7R,118)-11,12-Dihydroxy- LC
1(10)-spirovetiven-2-one 11-glucoside
160 S-Furanopetasitin LC
161 Sonchuionoside C LC
162 10-Deoxygeniposidic acid LC
163 Loganic acid LC
Others
164 Salsolinol 1-carboxylate LC
o B o rsen
1-Methyl-4-(1-methyl-2-
propenyl)-benzene/ alpha-Ionene/
166 ] 1,2,3,4,Tetrahydro-1,5,7- LC
trimethylnapthalene/ 5,7alpha-
Dihydro-1,4,4,7a-tetramethyl-4H-
indene
167 2-(3-Phenylpropyl)tetrahydrofuran LC
2,5-Dihydro-2,4,5-trimethyloxazole/
168 3 y2d—Aoce’ty,lf3yrrol€i:dir¥eo o LC
169 2,6-Dimethoxy-4-propylphenol LC
170 2—acetamido—3—he:gfilsulfonylpropanoic LC
171 2-Amino-2-deoxyisochorismate LC
2-C-Methyl-D-erythritol
172 2C,4-c§c1§dipheors}ghateo Le
173 O-Demethylpuromycin LC
174 pantothenic acid (vitamin B5) LC
175 3'-N'-Acetylfusarochromanone LC
176 6-Methylthiohexanaldoxime LC

116



Chapter 5

Effects of sulfur assimilation in Pseudomonas
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Abstract

Genome-wide analysis of plant growth-promoting Pseudomonas fluorescens strain
SS101 (Pf SS101) combined with site-directed mutagenesis recently revealed that sulfur
assimilation plays an important role in growth promotion and induced systemic resistance
of the model plant Arabidopsis. Here we investigated how sulfur metabolism of P/ SS101
affects the shoot metabolome of Arabidopsis and of the related Brassica crop Broccoli. To
this end, we treated roots of Arabidopsis and Broccoli seedlings with Pf'SS101 or mutant
20H12 disrupted in the adenylsulfate reductase gene cysH, a key gene involved in sulfur
assimilation and the biosynthesis of cysteine and methionine. Sulfur assimilation in Pf
SS101 significantly affected growth of Arabidopsis but showed an adverse effect on shoot
biomass of two Broccoli cultivars. In Arabidopsis, sulfur assimilation by Pf'SS101 affected
the levels of sulfurous as well as non-sulfurous metabolites in the shoot. The impact on the
sulfur-containing metabolites was mainly reflected in long chain aliphatic glucosinolates.
Arabidopsis treated with the cysH mutant showed significantly higher levels of short and
medium chain aliphatic glucosinolates as compared to plants treated with wild type Pf
SS101. Moreover, both P/ SS101 and cysH mutant treatments significantly enhanced the
levels of indole metabolites such as camalexin and indole-3-acetic acid in the Arabidopsis
shoot. In Broccoli, PfSS101 triggered significant changes in the shoot metabolome towards
defensive metabolites such as indole glucosinolates and phenylpropanoids. Furthermore, root
tip treatment of two Broccoli cultivars with Pf'SS101 significantly reduced disease severity
caused by the bacterial leaf pathogen Xanthomonas campestris pv. armoraciae (Xca) but
not for Xanthomonas campestris pv. campestris (Xcc). Treatment of the root tips with the
cysH mutant only reduced disease severity in Broccoli cultivar Malibu. In conclusion, sulfur
assimilation by Pf'SS101 had a significant impact on the biosynthesis of sulfurous and non-
sulfurous metabolites in the plant shoots. These changes in the host metabolome are likely
associated with the observed systemic defense against bacterial infections of the leaves, but
the success and magnitude thereof depend on the plant cultivar and the pathogen pathovar.

Keywords: Pseudomonas fluorescens; sulfur metabolism; plant growth promotion; induced
systemic resistance; plant metabolomics; glucosinolates; flavonoids.
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Introduction

The genus Pseudomonas is an abundant member of the plant microbiome, particularly of the
rhizosphere. Various studies have shown that different strains of root-associated Pseudomonas
species can promote plant growth, alter root architecture and induce systemic resistance
(Vessey, 2003; Pieterse et al., 2014; Etalo et al., 2018). Recent studies also revealed that
some root-colonizing Pseudomonas strains can significantly alter shoot and root chemistry.
More specifically, we demonstrated that plant growth-promoting Pseudomonas fluorescens
strain SS101 (Pf SS101) altered the levels of glucosinolates, coumarins, flavonoids, and
camalexin in shoots and roots of Arabidopsis (van de Mortel et al., 2012). Also, P. fluorescens
strain N21.4 was shown to enhance the level of isoflavonoids in soybean (Algar et al., 2014).
Another interesting recent finding was that Pseudomonas simiae strain WCS417 induced
root exudation of scopoletin, an iron-mobilizing coumarin with antimicrobial activity,
suppressing the growth of fungal root pathogens but supporting root colonization by
beneficial Pseudomonas strains (Stringlis, loannis A et al., 2018). For most root-associated
Pseudomonas strains, however, the specific traits that trigger phenotypic and metabolome
changes in different host plants are yet unknown.

By screening a genome-wide library of approximately 7,500 random transposon mutants, we
identified specific genes in PfSS101 that were associated with growth promotion and induced
systemic resistance in Arabidopsis (Cheng et al., 2017). Twenty-one mutants were identified
with a compromised ability to promote plant growth, to alter root architecture or to trigger
systemic resistance against the bacterial leaf pathogen Pseudomonas syringae pv. tomato
(Pst). Subsequent validation by site-directed mutagenesis and genetic complementation of
the mutants demonstrated that the phosphogluconate dehydratase gene edd, the response
regulator gene colR and the adenylsulfate reductase gene cysH play important roles in plant
growth promotion, alteration of root architecture and induced systemic resistance (ISR)
by Pf SS101. CysH is a gene involved in sulfur assimilation and the biosynthesis of the
amino acids cysteine and methionine. Transcriptome analysis of Arabidopsis further revealed
that biosynthetic processes associated with sulfur compounds (in particular cysteine and
glucosinolates) were the most significantly enriched in seedlings treated with Pf SS101 as
compared to the control plants and to plants treated with the cysH mutant (Cheng et al.
2017). These results indicated that P/ SS101 modulates sulfur metabolism in Arabidopsis
confirming and extending results from Meldau et al. (2013) and Aziz et al. (2016) who
attributed modulation of sulfur metabolism as a key mechanism of growth promotion and
induction of lateral roots of tobacco and Arabidopsis by different Bacillus strains.

In the present study, we investigated the effects of sulfur metabolism (i.e. effects of the
cysH mutation) in Pf SS101 on the shoot metabolome of Arabidopsis. To that end, we
adopted a nontargeted metabolomics approach to assess the differences between the shoot
metabolomes of Arabidopsis seedlings treated with either Pf'SS101 or with cysH-mutant
20H12. Furthermore, we investigated if strain P/ SS101 can induce similar phenotypic and
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metabolome changes in shoots of the related Brassicaceous crop plant Broccoli and if also
for Broccoli these changes are associated with sulfur metabolism. The Pf'SS101-mediated
phenotypic responses investigated for two Broccoli cultivars include root and shoot growth
as well as induced resistance against two pathovars of Xanthomonas campestris, an important
bacterial leaf pathogen of Broccoli and other cruciferous crops (Monteiro ef al., 2005).

Materials and methods

Plant material and growth

Seeds of Arabidopsis thaliana Columbia (Col-0) were surface-sterilized as previously
described (van de Mortel ef al., 2012). Seeds of the two Broccoli (Brassica olearacea var.
italica) cultivars Coronado and Malibu were kindly provided by Bejo Seeds (Trambaanl,
1749 CZ Warmenhuizen, The Netherlands). Surface sterilization of the Broccoli seeds was
performed by immersing 2 - 3 g of seeds for 30 min in 30 ml of 1% (v/v) sodium hypochlorite
supplemented with 0.1% (v/v) of Tween 20 followed by 3 washes with ample sterile distilled
water. For the Arabidopsis assays, sterile seeds were sown on 90-mm-diameter Petri dishes
containing 20 ml half-strength Murashige and Skoog (MS) agar media, containing 0.5%
sucrose (w/v) and 1.2% plant agar (w/v). For the Broccoli assays, five sterile seeds were
sown on 140-mm-diameter petri dishes containing 50 ml of half-strength MS agar. The plates
were then placed in a climate chamber maintained at 21°C /21°C day/night; 180 umol light
m?s?, 16 h light/8 h dark cycle and 70% relative humidity. After a week of Arabidopsis
growth and five days of Broccoli growth, roots of each seedling were inoculated with a 2
ul of bacteria suspension (~10° cells ml™!). After inoculation, plants were placed back in the
same growth chamber until harvest.

Bacterial strains and culture conditions

Pseudomonas fluorescens strain SS101 (PfSS101) was originally isolated from the wheat
rhizosphere (de Souza ef al., 2003). CysH-mutant 20H12 of PfSS101 was generated by site-
directed mutagenesis as described by Cheng ef al. (2017). PfSS101 and mutant 20H12 were
cultured in King’s medium B (KB) at 25°C for 16h. Broccoli leaf pathogens Xanthomonas
campestris pv. armoraciae (Xca) and Xanthomonas campestris pv. campestris (Xcc) were
kindly provided by Bejo Seeds and were cultured in Luria Bertani (LB) medium (Lennox,
Carl Roth) at 25°C for 16h. Bacterial cells were collected by centrifugation, washed three
times with 10 mM MgSO, and resuspended in 10 mM MgSO, to a final density of 10° cells
ml" (0D, = 1.0).

Disease assay for induced resistance against the leaf pathogen Xanthomonas

For infection, the first true leaves of the Broccoli seedlings were pierced and 2 pl (10° cells
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ml") of the bacterial pathogens Xca and Xcc inoculum was applied at 11 days post inoculation
(dpi) of Pf'SS101 or the cysH mutant to the roots. Ten days after pathogen challenge, disease
severity on the shoot was assessed by determining the migration of the lesion from the
inoculation spot to other parts of the shoot based on a 0-5 ordinal scale as shown in the
Supplementary Material (Figure S3): 1 =no necrosis or migration, 2 = necrosis of the treated
leaf, 3 = migration of the lesion to the leafstalk of the treated leaf, 4 = visible necrotic or
water-soaked lesions of the neighboring (nontreated) leaf, and 5 = infection of the entire
shoot. Severity values were converted to 0 to 100 Disease severity index (DSI) according
to the following equation used by (Vieira et al., 2012). DSI (%) =} (scores of all plants)/
[Maximum disease score x (total number of plants)] x 100. Next to this disease severity
assessment, treated Broccoli shoots were collected, ground in a sterile mortar and suspended
in 50 mL Falcon tube to measure its biomass. Samples were then vortexed for 60 s in 10 mM
MgS04, sonicated for 60 s, and again vortexed for 15 s. The suspension was serially dilution
plated onto KB agar plates containing 100 pg ml"' delvocid (DSM) to inhibit fungal growth
and incubated for 3 days at 25 °C. Colonies with the typical phenotype of Xca and Xcc were
counted and expressed as colony-forming units (cfu) mg™' of shoot fresh weight.

Plant metabolite analysis

Sample preparation

Shoots of Arabidopsis and Broccoli were harvested at 11 days after root treatment with buffer
(control), P/ SS101 or with mutant 20H12. For each plant species/cultivar X rhizobacteria
combination, 4 biological replicates were used with ten Arabidopsis and five Broccoli
seedlings per replicate. In brief, shoots were snap frozen in liquid nitrogen and ground to fine
powder under continuous cooling and kept at -80 °C until further use. To extract semi-polar
secondary metabolites, 300 puL of 99.89% methanol containing 0.13% (v/v) formic acid was
added to 100 mg plant material in 2 ml round bottom Eppendorf tubes, and sonicated for 15
min followed by centrifugation for 15 min at 20,000 x g. The supernatants were transferred to
96-well filter plates (AcroPrepTM, 350 ul, 0.45um, PALL), vacuum filtrated to the 96-deep-
well autosampler plates (Waters) using a Genesis Workstation (Tecan Systems).

Metabolite analysis

An UltiMate 3000 U-HPLC system (Dionex) was employed to create a 45-minutes linear
gradient of 5-35% (v/v) acetonitrile in 0.1% (v/v) formic acid (FA) in water at a flow rate of
0.19 ml per min. 5 pl of each extract was injected and compounds were separated on a Luna
C18 column (2.0 x 150 mm, 3um; Phenomenex) maintained at 40 °C (De Vos et al., 2007).
The detection of compounds eluting from the column was carried out with a Q-Exactive Plus
Orbitrap FTMS mass spectrometer (Thermo Scientific). Full scan MS data were generated
with electrospray in switching positive/negative ionization mode at a mass resolution of
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35,000 (FWHM at m/z 200) in a range of m/z 95-1350. Subsequent MS/MS experiments
for identification of selected metabolites were performed with separate positive or negative
electrospray ionization at a normalized collision energy of 27 and a mass resolution of 17,500.
The ionization voltage was optimized at 3.5 kV for positive mode and 2.5 kV for negative
mode; capillary temperature was set at 250 °C; the auxiliary gas heater temperature was set
to 220 °C; sheath gas, auxiliary gas and the sweep gas flow were optimized at 36, 10 and 1
arbitrary units, respectively. Automatic gain control was set a 3e6 and the injection time at
100 ms. External mass calibration with formic acid clusters was performed in both positive
and negative ionization modes before each sample series.

LC-MS data processing and analysis

Peak picking, baseline correction, and mass signal alignment of the LC-MS data were
performed using Metalign software (Lommen, 2009). The mass features were considered as
a signal if they were detected in at least 3 biological replicates of a treatment with a signal
intensity 3 times higher than the background noise value. Then, mass features originating
from the same metabolites were clustered based on retention window and their correlation
across all measured samples, using MSClust software (Tikunov et al., 2012). After this,
so-called centrotypes representing reconstructed putative metabolites mass spectra were
selected, of which relative abundance was represented by the Measured Ion Count (MIC),
which is the sum of the ion count values (corrected by their membership) for all measured
cluster ions in a given sample. ANOVA with Benjamini—-Hochberg false discovery rate (BH-
FDR) correction (P < 0.05) and fold changes more or less than 2.0 were applied to identify
mass signals that were significantly changed in bacteria-treated to control samples. Then,
the bootstrapping analysis we performed to weed out duplicate signals within each mass
mode and between two mass modes (positive and negative). Data transformation and scaling
were performed in GeneMaths XT 1.6 (www.applied-maths.com). Transformed and scaled
values were used for hierarchical cluster analysis using Pearson’s correlation coefficient and
Unweighted Pair Group Method with Arithmetic Mean (UPGMA).

Metabolites annotation of MS signals was carried out based on selection of pseudomolecule
ions from the masses in the MSClust-reconstructed metabolites, first by matching their
accurate masses plus retention times to previously reported metabolites present in Arabidopsis
and Broccoli on the same LC-MS system and similar chromatographic conditions. Second, if
compounds were not yet present in this experimentally obtained dedicated database, KEGG
and HMDB databases basis MS/MS annotation that were mounted on MAGMa online tool
(Ridder et al., 2013) were primarily applied with a maximum deviation of observed mass
from calculated of 5 ppm. In addition, some annotations were complemented by the aid of
other publicly available compound libraries, including PubChem (https://pubchem.ncbi.nlm.
nih.gov/) and Metlin (http:// metlin.scripps.edu/).
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Statistical analysis

Changes in shoot biomass and pathogen incidence between treatments were analyzed with R
Studio software (Version 3.6.1). The data for plant shoot and root biomass were statistically
analyzed by two-way analysis of variance (ANOVA). A Tukey-HSD test was used to
separate group mean values when the ANOVA was significant at P < 0.05. For the disease
severity data, beta regression analysis was employed to examine the interaction effect of two
independent variables (Rhizobacteria and Broccoli cultivars) on disease severity of the two
bacterial pathogens using (“betareg”) package in R.

Results

Role of the cysH gene of P. fluorescens SS101 in plant growth promotion

Treatment of Arabidopsis roots with Pf SS101 led to a significant increase in total plant
biomass (62.8% = 4.6) (Fig 1b1). Inoculation with cysH-mutant 20H12 also increased plant
biomass (35.1% =+ 4.8) relative to the untreated control, but the magnitude of the growth
promotion was significantly less than that observed for wild type Pf SS101. Pf SS101
significantly increased root biomass (44.5% =+ 0.6) whereas cysH-mutant 20H12 did not affect
root biomass and did not have major effects on root architecture as observed for wild type
PfSS101 which reduces the length of the primary root and enhances lateral root formation
(Fig 1a and 1b3).

For the two Broccoli cultivars, the impact of P/'SS101 and mutant 20H12 on plant growth was
different from that observed for Arabidopsis. In Broccoli, there was a significant interaction
effect between the Broccoli cultivars and the rhizobacteria (wild type/mutant) for the shoot,
root and total biomass (Supplementary Table S1). Overall, the total biomass of both Broccoli
cultivars upon root treatment with P/ SS101 showed no significant changes relative to the
non-treated controls. However, P/ SS101 significantly affected biomass allocation to shoot
and roots with significant reductions of the shoot biomass in both cultivars (-22.1% + 2.6 and
-15.6% % 5.1 in Coronado and Malibu, respectively) and significant increases in root biomass
(71.7% + 14.2 in Coronado and 29.0% + 5.0 in Malibu) (Fig 1). Mutant 20H12 significantly
enhanced total biomass of Broccoli cultivar Malibu but not of cultivar Coronado. The change
in biomass allocation to shoot and roots was not as apparent for mutant 20H12 as it was for
wild type Pf SS101. Compared to wild type Pf SS101, however, the total biomass of both
Broccoli cultivars was significantly higher in the 20H12 treatment. Collectively these results
suggest that sulfur assimilation in P/ SS101 contributes positively to growth promotion of
Arabidopsis, whereas for Broccoli it has a neutral to negative effect on growth depending on
the cultivar.

To determine if these differential effects on plant biomass were associated with differences
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Fig 1. Phenotypic changes in Arabidopsis and Broccoli seedlings upon root treatment by P
fluorescens SS101 or its cysH mutant 20H12. Photographs of MS agar plates with Arabidopsis,
and two Broccoli cultivars (Coronado, Malibu) treated on the root tip with Pf'SS101 (wild
type) or its cysH mutant (20H12) (a). Percent change in fresh biomass of shoot and root of
plants treated with rhizobacteria when compared to untreated plants (11dpi) (b). Means of
percent changes in biomass with a different letter are significantly different among treatments
according to two-way ANOVA (Tukey, P<0.05). Asterisks denote statistically significant
differences (two-tailed Student’s t test): * P <0.05; ** P <0.01 of rhizobacteria treated plants
when compared to the controls. For each plant species, four independent biological replicates
were used with 10 seedlings of Arabidopsis and 5 of Broccoli per biological replicate. Pf
SS101: Pseudomonas fluorescens SS101, 20H12: cysH gene mutant of PfSS101.
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Fig 2. Rhizobacteria-mediated resistance in two Broccoli cultivars, Coronado and Malibu,
against the bacterial leaf pathogens Xanthomonas campestris: Xanthomonas campestris pv.
armoraciae (Xca) (a) and Xanthomonas campestris pv. campestris (Xcc) (b). Prior to pathogen
inoculation on the leaves, roots of each Broccoli cultivar were treated with P. fluorescens
SS101 or its cysH-mutant 20H12 and incubated for 11 days. For the disease severity caused
by Xca or Xcc, Broccoli seedlings from four biological replicates were individually scored (n
= 20). Disease severity was scored on a scale from 0-5, where 1 = no necrosis or migration,
2 = full infection of the treated leaf, 3 = migration of the infection to the leafstalk of the
treated leaf, 4 = infection of the neighboring leaf, and 5 = infection of the entire seedling (see
supplementary material Fig S3). Different letters above bars indicate statistically significant
differences based on beta regression analysis followed by Tukey test (P < 0.05).

in root colonization, rhizosphere population densities of P/ SS101 and cysH-mutant 20H12
were assessed at 11 dpi. The results showed that for Arabidopsis and for the two Broccoli
cultivars, mutant 20H12 generally established up to 10-fold higher rhizosphere population
densities than P/ SS101: 20H12 established population densities ranging from 2.0 + 0.1 x
10°to 5.3 £ 0.3 x 10° CFU mg! whereas densities of Pf'SS101 ranged from 2.2 + 0.3 x 10°
t0 9.9 + 0.5 x 10° CFU mg"! (Supplementary Table S2). These results indicate that the cysH
gene adversely affects root colonization of Arabidopsis and Broccoli by Pf'SS101. When we
plotted the different rhizobacterial densities against the plant biomass changes relative to the
non-treated controls (Supplementary Fig S2), no overall consistent pattern was found: higher
rhizobacterial population densities were associated with positive, negative or no changes in
shoot and root biomass of the treated plants.

Role of the cysH gene of P. fluorescens SS101 in induced resistance

For the two Broccoli cultivars, we also looked into the effect of root inoculation with Pf’
SS101 or the cysH-mutant 20H12 on infection of the leaves by two pathovars of the bacterial
leaf pathogen Xanthomonas campestris. Broccoli cultivar Coronado treated with P/ SS101
and challenged by Xanthomonas campestris pv. armoraciae (Xca) showed significant
reduction in disease severity, whereas root treatment with mutant 20H12 was not effective
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(Fig 2a). By contrast, both P'SS101 and mutant 20H12 induced resistance in cultivar Malibu
against Xca (Fig 2). However, Pf'SS101 and mutant 20H12 had no significant impact on Xcc
severity for both Broccoli cultivars (Fig 2B). The results further showed that the qualitative
disease severity index correlated, in most cases, with the cell density of the two Xanthomonas
pathovars, i.e. a higher disease severity index corresponded to a higher cell density of the
Xc pathovars in the leaves (Supplementary Fig S4). An exception was the density of Xcc in
leaves of Pf'SS101-treated Malibu seedlings where a 50-fold reduction of the Xcc density in
the leaves relative to the nontreated control was not accompanied by a lower disease severity
(Supplementary Fig S4).

Effect of P. fluorescens SS101 and the cysH gene on the plant metabolome

Untargeted metabolome analysis was employed to investigate the impact of the cysH gene
mutation of PfSS101 on changes in the shoot secondary metabolome and to identify potential
associations with the phenotypic changes induced by these rhizobacteria as descirbed above.
The shoot metabolites that were significantly altered (fold change (FC) >2, p < 0.05 in
ANOVA (Benjamini and Hochberg)) upon root treatment by P/ SS101 or its cysH-mutant
20H12 were used for principal component analysis (PCA) and hierarchical cluster analysis
(HCA) for Arabidopsis and Broccoli.

Arabidopsis

From the total of 725 metabolites detected in Arabidopsis shoots in positive or negative
ionization mode, 128 (18%) metabolites were significantly different between the treatments.
Abundance and fold changes of each plant metabolite are shown in Supplementary Material,
Table S5. PCA of the metabolites revealed a clear discrimination between treatments with
the first three principal components explaining 90.3% of the total variance (Fig 3a). The
first principal component (PC1) accounted for 58.3% of the total variance and associated
with metabolites that showed greater depletion or accumulation in plants treated with Pf
SS101 and 20H12 when compared to the control (Fig 3b, clusters 1-2 (depleted) and clusters
4-5 (accumulated)). Metabolites in cluster 1 showed significant depletion in plants treated
with PfSS101 and include the short chain (C-4) isoleucine-derived aliphatic 2-methylbutyl
glucosinolate (glucocleomin), amino acids and derivatives such as arginine and N-acetyl-L-
tyrosine, and fattyl acyl glycosides such as (R)-pantothenic acid 4’-O-b-D-glucoside. Cluster
2 comprises metabolites that were depleted in plants treated with both Pf'SS101 and the
mutant 20H12, and the depletion was more pronounced on plants treated with Pf'SS101.
Some of the identified metabolites in this cluster include an amino acid and derivatives such
as glutamine and N-(1-deoxy-1-fructosyl)proline, 5-oxoproline, fatty acyl glycosides and
a hydroxycinnamic acid O-feruloylquinic acid. Metabolites that were increased by the Pf
SS101 treatment are shown in Cluster 4 and include a long chain (C-8) aliphatic glucosinolate
8-methylthiooctyl glucosinolate, a hydroxycinnamic acid glucuronide sinapinic acid-O-
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Fig 3. Metabolome changes in Arabidopsis shoots upon root treatment by P. fluorescens
SS101 or its cysH mutant 20H12. Shown are the results of the principal component analysis
(PCA) (a) and hierarchical cluster analysis (HCA) (b) based on differentially regulated semi-
polar metabolites. In the HCA, various metabolite clusters are indicated by different colors
and when none of the metabolites in a given cluster was annotated, the cluster number was
omitted (Clusters 3, 5, and 10 in Fig b). * GLS=glucosinolate. ** d=derivative.
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glucuronide, a medium chained keto acid oxodecanoic acid and the coumarin scopolin (see
cluster 4). Cluster 5 represents metabolites that were enhanced in both PfSS101 and 20H12
treatments and include a long chain (C-8) aliphatic glucosinolate 8-methylsulfinyloctyl
glucosinolate (glucohirsutin), a hydroxycinnamic acid amide coumaroylagmatine, and
stress-associated alkaloids such as camalexin (20.5-fold up in P/ SS101 and 17.3-fold up
in 20H12) and indole-3-acetic acid (IAA) (8.4-fold in Pf SS101 and 6.9-fold in 20H12).
The second principal component (PC2) explained 27.9% of the total variance and includes
metabolites accumulated only in the 20H12 treatment (Cluster 3). Here, 4-methylsulfinylbutyl
glucosinolate (glucoraphanin) and 5-methylsulfinylpentyl glucosinolate (glucoalyssin),
middle chained (C-4 and C-5, respectively) aliphatic glucosinolate, displayed 20H12-specific
accumulation.

In conclusion, the most prominent similarities in shoot metabolome changes induced in
Arabidopsis shoots by Pf'SS101 and mutant 20H12 are enhanced levels of the plant growth
hormone IAA and the stress- associated alkaloid camalexin. The most prominent differences
in shoot metabolome affected by the cysH mutation involve medium chain keto acid and the
long chain (C-8) aliphatic glucosinolate 8-methylthiooctyl glucosinolate (enhanced in the Pf
SS101 treatment to greater level) and the middle chain (C-4 and C-5) aliphatic glucosinolates
4-methylsulfinylbutyl glucosinolate and 5-methylsulfinylpentyl glucosinolate (enhanced in
the 20H12 treatment to greater level).

Broccoli

The cysH mutation in P/ SS101 also had substantial impact on Broccoli shoot metabolism
(Fig 4). Detailed information about abundance and fold change of each metabolite is shown
in Supplementary Material, Table S6. From the total of 1908 metabolites that were detected
in the Broccoli shoot samples, 830 (44%) metabolites were significantly different between
the Pf'SS101 and 20H12 treatments. In PCA, the first three PCs explained 73.7% of the total
variation. The first PC explained 33.9% of the total variation and corresponds to Broccoli
metabolites that were enhanced or reduced in plants treated with P/ SS101 and the mutant
20H12. The magnitude of the alteration of these metabolites was greater in P/SS101 treatment
(i.e. cluster 5: 307 metabolites; cluster 1: 55 metabolites). Cluster 5, the largest cluster of Pf
SS101-enhanced metabolites, comprised metabolites associated with plant defense-related
phenylpropanoid biosynthesis such as the flavonoids kaempferol-di/tri-(feruloyl/ caffeoyl/
coumaroyl) glycosides, quercetin-tri-coumaroyl glycoside, rutin, the hydroxycinnamates
caffeic acid, ferulic acid, feruloylquinic acid, sinapic acid, chlorogenic acid, neocuscutoside
C, and their derivatives, and resveratrol sulfoglucoside. In addition, some phenolic glucosides
including ginnalin B, hydroxybenzaldehyde diglycoside, hydrojuglone glucoside, as well as
antioxidant butenolides such as ascorbic acid (vitamin C) and dehydroascorbic acid also
belonged to this metabolite cluster that was accumulated in the Pf'SS101 treatment. Among
the identified glucosinolates in cluster 5, the indole glucosinolate glucobrassicin and its
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Fig 4. Metabolome changes in the shoots of two Broccoli cultivars, Coronado and Malibu
upon root treatment by P. fluorescens SS101 or its cysH mutant 20H12. Shown are the results
of the PCA (a) and HCA (b) based on differentially regulated semi-polar metabolites. In
the HCA, various metabolite clusters are indicated by different colors; when none of the
metabolites in a given cluster was annotated, the cluster number was omitted (Clusters 3, 6,
8,9, 12, 13 and 14 in Fig b). * GLS=glucosinolate. ** d=derivative.
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derivatives showed significant increases in the Pf SS101 treatment. Cluster 1 encompasses
metabolites that were reduced in the Pf SS101 treatment and include some amino acids
and derivatives, allantoic acid, benzylpenicilloic acid, as well as 3-sulfolactaldehyde.
PC2 explained 30.6% of the total variation and was associated with metabolites that were
intrinsically different in abundance between the two Broccoli cultivars (Clusters 2 and 7
(high in Malibu) and clusters 9 and 11 (high in Coronado). Furthermore, metabolites clusters
7, 9 and 11 showed higher accumulation in plants treated with Pf'SS101 when compared
to the mutant 20H12. Metabolites that decreased in both Broccoli cultivars were grouped
together in cluster 2 and encompassed phenylalanine and tryptophan, the building blocks
for phenylpropanoid and indolic glucosinolate biosynthesis, respectively. In addition, malic
acid was most abundant in Malibu (cluster 7) while the level of the aliphatic glucosinolate
glucoiberverin was much higher in Coronado (cluster 11). The third PC explained 9.2% of
the total variation and was associated with metabolites that were accumulated (cluster 4) in
both Broccoli cultivars or decreased in Malibu (cluster 8) in plants treated with 20H12. In
summary, the cysH mutation in Pf'SS101 enhanced metabolites in Broccoli shoots that are
associated with flavonoid, hydroxycinnamate, and indolic glucosinolate biosynthesis.

Discussion and conclusions

We previously showed that the rhizobacterium Pf'SS101 promoted growth and altered root
architecture of Arabidopsis, induced systemic resistance (ISR) and enhanced glucosinolate
levels in roots and shoots (Van de Mortel et al. 2012). By screening a genome-wide mutant
library of Pf'SS101, we then identified the adenylsulfate reductase gene cysH as one of the
key genes associated with growth promotion and ISR (Cheng et al., 2017). CysH is involved
in sulfur assimilation and the biosynthesis of cysteine and methionine. Results from Cheng
et al. (2017) further showed that addition of cysteine to the growth medium induced lateral
root formation in Arabidopsis in a concentration dependent manner and triggered ISR against
the bacterial leaf pathogen Pseudomonas syringae. Cysteine can enter into the glucosinolate
biosynthesis pathway of plants by different routes including i) direct donation of reduced
sulfur to glucosinolate biosynthesis, ii) incorporation of cysteine into methionine that,
through a series of side chain elongation, S-glycosylation and other secondary modifications,
ends up in the glucosinolate pool, and iii) conjugation of cysteine, glutamate and glycine to
form glutathione (GSH) (Meister, 1995) which in turn acts as a sulfur donor for glucosinolate
biosynthesis (Geu-Flores et al., 2011). The results of our study confirmed that methionine-
derived glucosinolate levels were increased in shoots of Arabidopsis upon root treatment with
PfSS101 and further showed higher levels of the long chain (C-8) aliphatic glucosinolates
i.e. 8-methylthiooctyl glucosinolate and glucohirsutin. In leaves of Arabidopsis seedlings
treated with the cysH mutant, the levels of long chain (C-8) aliphatic glucosinolates were
lower and, instead, we observed higher levels of the C-4 and C-5 short chain aliphatic
glucosinolates 4-methylsulfinylbutyl glucosinolate and 5-methylsulfinylpentyl glucosinolate,
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respectively. The isoleucine-derived short chain (C-4) aliphatic glucosinolate 2-methylbutyl
glucosinolate showed significant reduction in plants treated with Pf'SS101. In Arabidopsis,
side chain elongation of aliphatic glucosinolates is catalyzed by the MAM1/MAM3 proteins
which condense 2-oxo acids and acetyl-CoA to extend the alkane C chain (Textor et al.,
2004; Textor et al., 2007). Oxodecanoic acid that could be a potential substrate for chain
elongation also showed greater accumulation in plants treated with Pf'SS101. Interestingly,
transcriptome analysis from our previous study also revealed that plants treated with PSS101
showed significantly higher expression of both MAM1 and MAM3 genes when compared to
plants treated with mutant 20H12 or untreated plants (Cheng et al., 2017). Collectively these
results indicate that the cysH gene of P/ SS101 contributes to chain elongation of aliphatic
glucosinolates in leaves of Arabidopsis.

For Broccoli, however, sulfur metabolism of P/ SS101 appeared to adversely affect shoot
biomass as root treatment with the cysH mutant resulted in higher total biomass for both
cultivars than observed for wild type Pf'SS101. Overall, the total biomass of both Broccoli
cultivars upon root treatment with P/ SS101 showed no significant changes relative to the
non-treated controls, but Pf SS101 significantly affected biomass allocation to shoot and
roots with significant reductions of the shoot biomass in both cultivars and significant
increases in root biomass. Mutant 20H12 significantly enhanced total biomass of Broccoli
cultivar Malibu but not of cultivar Coronado. The change in biomass allocation to shoot and
roots was not as apparent for mutant 20H12 as it was for wild type Pf'SS101. Collectively
these results suggest that sulfur assimilation in Pf'SS101 has a neutral to negative effect on
growth depending on the cultivar. In the Broccoli shoot metabolome, P/ SS101 enhanced
defense-associated metabolites mainly from the phenylpropanoid pathway such as flavonols
including kaempferol and quercetin glycosides, various hydroxycinnamates such as caffeic
acid and ferulic acid as well as antioxidants such as ascorbic acid and the indole glucosinolate
glucobrassicin, indolylmethyl-desulfoglucosinolate (desulfoglucobrassicin) and 4-methoxy-
3-indolylmethyl glucosinolate (4-methoxyglucobrassicin). By contrast, the levels of
flavonoids, hydroxycinnamates and the indole glucosinolates showed slight to moderate
increases in seedlings treated with the mutant 20H12. The enhanced level of glucobrassicin
and its derivatives in Pf SS101-treated seedlings suggests that sulfur assimilation in Pf
SS101 might gear tryptophan metabolism in Broccoli towards the biosynthesis of indolic
glucosinolates instead of the growth-promoting phytohormone IAA. Furthermore, the high
abundance of flavonoids particularly the flavonol subclass in plants treated with P/ SS101
might impact auxin biosynthesis, transport (Besseau et al., 2007), distribution and its
conjugation/degradation (Kuhn et al., 2016) thereby affecting plant growth. Additionally,
the higher accumulation of phenylpropanoids and other carbon and energy costly secondary
metabolites in Broccoli seedlings treated with P 'SS101 could pose resource limitation to
plant growth-related processes and lead to an adverse effect on plant growth.

Although sulfur assimilation by P/ SS101 adversely affected overall growth in Broccoli, it
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led to enhanced defense against Xca in a Broccoli cultivar-specific manner. When cultivar
Coronado was treated on the roots with Pf'SS101 and challenged on the leaves with Xca, a
significantly reduced disease severity was observed while root treatment with mutant 20H12
was not effective. By contrast, both P/ SS101 and mutant 20H12 reduced disease severity
caused by Xca in cultivar Malibu. The extent of Pf'SS101-mediated changes in the Broccoli
shoot metabolome, particularly towards defensive secondary metabolites such as flavonoids,
hydroxycinnamates, lignin, iridoid glycosides and indolic glucosinolates was substantial.
These classes of metabolites significantly increased in the shoots of both Broccoli cultivars
upon root tip treatment with Pf'SS101. Moreover, cultivar Malibu treated with mutant 20H12
also showed higher levels of these classes of metabolites, while in cultivar Coronado the level
of these metabolites remained unchanged or showed reduced increase. Phenolic compounds
can have direct or indirect inhibitory effect on bacterial pathogens. The direct effect involves
disruption of growth- and reproduction-related processes in the pathogens (Maddox et al.,
2010; Xie, Y et al., 2015), while the indirect effect involves limiting the pathogen ingress by
fortifying the plant cell wall (Reimers & Leach, 1991; Miedes et al., 2014). Similarly, the
indolic glucosinolate glucobrassicin was reported to have inhibitory activity against Xcc in
Brassica oleracea (Madloo et al., 2019) and 4-methoxyglucobrassicin was implicated as a
signal molecule in plant defense against bacteria and fungi (Bednarek et al., 2009). Hence, Pf
SS101-mediated systemic resistance in Broccoli against Xca and to some extent against Xcc
is likely related, at least in part, to the observed changes in these shoot secondary metabolites.
In conclusion, our result showed that sulfur assimilation in PfSS101 can affect its interaction
with the host and exhibit growth-promoting or growth-retarding effects in a plant species-
and even cultivar-dependent manner. Furthermore, sulfur assimilation by Pf SS101 had
significant impact on both sulfur-containing and non-sulfur containing metabolites such as
glucosinolates and phenylpropanoids, respectively. These changes in the shoot metabolome
are likely associated with pathogen defense and their impact is dependent on the pathovar
(Xca/Xcc) of the pathogen.

Interestingly, there were other metabolite changes observed in Broccoli shoots that appear
to be disconnected from sulfur assimilation in PfSS101. For example, the level of ascorbic
acid (vitamin C), an antioxidant element (Foyer, 2017; Smirnoff, 2018), was enhanced in Pf
SS101-treated seedlings, suggesting an upregulation of the 1-galactose pathway of ascorbate
synthesis. In addition, a significant increase of scopolin, a coumarin glycoside, was detected in
our study. Recent work on Arabidopsis treated with growth-promoting Pseudomonas simiae
strain WCS417 revealed enhanced levels of scopoletin in root exudates (Stringlis et al. 2018).
They further showed that scopoletin is an iron-mobilizing phenolic compound with selective
antimicrobial activity that shapes the root-associated microbial community (Stringlis, loannis
Aetal.,2018). Ourresults show that scopolin accumulates also in the leaves. If these coumarins
also have antibacterial activity against leaf pathogenic Pseudomonas syringae tested in our
previous study or against the two Xanthomonas campestris pathovars of Broccoli tested in
this study will be subject of future investigations to unravel the importance of coumarins in
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the observed ISR response. Integration of metabolomics with transcriptomics followed by
targeted gene editing of pathways in the host plant will be needed to validate the functional
importance of several of the metabolome changes observed in the shoots of Arabidopsis and
other plant species following treatment with growth-promoting rhizobacteria.
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Supplementary materials
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Fig S1. Biomass changes (absolute) of the whole plant, shoot and root after rhizobacteria
treatment (11 dpi). Bars with different letters are significantly different among treatments
according to one-way ANOVA (Tukey, P<0.05). For each plant species, four independent
biological replicates were used with 10 seedlings of Arabidopsis and 5 of Broccoli per
replicate. Pf'SS101: Pseudomonas fluorescens SS101, 20H12: cysH gene mutant of Pf'SS101.
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Fig S2. Correlation between host phenotypic changes and root colonization of Pseudomonas

fluorescens SS101 and cysH mutant 20H12. Correlation between the rhizosphere population
density of rhizobacteria (Log Cfu/mg root) and percent changes of biomass of whole plant
(a), shoot (b) and root (¢) of Arabidopsis and two Broccoli cultivars: Coronado and Malibu at
11dpi. PfSS101: Pseudomonas fluorescens SS101, 20H12: cysH mutant of PfSS101.
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Fig S3. Discase severity scale used to assess the level of induced resistance in Broccoli at 11
dpi. 1 = no necrosis, no migration of the bacterial leaf pathogen Xanthomonas campestris, 2
= dispersal of the infection symptoms over the treated leaf, 3 = migration of the pathogen to
the leafstalk of the treated leaf, 4 = migration to the neighboring leaf, and 5 = migration to
the entire seedlings after infestation.
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Fig S4. Correlation between disease severity of Broccoli and cell density of the bacterial
pathogen Xca (a): Xanthomonas campestris pv. armoraciae, and Xcc (b): Xanthomonas
campestris pv. campestris. C: Coronado, M: Malibu, Control: Broccoli without bacteria
treatment, Pf'SS101: Pseudomonas fluorescens SS101; 20H12: cysH-mutant of Pf'SS101.
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Table S1. Results of the analysis of variance ANOVA (type II) of phenotypic changes induced
in tow Broccoli cultivars by root inoculation by Pseudomonas fluorescens strain SS101 or
its cysH mutant 20H12. Shown are whole plant, shoot and root biomass changes in the two
broccoli cultivars after root inoculation with Pf'SS101: Pseudomonas fluorescens SS101,

20H12: cysH-mutant of Pf'SS101.

Sample Factor Df SumSq MeanSq Fvalue Pr(>F)
Broccoli cultivars 2 11513 5757 94.559 2.83E-10 ***
Whole plant fresh  Bacteria (WT vs Mutant) 1 260 260 4263 0.0537 .
biomass relative . : .
change Broccoli cultivars: Bacteria 2 3536 1768 29.043 2.32E-06 ***
Residuals 18 1096 61
Broccoli cultivars 2 15124 7562 103.416 1.35E-10 ***
Shoot fresh biomass Bacteria 1 699 699 9.554 0.0063 ok
relative change  Broccoli cultivars: Bacteria 2 4373 2186 29.899  1.90E-06 ***
Residuals 18 1316 73
Broccoli cultivars 2 4453 2226 8.477 0.00255  **
Root fresh biomass Bacteria 1 3883 3883 14.783 0.00119  **
relative change Broccoli cultivars: Bacteria 2 2829 1415 5.386 0.01468 *
Residuals 18 4728 263

Significance codes: *** 0, ** 0.001, * 0.01. Bacteria (Wild type when compared to the mutant)

Table S2. Population density of Pseudomonas fluorescens SS101 and cysH-mutant 20H12 on
roots of Arabidopsis and two Broccoli cultivars, Coronado and Malibu, at 11 dpi. PfSS101:
Pseudomonas fluorescens SS101, 20H12: cysH-mutant of PfSS101.

Population density (Cfu/mg*)

Plant species

PfSS101 20H12
Arabidopsis thaliana 9.9+0.5x 10° 53+0.3x10°
Brassica oleracea var. italica Coronado 0.9+0.5x10° 20£0.1x10°
Malibu 22+03x10° 2.7+0.1x10°

CFU: Colony forming unit

*Values represent the average of 3 replicates = SE of three replicates
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Table S3. Effects of root treatment of two Broccoli cultivars with the beneficial rhizobacterium
Pseudomonas fluorescens SS101, or with its cysH-mutant on the phylosphere population
density of two pathovars of the bacterial leaf pathogen Xanthomonas campestris at 11 dpi.
The two Broccoli cultivars are Coronado and Malibu; the two pathovars of X. campestris are
Xca: X. campestris pv. armoraciae, and Xcc: X. campestris pv. campestris

Broccoli cultivars Rhizobacteria Population density (Cfu/mg*)
pretreatments Xca Xce

Control 44+33x10° 15+1.0x 10°

Coronado PFSS101 12+0.6x 10° 45+1.5x 10°
20H12 58+19x 10° 6.4+2.1x10°

_ Control 1.6+ 1.1x10° 11+62x10°

Malibu PFSS101 27403 x10° 2.1+0.1x 10°
20H12 85+54x 10° 40+1.2x 10°

Cfu: Colony forming unit

*Values represent the average of 3 replicates = SE of three replicates

Table S4. Results of the beta regression analysis of disease severity caused by Xanthomonas
on leaves two Broccoli cultivars (Coronado and Malibu) that were pretreated on the roots
with Pseudomonas fluorescens SS101 or its cysH-mutant.

Pathovar model term df1l df2 F.ratio p-value
Rhizobacteria 2 Inf 43.681 <.0001

Xca Genotype 1 Inf 7.058 0.0079
Rhizobacteria:Genotype 2 Inf 17.234 <.0001

Rhizobacteria 2 Inf 2.878 0.0562

Xce Genotype 1 Inf 6.523 0.0106
Rhizobacteria:Genotype 2 Inf 2.253 0.105
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Abstract

Beneficial rhizobacteria can positively affect plant growth and tolerance to biotic and abiotic
stresses, while profiting from nutritious exudates released by the plant roots. To establish
such a relationship, a variety of genes from each of the two organisms are expressed. Here we
studied gene expression in a strain of Paraburkholderia graminis (Pbg) that promotes growth
of Broccoli. We first show that only live Pbg cells enhanced Broccoli biomass whereas dead
cells and cell-free culture supernatans and bacterial volatile organic compounds did not.
Subsequent transcriptome analysis of Pbg colonizing the roots of two Broccoli cultivars
showed a total of 380 differently expressed genes (DEGs). Genes involved in flagellar
assembly, chemotaxis and motility as well as genes associated with nutrient uptake and (an)
ion transport were upregulated in Pbg cells colonizing roots of Broccoli seedlings. Genes
that were down-regulated involved genes associated with environmental changes and stress.
Several Pbg genes showed cultivar-specific expression, including Pbg genes related to
methionine import, symbiotic interaction and nitrate transport. These results suggest specific
quantitative or qualitative differences in root traits (i.e. exudates, cellular architecture)
between the two Broccoli cultivars. Collectively, our study provides a basis to further unravel
the bacterial determinants and molecular mechanisms underlying plant growth promotion by
the beneficial rhizobacterium Pbg.

Keywords: rhizobacteria-plant interaction; plant growth promotion; root colonization, gene
expression
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Introduction

The rhizosphere is a dynamic ecosystem where diverse interactions occur at the interface
between the plant roots and the soil microbiome. Plants can release up to 21% of
photosynthetically fixed carbon into the rhizosphere, thereby influencing microbiome
assembly and functions (Clarkson & Hanson, 1980; Mendes et al., 2011; Mendes et al., 2013;
Etalo et al., 2018). While many members of the rhizosphere microbiome exert neutral effects
on the plant, several members have a beneficial influence on plants (Raaijmakers et al.,
2009). The beneficial effects of these rhizobacterial species include plant growth promotion
(Van Loon, 2007; van de Mortel et al., 2012), induction of systemic resistance against
pathogens or herbivores (Raaijmakers et al., 2009; van de Mortel et al., 2012; Pieterse et al.,
2014; Cheng et al., 2017; Stringlis, loannis A et al., 2018), and enhanced tolerance to abiotic
stresses including salinity and drought (Dimkpa ef al., 2009; Bharti ef al., 2016; Vurukonda
et al., 2016). Several microbial traits involved in these beneficial effects have been identified
(Han et al., 2006; Nam et al., 2006; Kim et al., 2007; Sumayo et al., 2013), but for many
rhizobacteria there is still limited knowledge of the genes and traits expressed during root
colonization and plant growth promotion.

On the plant side, Wang et al. (2005) showed for Pseudomonas fluorescens FPT9601-T5
enhanced expression of genes related to auxin and disease resistance, whereas genes associated
with ethylene synthesis in Arabidopsis were down-regulated (Wang et al., 2005). Pieterse and
colleagues further showed that root inoculation with P. simiae WCS417r triggered induced
systemic resistance (ISR) in Arabidopsis by inducing jasmonic acid or ethylene signaling in
the leaves in response to infection by the bacterial leaf pathogen P. syringae pv. tomato (Pst)
DC3000 (Pieterse et al., 2001; Verhagen et al., 2004). Recent studies by Ke et al. (2019)
elegantly revealed that approximately 42% of a diverse set of rhizobacterial genera were
able to quench the local root immune response. They further showed that a plant beneficial
Pseudomonas strain suppressed plant immunity by lowering the pH via the secretion of
gluconic acid which enabled colonization of the plant rhizosphere. For P. fluorescens
SS101, Cheng et al. (2017) demonstrated that growth promotion and induced resistance in
Arabidopsis against Pst DC3000 was associated with sulfur assimilation, auxin biosynthesis
and transport, steroid biosynthesis and carbohydrate metabolism. Also for Microbacterium
sp. strain EC8, Cordovez et al. (2018) showed that growth promotion of Arabidopsis via
volatile organic compounds (VOCs) was associated with upregulation of Arabidopsis
genes involved in the assimilation and transport of sulfate and nitrate. Interestingly, these
plant growth-promoting rhizobacteria (PGPR) could affect gene expression during many
developmental stages of the plant. For example, endophytic PGPR strain Paraburkholderia
phytofirmans PsJN enhanced expression of Arabidopsis genes implicated in phytohormones
auxin and gibberellin pathways in early ontogeny, while in later stages this strain triggered
genes associated with flowering (Poupin ez al., 2013).

While the research focus of bacteria-plant interactions has predominantly been on phenotypic
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and transcriptional responses of the plant, insight into the transcriptome of beneficial
rhizobacteria on plant roots is still largely elusive for most interactions. Several studies
demonstrated the impact of root exudates on bacterial gene expression or bacterial gene
regulation. For example, sugar beet root exudates differently regulated genes in Pseudomonas
aeruginosa involved in chemotaxis and type II secretion (Mark et al., 2005) while maize
exudates led to strong induction of Bacillus amyloliquefaciens genes involved in nutrient
utilization, bacterial chemotaxis, motility and non-ribosomal synthesis of antimicrobial
peptides and polyketides (Fan et al., 2012). Collectively these studies suggested that specific
constituents of root exudates affect bacterial motility. Contrary to this, it has been shown that
genes involved in chemotaxis and motility in Bacillus subtilis were significantly suppressed
in response to exudates of rice seedlings (Xie, S et al., 2015) while maize root exudates
enhanced expression of genes involved in stress responses and in metabolism and transport
of nutrients (Fan ef al., 2012). By using a randomly barcoded mutagenesis approach, Cole
et al. (2017) showed that several hundred genes of Pseudomonas simiae were involved in
colonization of Arabidopsis roots. These included genes involved in carbon metabolism,
amino acid transport and metabolism, cell wall biosynthesis, motility and a number of
genes with yet unknown functions. Comparative analysis with colonization genes identified
previously for Pseudomonas putida colonizing tomato roots showed limited overlap (Cole
et al., 2017), suggesting that the transcriptional responses in rhizobacteria are plant species
and rhizobacterial species specific. Levy ef al. (2018) sequenced 484 genomes of bacterial
isolates from roots of Brassicaceae, poplar, and maize and identified thousands of plant-
associated gene clusters by comparing 3,837 bacterial genomes. They discovered that
genomes of plant-associated bacteria encode more carbohydrate metabolism functions and
harbour fewer mobile elements than related non-plant-associated bacteria. They further
validated candidates from sets of plant-associated genes and revealed that two mutants of
Paraburkholderia kururiensis M130 showed reduced colonization of rice roots as compared
to their parental strain. These genes encode an outer membrane efflux transporter from the
nodT family, and a Tir chaperone protein (CesT).

For successful and broad application of beneficial rhizobacterial strains, it is important they
can successfully colonize roots of cultivars of the same plant species and preferably also other
plant species. Hence identifying common and specific genes involved in root colonization is
instrumental in bio-prospecting for beneficial rhizobacteria. In this context, we studied the
transcriptome of plant growth-promoting Paraburkholderia graminis during colonization of
the roots of two Broccoli cultivars. Paraburkholderia is a monophyletic clade from the genus
Burkholderia and classified as non-pathogenic environmental bacteria (Sawana et al., 2014).
Several species of this genus such as P. phytofirmans, P. fungorum and P. graminis have
shown growth promotion of maize, strawberries and Arabidopsis (Ledger et al., 2016; Mitter
et al., 2017; Rahman et al., 2018) and have been implicated in the natural suppressiveness
of soils to the soil-borne pathogen Rhizoctonia solani (Carridn et al., 2018). In our previous
study, we showed that P. graminis (Pbg) enhanced shoot biomass of Broccoli cultivars
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Coronado and Malibu by approximately 70% and 40%, respectively. To begin to identify
bacterial genes and mechanisms involved growth promotion, we investigated transcriptional
responses in Pbg during colonization of roots of these two Broccoli cultivars. We first
tested if Pbg needs to be alive to promote growth of Broccoli or if also dead cells, culture
supernatant or bacterial volatile organic compounds (VOCs) can induce the same plant
phenotype. Thereafter, transcriptome analysis of Pbg colonizing roots of Broccoli seedlings
was performed by RNA-seq. Comparative transcriptome analysis revealed common and
cultivar-specific expressions of genes that may play a critical role in plant growth promotion
by Paraburkholderia graminis.

Materials and methods

Plant material and growth conditions

Seeds of Broccoli (Brassica oleracea var. italica) cultivars Coronado and Malibu were kindly
provided by Bejo Seeds (Warmenhuizen, The Netherlands). Seed surface disinfection was
performed by immersing 2 - 3 g of seeds for 30 min in 30 ml of 1% (v/v) sodium hypochlorite
with 0.1% (v/v) Tween 20 followed by 3 subsequent rinses with ample sterile distilled
water. After sterilization, five Broccoli seeds were sown on 140-mm-diameter petri dishes
containing 50 ml of half-strength Murashige and Skoog agar media, containing 0.5% sucrose
(w/v) and 1.2% plant agar (w/v). The plates were placed vertically in a climate chamber at
21 °C /21 °C day/night; 180 pmol light m?s, 16 h light/8 h dark cycle and 70% relative
humidity. After five days of Broccoli growth, roots of each seedling were inoculated with a
cell suspension of Paraburkholderia graminis as described below. After inoculation, plants
were vertically grown in the same growth chamber until harvest (11 dpi).

Bacterial treatments

Paraburkholderia graminis (Pbg) strain PHS1, originally isolated from the rhizosphere of
sugar beet (Beta vulgaris) seedlings grown in a Rhizoctonia-suppressive soil (Carrion et al.,
2018), was cultured in Luria Bertani (LB) medium (Lennox, Carl Roth) at 25 °C for 16 h.
Bacterial cells were collected by centrifugation, washed three times with 10 mM MgSO,
and resuspended in 10 mM MgSO, to a final density of 5 x 107 cells ml". To determine
if growth promotion of the Broccoli seedlings can also be induced with dead cells, the
bacterial suspension was placed in 2 mL tubes and pasteurized at 65 °C for 20 min. Cell-free
supernatant was prepared by filtration of the bacterial overnight cell culture through a 0.2
pm filter. Dead cells and cell-free culture supernatant were further exposed to UV light for
40 min. For the live cells, 2 pl suspension were inoculated onto roots of 5-day-old Broccoli
seedlings; for the heat-killed cell and metabolite, 50 pl suspension was inoculated on the root
tips of the 5-day-old seedlings. For the control, the same volumes of 10 mM MgSO, or LB
medium were used.
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To examine if volatile organic compounds (VOCs) emitted by Pbg are involved in Broccoli
shoot growth promotion, we used an experimental design where Pbg is physically separated
from the Broccoli seedlings while permitting air-to-air contact between the compartments
(Supplementary Fig S1). To this end, the lids of 140-mm petri dishes were merged face-
to-face with holes to allow physical separation of the petri dishes while permitting VOCs
exchanges. Broccoli seeds were sown and grown in one plate for 5 days. In the other plate,
50 pul of Pbg (107 cells ml") was inoculated on MS media in a smaller petri dish (60 mm).
Then, on the lids of both plates, two holes (@10 mm) were made at 2 cm distances from the
top and bottom ends, allowing VOCs diffusion to the plate where Broccoli seedlings were
grown (Supplementary Fig S1). In addition, to determine if sulfurous VOCs produced by
Pbg are associated with Broccoli growth promotion, we tested mutants C3 and D3 that are
disrupted in the genes coding for cysteine desulfurase and for dimethyl sulfoxide reductase,
respectively (Carrion et al., 2018).

Bacterial gene expression on roots of Broccoli seedlings

Paraburkholderia cell collection

To begin to identify bacterial traits involved in Broccoli growth promotion, we conducted
a comparative transcriptome analysis of Pbg colonizing roots of the two Broccoli cultivars.
Total RNA was extracted from Pbg cells from roots of two Broccoli cultivars and from
Pbg grown on MS media as a control. To do this, roots of Broccoli seedlings at 6 dpi were
detached from MS agar and transferred to a 5 ml falcon tube containing 2 ml of lifeguard
(lifeguard®). The tubes were then vortexed (30 s), sonicated (1 min), and vortexed (10 s)
again to separate adherent bacteria. Root tissue was removed from the tubes and the bacterial
cell suspension was transferred to a 2 mL Eppendorf tube. Meantime, cells of Phg grown on
MS media only were scraped off and transferred into 2 ml lifeguard solution. The collected
bacterial cell suspensions were spun down at maximum speed at 15,000 rpm at 4 °C for 1
min, and supernatant was removed. Thereafter, the cell pellet was kept at -80 °C until used.
Four replicates were used for each treatment.

After thawing the bacterial cell pellet on ice, Trizol reagent (Roti®ZOL RNA. ROTH) was
added and the suspension was incubated at 60 °C for 10 min to break the bacterial cells.
The RNA was extracted and purified using the NucleoSpin® RNA kit (Macherey-Nagel)
according to manufacturer’s protocol and stored at -80 °C until sequencing. The quality
of RNA was evaluated by NanoDrop and RNA concentration was assessed by Qubit® 3.0
Fluorometer (Invitrogen). Prior to RNA sequencing, a DNase treatment was performed again
to remove genomic DNA followed by a purification with the RNeasy MinElute Cleanup
Columns (Qiagen). The RNA integrity was determined using an Agilent 2100 Bioanalyzer.
The RNA samples were prepared according to the Ovation Complete Prokarotic RNA-
Seq DR Multiplex system (Nugen). In brief, 500 ng of total RNA was used for the cDNA
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synthesis with retained RNA strand information. The cDNA was generated using non-rRNA
selective primers. The cDNA was fragmented using the Covaris S-series System according
to the manufacturer’s recommendations followed by an Agencourt RNAClean XP beads
purification. The fragmented cDNA was end repaired and barcoded Illumina adapters were
ligated followed by a two-step strand selection. The sequencing library was ribosomal
depleted using Nugen’s insert dependent adaptor cleavage technology and enriched by PCR
for 18 cycles followed by a RNAClean XP beads purification. The concentration and quality
of the sequencing libraries were determined by Agilent 2100 Bioanalyzer using a High Sense
assay. The sequencing libraries were pooled and single read 100-bp sequenced with dual 8-bp
indices according to the Illumina TruSeq Rapid v2 protocol on the HiSeq2500.

Transcriptome data analysis

Transcriptome analysis was carried out with the workflow engine Snakemake (Koster &
Rahmann, 2012) in combination with Trinity (Grabherr et al., 2011) as described in Schulz-
Bohm et al. (2018). In the pipeline, raw RNA-Seq reads were filtered using Fastq MCF
(Aronesty, 2011) and aligned to the genome sequence of Paraburkholderia graminis strain
PHS1 (https://www.ncbi.nlm.nih.gov/genome/ 1613?genome _assembly id=390432) with
Bowtie 2 (Langmead & Salzberg, 2012). Differential expressed genes (DEG) were analyzed
by edgeR V3.2 (Robinson et al., 2010; McCarthy et al., 2012). DEG output was further
refined with the significance threshold of P value < 0.05 and a FDR value < 0.05. Functional
categorization of genes was performed on EGGNog-Mapper web server (http://eggnog-
mapper.embl.de/). Generated GO terms that satisfy the significance threshold were subjected
to an R package GoSeq (Young et al., 2010) to perform gene overrepresentation analysis.
Pathway analysis was carried out on KEGG ontology in the KEGG web server (https:/www.
KEGG.jp/KEGG/KEGG2.html). Biological interpretation of the DEGs was performed using
Cytoscape software with ClueGO plugin (Bindea et al., 2009)

Statistical analysis

Differences in shoot biomass between Pbg treatment and non-treated control were analyzed
by Student’s ¢-Test. Two-way analysis of variance (ANOVA) of the absolute shoot biomass
for the two Broccoli cultivars and different bacterial traits of Phg were performed in R Studio
software (V 3.6.1). When the data set could not meet normality and homogeneity of variance,
Box-Cox transformation was performed using the package MASS. The ANOVA table is
presented in Supplementary Table S1.
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Results

Cultivar-specific growth promotion

Introduction of Paraburkholderia graminis (Pbg) strain PSH1 onto Broccoli roots
significantly enhanced shoot biomass in both cultivars at 11 dpi (Fig 1). The absolute biomass
was higher for cultivar Coronado than for Malibu (Fig 1b and ¢) but percent changes in shoot
biomass induced by Pbg relative to the non-treated control was significantly higher (P =
0.03) for Malibu: Pbg enhanced Malibu shoot biomass by 73.4% (£6.5) and 39.2 % (£10.8)
for cultivar Coronado (Fig 1d). Pbg colonized roots of both Broccoli cultivars to the same
extent with densities of 8.1 = 0.3 x 107 and 1.0 = 0.1 x 10® CFU/g for Coronado and Malibu,
respectively.

Identification of bacterial traits contributing to plant growth promotion

To begin to identify the bacterial traits involved in plant growth promotion, we first tested if
growth promotion could also be induced by dead Pbg cells or cell-free Pbg culture supernatant.
At 11 dpi, only live Pbg cells resulted in significant shoot biomass increases in both Broccoli
cultivars, whereas dead Pbg cells or cell-free culture supernatant did not (Fig 2). Previous
studies by Carrion et al. (2018) had shown that the production of sulfurous volatiles (VOCs)
is one of the key mechanisms of plant protection by Pbg. To test if Broccoli growth promotion
was due to volatile organic compounds (VOCs) produced by Pbg, we conducted bioassays
where Pbg cells were physically separated from the Broccoli seedlings (Supplementary
materials Fig S1). In these assays, we also included two Pbg mutants disrupted in genes
involved in the biosynthesis of sulfurous VOCs: mutant C3 is disrupted in the gene coding
for cysteine desulfurase and mutant D3 in the gene coding for dimethyl sulfoxide reductase
(Carrion et al., 2018). The results of this dedicated VOCs-bioassay showed that there were no
significant biomass changes in Broccoli induced by either Phg wildtype or these two mutants
(Fig 2). These results indicate that growth promotion is induced by live Pbg cells and that
VOCs do not play a significant role in growth promotion of Broccoli seedlings.

Transcriptional changes in Paraburkholderia during colonization of Broccoli roots

To identify Pbg genes expressed in Pbhg-Broccoli interactions, we set out a genome-wide
transcript analysis. To identify the time-point for RNA-seq analysis, we first evaluated the
temporal changes in shoot biomass by harvesting seedlings at 1, 3, 5, 7,9, and 11 dpi after Pbg
inoculation. The results showed that significant growth promotion was first visible at 7 dpi
onward (Fig 3). Therefore, we chose 6 dpi as the time-point for Pbg transcriptome analyses.
A total of 13.7 — 22.1 million reads of high quality were obtained per sample (Supplementary
Fig S3). Genes with a fold change > 2, and P and FDR < 0.05 were considered as differentially
expressed genes (DEGs). Among the total of 2948 annotated Pbg genes annotated, 380
genes showed significant expression in the interaction with Broccoli roots. Compared to
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Fig 1. Broccoli phenotype changes in response to root tip inoculation with Paraburkholderia
graminis (Pbg) strain PSH1. (a) Photographs of Broccoli cultivars Coronado (Cor) and
Malibu (Mal) grown on MS agar plates at 11 days post inoculation (dpi) with Pbg. (b)
Shoot biomass changes of Coronado, (¢) Malibu. (d) shoot biomass changes induced by Pbg
relative to the non-treated control (mean =+ standard error, n = 4) for both Broccoli cultivars.
Asterisks above the bars denote statistical differences (two tailed Student’s # test). * P < 0.05;
** P <0.01; ¥**: P<0.001. Asterisks below the bars in (d) indicate statistical differences to
the control for the two Broccoli cultivars.
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Fig 2. Identification of various traits of Paraburkholderia graminis (Pbg) involved in growth
promotion of the two Broccoli cultivars Coronado (a) and Malibu (b). At 11 dpi, shoot
biomass of Broccoli treated with live Pbg cells, heat-killed Pbg cells, cell-free Pbg culture
supernatant and volatile organic compounds (VOCs) from Pbg. For determining the potential
role of VOCs, Pbg was physically separated from the Broccoli seedlings. Furthermore,
two mutants disrupted in sulfurous VOVs production were used; these include a mutant
in the gene for cysteine desulfurase (C3) and in the gene for dimethyl sulfoxide reductase
(D3). Control: non-treated Pbg-free. Means of biomass changes with a different letter are
significantly different among the treatments according to one-way ANOVA (Tukey, P <0.05)
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Fig 4. Transcriptome changes of Paraburkholderia graminis (Pbg) grown on roots of
Broccoli cultivars, Coronado (Cor) and Malibu (Mal). The figure depicts the results of a
principal component analysis (PCA) (a) and hierarchical cluster analysis (HCA) (b). Results
represent genes that are expressed differentially between Pbg grown on MS-agar medium
and on the roots of the two Broccoli cultivars. Cluster numbers (Cluster #) are segments
where the transcriptomes clustered together after Pearson correction with unweighted pair
group method with arithmetic mean (UPGMA). These differentially expressed genes are
indicated by different colors in the HCA. *N.S: genes not expressed significantly different.

Pbg grown on MS-agar, 310 DEGs (238 up- and 72 down-regulated) were identified in Pbg
colonizing roots of Coronado and 310 DEGs (239 up- and 71 down-regulated) on roots
of Malibu. Gene Onthology (GO) over-representation analysis using Goseq resulted in 19
different orthologous gene categories (COG). Overall, up-regulated gene clusters in Pbg
colonizing roots of cultivar Coronado categorized into “Energy production and conversion
(C), Cell motility (N), Inorganic ion transport and metabolism (P)” (Supplementary Table.
S2), while down-regulated genes encompassed genes belonging to “Another part of Energy
production and conversion (C), Replication and repair (L), Post-translational modification,
protein turnover, chaperone functions (O), and Inorganic ion transport and metabolism (P)”
(Supplementary Table. S3). Meanwhile, genes expressed in Phg colonizing roots of Malibu
grouped into classes “Energy production and conversion (C), Cell motility (N), Inorganic
ion transport and metabolism (P), and Signal Transduction (T)” (Supplementary Table. S4),
whereas down-regulated genes classified into “Another subcategories of Energy production
and conversion (C), Amino Acid metabolism and transport (E), Carbohydrate metabolism
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and transport (G), Translation (J), Transcription (K), Post-translational modification, protein
turnover, chaperone functions (O)” (Supplementary Table. S5). To visualize DEGs, principal
component analysis (PCA) and hierarchical cluster analysis (HCA) were performed on a total
380 DEGs that showed significant difference between Coronado and the control treatment
or between Malibu and control. In PCA, the first two principal components explained 82.9%
of the total variance (Fig 4a). The first principal component (PC1), representing 54.4% of
the total variance, was explained by genes that were highly enriched (Fig 4b cluster 3) or
suppressed (clusters 1 and 6) in the interaction of Pbg with both Broccoli cultivars. PC2
explained 28.5% of the total variance and corresponded to DEGs with Coronado-specific
expression (Fig 4b clusters 5: up-regulation and 2: down-regulation) or Malibu-specific
expression (Cluster 3: upregulation).

Among the 380 DEGs, 240 genes (186 up- and 54 down-regulated) were found to be commonly
regulated for both Broccoli cultivars (Fig 5). DEGs of Pbg associated with COG class “Cell
motility (N)” accounted for the most enriched genes in both Broccoli cultivars, encompassing
genes encoding for flagellar assembly such as flg4 - L, and for motility such as mot4, B and C
(Fig 6 and Table 1) with up to 474-fold increases in gene expression relative to the control.
This was followed by DEGs belonging to “Energy production and conversion (C) and
Inorganic ion transport and metabolism (P)”. including genes associated with the phosphate
metabolic process (pstA-C and pstS, Fig 6), and with nitrate metabolism such as narH
(nitrate reductase beta subunit), narJ (nitrate reductase beta molybdenum cofactor assembly
chaperone), and narK (nitrite transporter). In particular narJ displayed 1189.3 and 522.0-fold
increases in Pbg on roots of Coronado and Malibu, respectively, while expression of narH
increased 492.6 and 240.8-fold, respectively. In addition, sd#B and sdhC which encode an
iron-sulfur protein and the succinate dehydrogenase cytochrome subunit, respectively, were
10.9 to 15.5-fold up-regulated on roots of Coronado and Malibu. Furthermore, several genes
such as atpE, cyoB, ginP, hisJ, and goxA involved in (an)ion transport displayed increases
in expression of 9.2 to 259.6-fold (Table 1). Genes down-regulated on roots of Broccoli
include genes associated with metabolic adaptation to environmental changes (aceA, 6-fold),
protein restoration by stress condition (groL, up to 4-fold), and the antitoxin component of a
toxin-antitoxin (TA) module (yefM, more than 2-fold). Collectively these results indicate that
Pbg-Broccoli interactions are characterized by enhanced expression of Pbg genes associated
with motility and (an)ion uptake and transport and down-regulation of genes associated with
environmental changes and stress.

Next to common genes expressed on roots of both Broccoli cultivars, we also identified DEGs
with cultivar-specific enrichments. For example, on roots of Coronado Pbg genes related to
methionine import (i.e metN2 and metN) were upregulated, whereas genes associated with
symbiotic interaction (ppk2, 10-fold increase) and a nitrate transporter (nasF, 18-fold increase)
showed Malibu specific up-regulation (Table 1). Other Pbg genes showed Broccoli-cultivar
specific down-regulation. For example, genes involved in DNA ligase (/ig, 3.2-fold), guanine
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Fig 5. Differently expressed genes (DEGs) of Paraburkholderia graminis (Pbg) colonizing
roots of Broccoli cultivars Coronado and Malibu. Venn diagrams show the number of up- or
down-regulated Pbg genes expressed commonly or exclusively on roots of each of the two

cultivars.
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Fig 6. Enrichment analysis of differentially expressed genes (DEGs) of Paraburkholderia
graminis (Pbg) that were commonly up-regulated on roots of both Broccoli cultivars,
Coronado and Malibu 6 days after inoculation (6-dpi). Cluster analysis was performed
using Cytoscape with ClueGO plugin. Networks with terms functionally grouped with GO
pathways are indicated as nodes (two-sided hypergeometric test corrected with Benjamini-
Hochberg P < 0.05) linked by heir kappa score level (> 0.4), with only the label of the most
significant term per group. The node size represents the term enrichment significance and

node color shows cluster color.
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transport (yjcD, 3.9-fold), and copper ion homeostasis (cutC, 2.7-fold) displayed Coronado
specific suppression, while Phg-Malibu interaction led to a significant down-regulation of
genes associated with COG classes involved in cytolysis in other organism (4ppD) and iron-
sulfur cluster assembly (isc4 and iscU, 2.0 — 2.2-fold).

Table 1. Differently expressed genes (DEGs) of Pbg colonizing roots of two Broccoli
cultivars, Coronado and Malibu at 6 dpi. Fold change of gene expression in root colonizing
Pbg relative to control was calculated.

DEGs . Fold change
- RefSeqID  Gene COG* Description
mn 4 P Cor**  Mal**
Up-regulation

both WP_006050918.1 figd N Flagella basal body p-ring formation protein 14.1 30.0
Structural component of flagellum, the bacterial motility apparatus.

both WP_006050919.1 figF N Part of the rod structure of flagellar basal body 84.2 157.2

both WP_029970946.1 figC N Belongs to the flagella basal body rod proteins family 107.0 192.0

both WP_006050921.1 fleD N gr%(%lelii;ed for flagellar hook formation. May act as a scaffolding 863 1442

both WP_006050922.1 figE N flagellar 137.8 269.6

both WP_006050923.1 figFF N Flagellar basal-body rod protein FIgF 103.9 171.2

both WP_006050924.1 fleG ~ N flagellar basal-body rod protein 283.2 474.3

N Assembles around the rod to form the L-ring and probably protects

both WP_006050925.1 figf N the motor basal body from shearing forces during rotation 128.0 199.5
Assembles around the rod to form the L-ring and probably protects

both WP_029970942.1 flel N the motor basal body from shearing forces during rotation 92.2 185.0

both WP_107709963.1 figJ N Flagellar rod assembly protein muramidase FlgJ 35.7 55.2

both WP_006050930.1 figKk N flagellar hook-associated protein 63.2 89.8

both WP_053858870.1 flgL N  Flagellar hook-associated protein 3 63.0 75.0

both WP_114156561.1 cheA T Signal transducing histidine kinase homodimeric 27.4 30.8
catalyzes the demethylation of specific methylglutamate residues

both WP_114156560.1 cheB NT introduced into the chemoreceptors (methyl-accepting chemotaxis 12.7 14.9
proteins) by CheR
Probably deamidates glutamine residues to glutamate on methyl-

both WP_053858877.1 cheD NT accepting chemotaxis receptors (MCPs), playing an important role in 16.4 21.5
chemotaxis
Methylation of the membrane-bound methyl-accepting chemotaxis

both WP_053858878.1 cheR  H proteins (MCP) to form gamma-glutamyl methyl ester residues in 232 27.6
MCP

both WP_006051159.1 cheV T response regulator 9.4 12.7

both WP_006050900.1 cheW NT chemotaxis protein 439 46.2
With MotB forms the ion channels that couple flagellar rotation to

both WP_006050895.1 motA N  proton sodium motive force across the membrane and forms the stator ~ 15.2 20.9
elements of the rotary flagellar machine

both WP_006050896.1 motB N PFAM OmpA MotB domain protein 13.8 12.5

both WP_107709453.1 motC N PFAM MotA TolQ ExbB proton channel 21.5 31.9

both WP_006051988.1 pstA P TIGRFAM phosphate ABC transporter, inner membrane subunit Pst4A ~ 23.6 37.3

both WP _006051989.1 pstB P Esterase-like activity of phytase 17.2 27.3

both WP_029967734.1 psiC P probably responsible for the translocation of the substrate across the 142 23.0
membrane

both WP_006051986.1 pstS P gﬁgo‘;f the ABC transporter complex PstSACB involved in phosphate 25.0 56.8

both WP_114157001.1 narG ~ C }f_’;ill(i)lr;gs to the prokaryotic molybdopterin-containing oxidoreductase 5590 268.2

both WP_114157002.1 narH  C nitrate reductase beta subunit 492.6 240.8

both WP_114157003.1 narJ  C nitrate reductase molybdenum cofactor assembly chaperone 1189.3 522.0

both WP_114157000.1 narK P nitrite transporter 370.4 190.9

both WP_114158013.1narKl P PFAM major facilitator superfamily MFS_1 33.4 15.4

both WP_114156998.1 narX T Histidine kinase 19.5 37.6

both WP_114156816.1 sdhd  C Belongs to the FAD-dependent oxidoreductase 2 family. FRD SDH 12.1 14.8

156

subfamily



Fold change

DEGs
i Cor**  Mal**

i RefSeqID  Gene COG* Description

both WP 114156815.1 sdhB  C Belongs to the succinate dehydrogenase fumarate reductase iron- 12.1 13.9
- sulfur protein family

both WP_006047674.1 sdhC ~ C  Succinate dehydrogenase cytochrome b556 subunit 10.9 15.5

both WP_114157710.1 odh4 ~ C 2-oxoglutarate dehydrogenase, E1 17.2 19.1

F(1)F(0) ATP synthase produces ATP from ADP in the presence of a
proton or sodium gradient. F-type ATPases consist of two structural
domains, F(1) containing the extramembraneous catalytic core and
both WP_006050844.1 atpE ~ C  F(0) containing the membrane proton channel, linked together by a 9.9 13.9
central stalk and a peripheral stalk. During catalysis, ATP synthesis in
the catalytic domain of F(1) is coupled via a rotary mechanism of the
central stalk subunits to proton translocation

both WP_114156996.1 cyoB  C  Belongs to the heme-copper respiratory oxidase family 19.8 30.9

N HEQRo_perm_3TM amino ABC transporter, permease, 3-TM region,
both WP_029967077.1 ginP P His Glu Gln Arg opine family domain protein 9.2 28.1
both WP_114157834.1 hisJ ET PFAM extracellular solute-binding protein, family 3 18.8 52.7
both WP_053859432.1 gox4  C ubiquinol oxidase subunit 194.6 259.6

Cor WP 114157622.1 metN2 P Part of the ABC transporter complex MetNIQ involved in methionine 6.7 -
- import. Responsible for energy coupling to the transport system

Cor WP_006050267.1 ma D the ABC nparrconplex eI ivalved nmelhionine
Mal WP 029971217.1 apB  C ;; grlsg:ai girect role in the translocation of protons across the s 9.0
Mal WP_006049611.1 ppk2 S  Polyphosphate kinase 2 (PPK2) n.s 10.3
Mal WP_114158028.1 nasF P Nitrate ABC transporter n.s 17.7
Down-regulation
Both WP_006052990.1 aceA  C Isocitrate lyase -6.2 -6.1
Both WP _053857609.1 grol O Prevents misfolding and promotes the refolding and proper assembly 26 36
- of unfolded polypeptides generated under stress conditions
Both WP_029971804.1 yefM D  Antitoxin component of a toxin-antitoxin (TA) module -2.7 -2.3
Cor WP 107709809.1 lig L OC?;agjgelset?; g]’g]’kfeeapi(e?fzﬁtp 1102)];“]133;\1](,:1 of a phosphodiester at the site 33 s
Cor WP_006051136.1 yjeD S PFAM Xanthine uracil vitamin C permease -3.9 n.s
Cor WP_029969539.1 cutC P Participates in the control of copper homeostasis -2.7 n.s
Mal WP_006053048.1 hppD ~ C  4-Hydroxyphenylpyruvate dioxygenase n.s -2.3
Mal WP _029967490.1 iscA S Belongs to the HesB IscA family n.s -2.0
A scaffold on which IscS assembles Fe-S clusters. It is likely that Fe-S
Mal WP_006051271.1 iscU  C cluster coordination is flexible as the role of this complex is to build n.s 2.2

and then hand off Fe-S clusters

COG*, COG category. Energy Eroduction and conversion (C), Cell cycle control and mitosis (D), Amino Acid
metabolism and transport (E%, Coenzyme metabolism (H), Replication and repair (L), Cell motility (N), Post-
translational modification, protein turnover, chaperone functions (O), Inorganic 1on transport and metabolism (P),
Function Unknown (S), Signal Transduction (T). **Cor, Coronado and Mal, Malibu. n.s.***, not significant.

Discussion

Since Kloepper and colleagues (Kloepper, 1978) first termed plant growth-promoting
rhizobacteria (PGPR) in their experiment with radish, a great deal of attention has been paid
to unearthing the astonishing number and diversity of rhizobacterial genera that can promote
plant growth and trigger systemic resistance, thereby enhancing crop yield and improving
plant quality traits. Transcriptome analysis of interacting organisms is providing new insights
into mechanisms involved in the beneficial PGPR traits. To date, such approaches have been
performed largely in Arabidopsis (Wang et al., 2005; Carticaux et al., 2008; Lakshmanan
et al., 2013; Cordovez et al., 2017), pepper (Lim & Kim, 2013), rice (Drogue et al., 2014),
and tomato (Ongena, Marc et al., 2005; Valenzuela-Soto et al., 2010). However, little is
known about gene expression in the beneficial bacteria during root colonization. Here, we
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showed Paraburkholderia graminis (Pbg)-mediated growth promotion of Broccoli and gene
expression in response to their interaction with the seedlings of two Broccoli cultivars. Pbg
enhanced plant biomass was already described in our previous study (Chapters 3 and 4), in
which Phg root treatment significantly increase shoot biomass of Broccoli and Artemisia but
reduced Arabidopsis biomass. These results suggested that Phg-induced growth promotion
is host plant specific.

In this study, we first assessed different bacterial states such as live cells, heat-killed cells,
filtrate of bacterial liquid culture and volatile organic compounds (VOCs) from Pbg to unearth
which bacterial traits are associated with plant growth promotion. Our results showed that
only viable cells were able to significantly enhance the biomass of both Broccoli cultivars. The
importance of bacteria cell viability biomass induction was also displayed other PGPR strains
i.e. Paraburkholderia phytofirmans PsIN (Poupin et al., 2013), Pseudomonas fluorescens,
and P, aeruginosa (Siddiqui & Shaukat, 2002; Cheng et al., 2017) attested in Arabidopsis.
Bacterial culture filtrates may contain phytohormones such as indole-3-acetic acid (IAA)
(Idris et al., 2007; Dodd et al., 2010; Calvo et al., 2014; Olanrewaju et al., 2017) that can
contribute to growth promotion. Although we did not analyse the chemical composition of
the culture filtrates, our results suggest that the Pbg suprenatant does not contain sufficient
levels of phytohormones to enhance biomass of Broccoli seedlings.

Our genome-wide transcriptome analysis of Pbg colonizing roots of two Broccoli cultivars
revealed that genes involved in flagellar assembly and motility, phosphate metabolism, nitrate
metabolism and ion transport (up-regulation) were highly expressed. Among others, the gene
clusters most expressed were those associated with flagellar assembly and motility (Table 1),
further reinforcing the importance of these traits in successful root colonization (Walsh et al.,
2001; de Weert et al., 2002; de Weert et al., 2004). In our study, enriched genes involved in
flagella assembly flg operons (as flgA-L), chemotaxis che operons (cheA, B, D, R, Vand W), and
mobility mot operons (motA4, B and C) indicated that root exudates of both Broccoli cultivars,
Coronado and Malibu, contain chemo-attractants or nutrients that trigger Pbg to colonize the
roots. Such up-regulation of genes involved in flagellar assembly and motility were previous
reported in Bacillus amyloliquefaciens FZB42 in response to maize root exudate (Fan ef al.,
2012). Next to bacterial motility, Pbg interaction with both Broccoli cultivars also revealed
expression of genes associated with nutrition uptakes and ion transport, including the nitrate
reductase genes, narH, narJ, and nark, phosphate ion transport genes such as pst4 and pstS,
as well as genes involved in (an)ion transport such as atpE, cyoB, ginP, hisJ, and qoxA. The
pst operon functions as part of the ABC transporter complex (Bentley ef al., 2002; Lee et al.,
2012) whereas the nar operon plays an important role in nitrogen assimilation for bacterial
energy metabolism (Tang, 2014) (DeMoss & Hsu, 1991). In addition, we found that the sdh
operon (sdhA-C) and odhA gene of the TCA cycle (Hederstedt & Rutberg, 1981; McNeil et
al., 2012), also displayed up-regulation in Pbg colonizing roots of both Broccoli cultivars.
These results suggest that root exudates of Broccoli seedlings serve as an energy source for
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Pbg by enhancing nutrient uptake and transport in Pbg.

Analysis of the differentially expressed genes (DEGs) in the interaction between Pbg
and roots of the two Broccoli cultivars further suggested that apart from common energy
metabolism (i.e. phosphate and nitrate metabolism), there were additional Pbg genes whose
expression was altered in a cultivar-specific manner. Pbg colonizing roots of Coronado
specifically induced the expression of an ABC transporter complex involved in methionine
import (metN). Methionine plays an important role in the biosynthesis of aliphatic
glucosinolates in Brassica species including Broccoli. Broccoli cultivar Coronado, compared
to Malibu, possesses higher levels of aliphatic glucosinolates (glucoiberin, glucoraphanin
and glucobrassicin) and previous primary metabolome analysis demonstrated that Coronado
intrinsically had more methionine (Chapter 4). Consequently, metN up-regulation in Pbg-
Coronado combination suggested that Coronado may release more methionine into media
promoting import of methionine into the Pbg cells. In turn, methionine metabolism in Pbg
may trigger the biosynthesis of ethylene which in turn may affect growth and defense in
the host plant. Follow-up experiments to determine if ethylene is produced by Pbg upon
methionine addition, during colonization of Broccoli roots and produced at biologically
meaningful concentrations will be needed to address this hypothesis. When Pbg was
interacting with Malibu, genes of the isc operon (iscA and iscU) involved in iron-sulfur
cluster demonstrated Malibu-specific down-regulation. This may due to relatively less
sulfurous compounds in the root exudates of Malibu, which intrinsically possesses less
glucosinolates than Coronado. Also, one of the genes in the atp operon (atpB), which regulate
ATP transport (von Meyenburg et al., 1982; Santana et al., 1994), exhibited Malibu-specific
induction. Collectively these results suggest cultivar-specific differences in rhizodeposition
that in turn differently alter gene expression in this beneficial rhizobacterium. They confirm
and extend results of previous transcriptome analysis of Pseudomonas aeruginosa PAO1
colonizing roots of two sugar beet cultivars with different root exudate compositions (Mark
et al., 2005). The signaling compounds in the Broccoli root exudates that induce or repress
Pbg gene expression as well as the functional role of several bacterial traits identified in
this study remain to be further examined. Detailed chemical profiling of the root exudate of
the two Broccoli cultivars and site-directed mutagenesis of specific DEGs will help further
discovering mechanisms underlying root colonization and plant growth promotion by Pbg.
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Supplementary materials

./ Phg

Broccoli plate Rhizobacteria plate Bringing face-to-face
with holes

Fig S1. Scheme for VOCs exposure experiment. Five Broccoli seedlings grown on 140-mm-
diameter petri dishes containing 50 ml of a half-strength Murashige and Skoog agar media,
including 0.5% sucrose (w/v) and 1.2% plant agar (w/v) (a), and Paraburkholderia graminis
(Pbg) grown on 60-mm-diameter petri dishes containing the same media (b). The holes of
two petri dishes were placed face-to-face to allow gas exchanges (c¢).

"~
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PbgonAgar  Pbg on Coronado O’GeneRuler, Pbg on Malibu O’GeneRuler,
DNA ladder Mix DNA ladder Mix

Fig S2. Agarose gel of total RNA extracted from Paraburkholderia graminis grown on media
or on roots of two Broccoli cultivars at 6 dpi. Pbg grwon on MS-agar and root of Coronado
(a) and Malibu (b) O’GeneRuler DNA ladder mix was used as size marker.
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Fig S3. Quality score plot of FastQC per base sequence of Paraburkholderia graminis grown
on MS-agar or on roots of Broccoli cultivars Coronado and Malibu. The lines (all were
imposed) shown in the plot are all located in green area displaying a high quality of the RNA
sequencing reads.

Table S1. Quantification of RNA extracted from Paraburkholderia graminis (Pbg) grown on
MS-agar medium or on roots of Broccoli cultivars Coronado or Malibu grown on MS.

Nano drop measurement

Pbg grown on LTI Ratio 260/280 Ratio 260/230 RNA (ng/pl)
1 2.15 236 562.4
2 221 2.40 770.2
MS-agar 3 2.18 2.42 2252.0
4 22 2.50 787.1
1 2.18 232 378.8
Coronado roots 2 218 22 s
3 2.19 233 941.3
4 2.19 242 1082.7
1 2.15 242 1494.6
_ 2 2.16 241 2013.0
Malibu roots 3 515 233 1167.3
4 2.16 242 1587.4
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Table S2. Output of gene set enrichment analysis (GSEA) performed for the up-regulated
genes of Paraburkholderia graminis colonizing the roots of Coronado, a cultivar of Broccoli,
seedlings. GSEA was performed using Goseq using P < 0.05.

NO.DEin NO.in

GO term Ontology Description list reference P-value
GO0:0009055 C electron transfer activity 7 19 0.000
G0:0022900 C electron transport chain 8 30 0.001
G0:0045333 C cellular respiration 9 38 0.001
GO:0000104 C succinate dehydrogenase activity 4 8 0.001
GO:0070469 C respiratory chain 4 8 0.001
G0:0070470 C plasma membrane respiratory chain 4 8 0.001
GO:0098803 C respiratory chain complex 4 8 0.001
G0O:0009060 C aerobic respiration 6 22 0.005
GO:0042126 C nitrate metabolic process 2 2 0.006
GO:0019645 C anaerobic electron transport chain 2 2 0.006
GO:0008940 C nitrate reductase activity 2 2 0.006
G0:0045273 C respiratory chain complex 1T 3 6 0.006
G0:0045274 C plasma membrane respiratory chain complex IT 3 6 0.006
G0:0045281 C succinate dehydrogenase complex 3 6 0.006
G0:0045282 C plasma membrane succinate dehydrogenase complex 3 6 0.006
GO0:0020037 C heme binding 3 7 0.007
G0:0022904 C respiratory electron transport chain 5 18 0.007
GO:0015980 C energy derivation by oxidation of organic compounds 9 48 0.009
GO:0015002 C heme-copper terminal oxidase activity 2 3 0.016
G0:0009061 C anaerobic respiration 3 8 0.018
GO:0016661 c oxidoreductase activity, act;r;gdgﬁ Oortshcr nitrogenous compounds ) 4 0.025
GO:0098797 C plasma membrane protein complex 5 25 0.026
GO:0051538 C 3 iron, 4 sulfur cluster binding 2 4 0.027
GO:2001057 C reactive nitrogen species metabolic process 2 4 0.030
GO:0016627 C oxidoreductase activity, acting on the CH-CH group of donors 4 17 0.031
G0O:0006091 C generation of precursor metabolites and energy 9 60 0.032
GO:0006099 C tricarboxylic acid cycle 4 16 0.033
G0:0006101 C citrate metabolic process 4 16 0.033
G0O:0046906 C tetrapyrrole binding 3 12 0.042
GO:0001666 C response to hypoxia 2 5 0.044
G0:0036293 C response to decreased oxygen levels 2 5 0.044
GO:0070482 C response to oxygen levels 2 5 0.044
GO0:0071944 cell periphery 42 385 0.001
GO:0005886 ﬁgﬁggi plasma membrane 38 336 0.001
G0:0016020 membrane 41 376 0.002
GO:0006544 CE glycine metabolic process 2 5 0.046
GO:0051179 CEGMNPT localization 29 156 0.000
GO:0006811 CEGMPT ion transport 10 63 0.012
GO:1990204 CF oxidoreductase complex 7 16 0.000
G0:0044459  CGNPQ plasma membrane part 13 107 0.049
GO:0040011 CHMNT locomotion 22 26 0.000
GO:0001539 CMN cilium or flagellum-dependent cell motility 16 19 0.000
G0:0071973 CMN bacterial-type flagellum-dependent cell motility 16 19 0.000
G0O:0097588 CMN archaeal or bacterial-type flagellum-dependent cell motility 16 19 0.000
G0:0006928 CMN movement of cell or subcellular component 16 20 0.000
GO0:0048870 CMN cell motility 16 20 0.000
GO0:0051674 CMN localization of cell 16 20 0.000
G0:0044780 CN bacterial-type flagellum assembly 4 5 0.000
G0:0044781 CN bacterial-type flagellum organization 4 5 0.000
G0O:0030030 CN cell projection organization 4 8 0.002
G0:0030031 CN cell projection assembly 4 8 0.002
G0O:0098660 CP inorganic ion transmembrane transport 5 26 0.039
G0:0005576  EHMN extracellular region 5 24 0.031
G0:0009605 EHNT response to external stimulus 9 42 0.003
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Table S2. (Continued)

NO.DEin NO.in

GO term Ontology Description list reference P-value
GO:0006820  EMPT anion transport 6 39 0.050
G0:0009267 ET cellular response to starvation 3 11 0.043
GO:0006935 HNT chemotaxis 6 7 0.000
GO0:0042330 HNT taxis 6 7 0.000
GO:0098561 HNT methyl accepting chemotaxis protein complex 3 5 0.004
G0:0040012 MT regulation of locomotion 2 3 0.020
G0O:1902021 MT regulation of bacterial-type flagellum-dependent cell motility 2 3 0.020
GO:2000145 MT regulation of cell motility 2 3 0.020
GO:0051270 MT regulation of cellular component movement 2 3 0.020
G0:0009425 N bacterial-type flagellum basal body 10 10 0.000
G0:0044461 N bacterial-type flagellum part 15 15 0.000
GO:0071978 N bacterial-type flagellum-dependent swarming motility 10 10 0.000
G0:0009288 N bacterial-type flagellum 16 18 0.000
G0:0044463 N cell projection part 15 16 0.000
G0O:0042995 N cell projection 16 20 0.000
G0:0009424 N bacterial-type flagellum hook 7 7 0.000
G0O:0043228 N non-membrane-bounded organelle 16 92 0.000
G0:0044422 N organelle part 15 87 0.000
G0:0043226 N organelle 16 111 0.002
GO:0120100 N bacterial-type flagellum motor 2 2 0.004
G0:0120101 N bacterial-type flagellum stator complex 2 2 0.004
GO:0007165 NT signal transduction 3 7 0.012
G0:0023052 NT signaling 3 7 0.012
G0:0031399 NT regulation of protein modification process 2 3 0.019
G0:0031401 NT positive regulation of protein modification process 2 3 0.019
GO:1901873 NT regulation of post-translational protein modification 2 3 0.019
GO:1901875 NT positive regulation of post-translational protein modification 2 3 0.019
G0:0010921 P regulation of phosphatase activity 3 3 0.000
GO:0006817 P phosphate ion transport 3 4 0.001
GO:0015698 P inorganic anion transport 3 8 0.014
GO0:0035435 P phosphate ion transmembrane transport 2 3 0.016
GO:0098661 P inorganic anion transmembrane transport 2 5 0.043
G0:0035303 PT regulation of dephosphorylation 4 4 0.000
G0:0019220 PT regulation of phosphate metabolic process 4 10 0.004
GO:0051174 PT regulation of phosphorus metabolic process 4 10 0.004
G0:0004673 T protein histidine kinase activity 2 3 0.019
GO:0018106 T peptidyl-histidine phosphorylation 2 3 0.019
G0:0018202 T peptidyl-histidine modification 2 3 0.019
G0:0000160 T phosphorelay signal transduction system 2 3 0.019
GO:0016775 T phosphotransferase activity, nitrogenous group as acceptor 2 3 0.019
G0:0023014 T signal transduction by protein phosphorylation 2 3 0.019
G0:0035556 T intracellular signal transduction 2 3 0.019
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Table S3. Output of gene set enrichment analysis (GSEA) performed for the down-regulated
genes of Paraburkholderia graminis colonizing the roots of Coronado, a cultivar of Broccoli,
seedlings. GSEA was performed using Goseq using P < 0.05.

NO.DEin NO.in

GO term Ontology Description list reference P-value
GO:0010447 C response to acidic pH 1 2 0.026
G0:0034357 C photosynthetic membrane 1 1 0.013
G0:0036294 C cellular response to decreased oxygen levels 1 1 0.013
G0:0071453 C cellular response to oxygen levels 1 1 0.013
G0:0071456 C cellular response to hypoxia 1 1 0.013
G0:0010034 C response to acetate 1 1 0.013
GO:0070542 C response to fatty acid 1 1 0.013
G0:0033993 C response to lipid 1 2 0.026
GO:0075141 C maintenance of symbiont tolerance to host environment 1 1 0.013
GO:0009579 C thylakoid 1 1 0.013
G0:0042651 C thylakoid membrane 1 1 0.013
G0:0044436 C thylakoid part 1 1 0.013
G0:0003995 C acyl-CoA dehydrogenase activity 1 1 0.013
G0O:0008470 C isovaleryl-CoA dehydrogenase activity 1 1 0.013
G0:0004451 C isocitrate lyase activity 1 1 0.013
G0:0006102 C isocitrate metabolic process 1 1 0.013
G0O:0035375 C zymogen binding 1 1 0.013
GO:0046421 C methylisocitrate lyase activity 1 1 0.013
GO:0006097 C glyoxylate cycle 1 3 0.038
GO:0005515  CDOP protein binding 7 198 0.019
G0:0042802  CDOP identical protein binding 6 169 0.032
G0O:0006950 CLO response to stress 6 157 0.028
G0:0009405 cO pathogenesis 2 10 0.008
G0:0010033 cO response to organic substance 3 17 0.003
GO:0005576 CO extracellular region 2 24 0.048
G0O:0044419 cor interspecies interaction between organisms 4 34 0.002
G0:0044403 Ccor symbiont process 4 30 0.001
GO:0051704 cor multi-organism process 4 37 0.002
G0O:0046820 EH 4-amino-4-deoxychorismate synthase activity 1 1 0.013
GO0:0003910 L DNA ligase (ATP) activity 1 1 0.013
GO0:0003909 L DNA ligase activity 1 2 0.025
GO0:0006266 L DNA ligation 1 2 0.025
GO:0051103 L DNA ligation involved in DNA repair 1 2 0.025
G0O:0006271 L DNA strand elongation involved in DNA replication 1 2 0.027
G0:0006273 L lagging strand elongation 1 2 0.027
GO0:0022616 L DNA strand elongation 1 2 0.027
G0O:0016886 L ligase activity, forming phosphoric ester bonds 1 3 0.042
G0O:0016465 (0] chaperonin ATPase complex 2 6 0.006
GO:0051084 O 'de novo' posttranslational protein folding 2 10 0.012
G0:0006458 O 'de novo' protein folding 2 11 0.014
GO0:0009408 (¢} response to heat 3 36 0.020
G0O:0009266 (6] response to temperature stimulus 3 44 0.033
GO:0033644 (6] host cell membrane 1 3 0.038
G0O:0033647 (6] host intracellular organelle 1 3 0.038
G0:0033648 (6] host intracellular membrane-bounded organelle 1 3 0.038
GO0:0044174 O host cell endosome 1 3 0.038
GO:0044175 O host cell endosome membrane 1 3 0.038
GO:0051082 O unfolded protein binding 2 13 0.021
G0:0061077 O chaperone-mediated protein folding 2 18 0.033
G0O:0031249 (6] denatured protein binding 1 1 0.013
GO:0051085 O chaperone cofactor-dependent protein refolding 2 10 0.012
GO:0006986 (6] response to unfolded protein 2 6 0.006
G0:0035966 (6] response to topologically incorrect protein 2 7 0.007
G0:0044406 (0] adhesion of symbiont to host 1 3 0.038
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Table S3. (Continued)

NO.DEin NO.in

GO term  Ontology Description list reference P-value
G0:0044650 O adhesion of symbiont to host cell 1 3 0.038
GO:0046812 (6] host cell surface binding 1 3 0.038
GO:0052047 o interaction with oth?:'] Z;gnirl;iif)?cviir?t:;zgt:g substance involved 1 3 0.038
GO00s2212 0 I e nee sovolved m symbiotc meragion 1 3 oo
GO:0101031 O chaperone complex 2 6 0.006
GO:1990220 O GroEL-GroES complex 2 6 0.006
GO:0019058 (6] viral life cycle 2 7 0.007
GO:0019068 (6] virion assembly 2 7 0.007
G0:0016032 (6] viral process 2 10 0.014
G0:0022610 (6] biological adhesion 1 3 0.038
G0:0044218 (0] other organism cell membrane 1 3 0.038
G0:0044279 (0] other organism membrane 1 3 0.038
GO:1901222 (0] regulation of NIK/NF-kappaB signaling 1 3 0.038
GO:1901224 O positive regulation of NIK/NF-kappaB signaling 1 3 0.038
G0O:2000535 (6] regulation of entry of bacterium into host cell 1 3 0.038
GO:0006878 P cellular copper ion homeostasis 1 1 0.016
GO:0055070 P copper ion homeostasis 1 1 0.016
G0O:0046688 P response to copper ion 1 2 0.042
G0:0030973 P molybdate ion binding 1 1 0.015
G0:0015208 S guanine transmembrane transporter activity 1 1 0.013
GO:0015854 N guanine transport 1 1 0.013
GO:0098710 S guanine import across plasma membrane 1 1 0.013
GO:1903716 S guanine transmembrane transport 1 1 0.013
G0O:0072530 S purine-containing compound transmembrane transport 1 1 0.013
GO:0015205 S nucleobase transmembrane transporter activity 1 2 0.026
GO:0015851 S nucleobase transport 1 2 0.026
G0O:0005345 S purine nucleobase transmembrane transporter activity 1 1 0.013
G0O:0006863 S purine nucleobase transport 1 1 0.013
G0:1904823 S purine nucleobase transmembrane transport 1 1 0.013
G0:0035344 S hypoxanthine transport 1 1 0.013
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Table S4. Output of gene set enrichment analysis (GSEA) performed for the up-regulated
genes of Paraburkholderia graminis colonizing the roots of Malibu, a cultivar of Broccoli,
seedlings. GSEA was performed using Goseq using P < 0.05.

NO.DEin NO.in

GO term Ontology Description list reference P-value
GO0:0015002 C heme-copper terminal oxidase activity 2 3 0.018
GO:0033177 C proton-transporting two-sector ATPa§e complex, proton- P 3 0.014

transporting domain
G0:0045263 C proton-transporting ATP synthase complex, coupling factor F(o) 2 3 0.014
GO:0045264 c plasma membrane prg:)clolr;) ltirr?gsflz(c)tr(t)lrng(/o\;rp synthase complex, 5 3 0.014
GO0:0009055 C electron transfer activity 5 19 0.013
G0:0022900 C electron transport chain 6 30 0.025
GO:1902600 C proton transmembrane transport 4 18 0.048
GO:0042126 C nitrate metabolic process 2 2 0.006
G0O:2001057 C reactive nitrogen species metabolic process 2 4 0.034
GO:0070469 C respiratory chain 3 8 0.020
GO:0070470 C plasma membrane respiratory chain 3 8 0.020
GO:0098803 C respiratory chain complex 3 8 0.020
G0:0022904 C respiratory electron transport chain 4 18 0.047
G0O:0045333 C cellular respiration 7 38 0.027
GO0:0009060 C aerobic respiration S 22 0.029
GO:0000104 C succinate dehydrogenase activity 3 8 0.018
GO:0051538 C 3 iron, 4 sulfur cluster binding 2 4 0.032
GO0:0005623 cell 79 905 0.037
GO:0044464 SDEEHLES cell part 79 905 0.037
GO:0005575 cellular_component 80 926 0.048
GO:0016020 QR membrane 46 376 0.000
GO:0003886  COELTIN plasma membrane 44 336 0.000
GO:0051179 CPEEMNP- localization 32 156 0.000
G0:0044459 CDEFNP plasma membrane part 17 107 0.003
GO:0031226 CDEFNP intrinsic component of plasma membrane 12 79 0.020
G0:0044425 CDEFNPT membrane part 18 134 0.015
G0O:0031224 CDEFNPT intrinsic component of membrane 15 110 0.024
GO:0071944 Cﬂgg‘;}"“ cell periphery 46 385 0.000
GO:1902494  CEFJP catalytic complex 11 62 0.009
G0:0016021 CEFNPT integral component of membrane 14 98 0.021
GO:0005887 CEFNPT integral component of plasma membrane 11 75 0.034
GO:0006811 CEPT ion transport 11 63 0.007
GO:1990204 CF oxidoreductase complex 6 16 0.001
GO:0040011 CHMNT locomotion 22 26 0.000
G0O:0044780 CN bacterial-type flagellum assembly 4 5 0.000
G0:0044781 CN bacterial-type flagellum organization 4 5 0.000
G0O:0030030 CN cell projection organization 4 8 0.003
G0:0030031 CN cell projection assembly 4 8 0.003
GO:0001539 CNM cilium or flagellum-dependent cell motility 16 19 0.000
GO:0071973 CNM bacterial-type flagellum-dependent cell motility 16 19 0.000
GO:0097588 CNM archaeal or bacterial-type flagellum-dependent cell motility 16 19 0.000
G0O:0006928 CNM movement of cell or subcellular component 16 20 0.000
GO:0048870 CNM cell motility 16 20 0.000
GO:0051674 CNM localization of cell 16 20 0.000
G0O:0098660 CP inorganic ion transmembrane transport 6 26 0.014
G0:0034220 CP ion transmembrane transport 9 52 0.017
G0:0098797 CP plasma membrane protein complex 7 25 0.002
GO:0098796 CP membrane protein complex 8 41 0.012
GO:0051782 DK negative regulation of cell division 2 5 0.046
G0O:0009605 EHNT response to external stimulus 9 42 0.005
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Table S4. (Continued)

NO.DEin NO.in

GO term  Ontology Description list reference P-value
GO:0007154 ENT cell communication 6 30 0.030
G0:0006820 EPT anion transport 7 39 0.024
GO:0098561 HNT methyl accepting chemotaxis protein complex 3 5 0.005
G0O:0006935 HNT chemotaxis 6 7 0.000
GO0:0042330 HNT taxis 6 7 0.000
G0O:0051270 MT regulation of cellular component movement 2 3 0.021
G0:0040012 MT regulation of locomotion 2 3 0.021
G0:1902021 MT regulation of bacterial-type flagellum-dependent cell motility 2 3 0.021
G0:2000145 MT regulation of cell motility 2 3 0.021
G0:0043228 N non-membrane-bounded organelle 16 92 0.001
G0O:0009425 N bacterial-type flagellum basal body 10 10 0.000
G0:0044461 N bacterial-type flagellum part 15 15 0.000
GO:0071978 N bacterial-type flagellum-dependent swarming motility 10 10 0.000
G0:0009288 N bacterial-type flagellum 16 18 0.000
G0:0044463 N cell projection part 15 16 0.000
G0:0042995 N cell projection 16 20 0.000
G0:0009424 N bacterial-type flagellum hook 7 7 0.000
GO:0120100 N bacterial-type flagellum motor 2 2 0.005
GO0:0120101 N bacterial-type flagellum stator complex 2 2 0.005
G0O:0044422 N organelle part 15 87 0.001
G0O:0043226 N organelle 16 111 0.006
GO:0031399 NT regulation of protein modification process 2 3 0.021
G0:0031401 NT positive regulation of protein modification process 2 3 0.021
GO0:1901873 NT regulation of post-translational protein modification 2 3 0.021
GO0:1901875 NT positive regulation of post-translational protein modification 2 3 0.021
GO:0007165 NT signal transduction 4 7 0.001
G0:0023052 NT signaling 4 7 0.001
GO:0055052 P ATP-binding cas;?;tgiggggut;i{lzgﬁgei; i(;()gm]:)lex, substrate- P 3 0.015
G0O:0043190 P ATP-binding cassette (ABC) transporter complex 2 5 0.046
GO:0015698 P inorganic anion transport 3 8 0.018
G0O:0098661 P inorganic anion transmembrane transport 2 5 0.050
G0:0010921 P regulation of phosphatase activity 3 3 0.000
GO:0006817 P phosphate ion transport 3 4 0.002
GO:0015169 P glycerol-3-phosphate transmembrane transporter activity 2 3 0.015
GO:0015605 P organophosphate ester transmembrane transporter activity 2 3 0.015
GO0:0035435 P phosphate ion transmembrane transport 2 3 0.018
GO:0015794 P glycerol-3-phosphate transmembrane transport 2 4 0.031
GO0:0044110 PS growth involved in symbiotic interaction 3 6 0.007
GO0:0044116 PS growth of symbiont involved in interaction with host 3 6 0.007
GO0:0044117 PS growth of symbiont in host 3 6 0.007
G0:0019220 PST regulation of phosphate metabolic process 5 10 0.000
GO:0051174 PST regulation of phosphorus metabolic process 5 10 0.000
G0:0035303 PT regulation of dephosphorylation 4 4 0.000
GO:0046777 ST protein autophosphorylation 4 7 0.001
GO:0006468 ST protein phosphorylation 4 10 0.006
GO:0004673 T protein histidine kinase activity 3 3 0.001
G0:0018202 T peptidyl-histidine modification 3 3 0.001
G0:0023014 T signal transduction by protein phosphorylation 3 3 0.001
GO:0000160 T phosphorelay signal transduction system 3 3 0.001
GO:0016775 T phosphotransferase activity, nitrogenous group as acceptor 3 3 0.001
GO:0018106 T peptidyl-histidine phosphorylation 3 3 0.001
GO:0000155 T phosphorelay sensor kinase activity 2 2 0.006
G0O:0035556 T intracellular signal transduction 3 3 0.001
GO:0004672 T protein kinase activity 3 6 0.011
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Table S5. Output of gene set enrichment analysis (GSEA) performed for the down-regulated
genes of Paraburkholderia graminis colonizing the roots of Malibu, a cultivar of Broccoli,
seedlings. GSEA was performed using Goseq using P < 0.05.

NO.DEin NO.in

GO term Ontology Description list reference P-value
GO:0035375 C zymogen binding 1 1 0.016
GO:0075141 C maintenance of symbiont tolerance to host environment 1 1 0.016
GO:0010447 C response to acidic pH 1 2 0.032
GO0:0051701 C interaction with host 2 14 0.028
G0:0036455 C iron-sulfur transferase activity 1 1 0.030
G0:0004451 C isocitrate lyase activity 1 1 0.016
G0:0006102 C isocitrate metabolic process 1 1 0.016
G0:0034357 C photosynthetic membrane 1 1 0.016
G0:0001897 C cytolysis by symbiont of host cells 1 3 0.048
GO:0019835 C cytolysis 1 3 0.048
GO:0019836 C hemolysis by symbiont of host erythrocytes 1 3 0.048
G0O:0044179 C hemolysis in other organism 1 3 0.048
GO0:0051715 C cytolysis in other organism 1 3 0.048
G0:0051801 C cytolysis in other organism involved in symbiotic interaction 1 3 0.048
GO:0052331 C hemolysis in other organism involved in symbiotic interaction 1 3 0.048
G0:0071456 C cellular response to hypoxia 1 1 0.016
GO0:0009579 C thylakoid 1 1 0.016
G0O:0042651 C thylakoid membrane 1 1 0.016
GO0:0044436 C thylakoid part 1 1 0.016
G0:0006212 C uracil catabolic process 1 2 0.038
G0O:0019860 C uracil metabolic process 1 2 0.038
G0:0003995 C acyl-CoA dehydrogenase activity 1 1 0.015
G0:0008470 C isovaleryl-CoA dehydrogenase activity 1 1 0.015
G0:0010034 C response to acetate 1 1 0.016
G0:0036294 C cellular response to decreased oxygen levels 1 1 0.016
G0O:0046421 C methylisocitrate lyase activity 1 1 0.016
GO:0070542 C response to fatty acid 1 1 0.016
G0:0071453 C cellular response to oxygen levels 1 1 0.016
G0:0033993 C response to lipid 1 2 0.031
G0O:0003868 C 4-hydroxyphenylpyruvate dioxygenase activity 1 2 0.032
G0:0006097 C glyoxylate cycle 1 3 0.046
G0:0006572 C tyrosine catabolic process 1 3 0.047
GO0:0016782 C transferase activity, transferring sulfur-containing groups 2 9 0.011
GO0:0005488 CEJKLOPS binding 15 513 0.041
G0:0043167 CEJOPS ion binding 10 264 0.013
G0:0016226 CES iron-sulfur cluster assembly 3 6 0.001
GO:0008198 CIS ferrous iron binding 3 9 0.001
GO:0005506 CJS iron ion binding 3 15 0.004
GO0:0005515  CKOP protein binding 9 198 0.006
G0:0042802 CKOP identical protein binding 8 169 0.009
GO:1903506 CKST regulation of nucleic acid-templated transcription 4 67 0.049
GO:2001141 CKST regulation of RNA biosynthetic process 4 67 0.049
G0:0010033 CO response to organic substance 3 17 0.005
G0O:0009628 CO response to abiotic stimulus 5 94 0.032
G0:0009405 CcO pathogenesis 2 10 0.012
G0O:0006950 cO response to stress 7 157 0.026
G0:0035821 CcO modification of morphology or physiology of other organism 2 8 0.007
Gowstsi co  modaionotmerllesy gty afobrowmion 5y g
GO:0044764 CO multi-organism cellular process 2 7 0.005
G0:0044403 cor symbiont process 5 30 0.000
G0:0044419 cor interspecies interaction between organisms 5 34 0.000
GO:0051704 Ccop multi-organism process 5 37 0.001
G0:0097428 CS protein maturation by iron-sulfur cluster transfer 2 5 0.007
GO:0051537 CS 2 iron, 2 sulfur cluster binding 2 10 0.034
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Table S5. (Continued)

NO.DEin NO.in

GO term  Ontology Description list reference P-value
GO:0051604 CS protein maturation 2 13 0.039
GO0:0006790 CS sulfur compound metabolic process 3 44 0.050
GO:0031163 CS metallo-sulfur cluster assembly 3 6 0.001
GO:0009000 E selenocysteine lyase activity 1 1 0.016
G0:0031071 E cysteine desulfurase activity 1 1 0.016
G0:0008713 EGP ADP-heptose-lipopolysaccharide heptosyltransferase activity 1 2 0.031
GO:0015530 EGP shikimate transmembrane transporter activity 1 1 0.016
G0:0015733 EGP shikimate transmembrane transport 1 1 0.016
GO:0015850 EGP organic hydroxy compound transport 1 1 0.016
GO:1901618 EGP organic hydroxy compound transmembrane transporter activity 1 1 0.016
G0O:0046820 EH 4-amino-4-deoxychorismate synthase activity 1 1 0.015
G0O:0008483 EH transaminase activity 2 16 0.025
GO:0016769 EH transferase activity, transferring nitrogenous groups 2 18 0.032
G0:0008920 EPG lipopolysaccharide heptosyltransferase activity 1 2 0.031
G0:0008463 J formylmethionine deformylase activity 1 1 0.026
GO:0018206 J peptidyl-methionine modification 1 2 0.050
G0:0042586 J peptide deformylase activity 1 2 0.050
G0:0043686 J co-translational protein modification 1 2 0.050
GO:0101031 O chaperone complex 2 6 0.009
GO:0016465 (6] chaperonin ATPase complex 2 6 0.009
GO:0051084 O 'de novo' posttranslational protein folding 2 10 0.018
GO:0006458 O 'de novo' protein folding 2 11 0.021
G0:0009408 O response to heat 4 36 0.005
G0:0009266 (0] response to temperature stimulus 4 44 0.011
GO0:0033644 O host cell membrane 1 3 0.046
G0:0033647 O host intracellular organelle 1 3 0.046
G0:0033648 O host intracellular membrane-bounded organelle 1 3 0.046
GO:0044174 (6] host cell endosome 1 3 0.046
G0:0044175 (6] host cell endosome membrane 1 3 0.046
GO:0046812 (6] host cell surface binding 1 3 0.046
G0:0044406 (6] adhesion of symbiont to host 1 3 0.046
G0:0044650 (0] adhesion of symbiont to host cell 1 3 0.046
GO:0052047 o interaction with Othei; Z;grflrl;lif)rtrilcvilr?t:;teitoeg substance involved 1 3 0.046
Go00s2212 0 e nce volved m symbiotc meraion ! 3 004
G0O:2000535 (6] regulation of entry of bacterium into host cell 1 3 0.046
GO0:0031249 O denatured protein binding 1 1 0.015
G0O:0051082 (0] unfolded protein binding 3 13 0.002
GO:0006986 (0] response to unfolded protein 2 6 0.009
GO:0006457 (0] protein folding 3 23 0.009
GO:0051085 O chaperone cofactor-dependent protein refolding 2 10 0.018
GO:1990220 O GroEL-GroES complex 2 6 0.009
GO:0019058 (6] viral life cycle 2 7 0.011
GO:0019068 O virion assembly 2 7 0.011
G0:0035966 (6] response to topologically incorrect protein 2 7 0.011
G0:0016032 (6] viral process 2 10 0.022
GO:0000774 (0] adenyl-nucleotide exchange factor activity 1 1 0.023
GO0:0009986 O cell surface 2 16 0.032
G0:0022610 (0] biological adhesion 1 3 0.046
G0:0044218 O other organism cell membrane 1 3 0.046
G0O:0044279 (6] other organism membrane 1 3 0.046
GO:1901222 O regulation of NIK/NF-kappaB signaling 1 3 0.046
GO:1901224 (6] positive regulation of NIK/NF-kappaB signaling 1 3 0.046
GO:0061077 (6] chaperone-mediated protein folding 2 18 0.049
G0:0030973 P molybdate ion binding 1 1 0.018
GO:0140104 S molecular carrier activity 2 6 0.012
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Table S5. (Continued)

GO term  Ontology Description BIE D AL P-value
list reference
GO:0046484 oxazole or thiazole metabolic process 1 1 0.016
G0:0097163 sulfur carrier activity 1 1 0.016
G0:0018131 oxazole or thiazole biosynthetic process 1 1 0.016
G0:0004123 cystathionine gamma-lyase activity 1 2 0.031
GO:0031119 tRNA pseudouridine synthesis 1 2 0.033
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Chapter 7

General discussion



General discussion

Plant growth-promoting rhizobacteria (PGPR) are bacteria that colonize roots of specific or
several plant species and promote plant growth directly or indirectly by suppressing pests
or diseases. In recent years, advances in mass spectrometry and chemo-informatics are
contributing immensely to our understanding of the impact of rhizobacteria on the chemistry,
providing a mechanistic understanding of growth promoting and disease suppression but also
new opportunities to explore and exploit rhizobacteria as a new platform to produce high
value natural plant products (HVNP) (Etalo ef al., 2018). To date, the majority of studies
on rhizobacteria-mediated reprogramming of plant chemistry are descriptive in nature
and provide limited insights into the biological relevance of the changes induced by the
rhizobacteria in the plant metabolome and if or how these changes affect host phenotype.
Particularly most information on rhizobacteria-induced changes in common and specific
metabolic pathways that are central to plant growth and defense is either preliminary or non-
existent. When it comes to the rhizobacteria side, if and how the intrinsic or altered metabolic
state of the host influences rhizobacterial traits that are directly or indirectly affecting host
fitness is still an undiscovered island. On the technological side, the majority of past and
present studies employed targeted metabolite profiling and those that used untargeted
metabolomics are often bound to either profiling of primary metabolites or focused on a
specific subset of secondary metabolites. To address these knowledge gaps and to advance
our understanding of the chemical continuum between rhizobacteria and their host, my thesis
focused on investigating the impact of three bacteria genera comprising five bacterial species
(Pseudomonas fluorescens SS101, Microbacterium, and Paraburkholderia graminis, P.
hospita, and P. terricola) on different phenotypes and on the shoot metabolome of three plant
species (Arabidopsis thaliana, Artemisia annua, Brassica oleracea var. italica).

The aims of my thesis were to i) identify common and specific changes in the plant
metabolome induced by different rhizobacterial species ii) link rhizobacteria-induced changes
in plant chemistry to other plant phenotypes, iii) identify rhizobacterial genes, pathways and
traits associated with changes in plant chemistry and plant phenotypes. Although the results
of the experiments conducted in my thesis do not provide all the answers to the above-
mentioned questions, it does give new insights into the diverse effects of rhizobacteria on
the host metabolome and the potential impact of the metabolome changes on host fitness.
Furthermore, with the magnitude of data generated during the course of my PhD study more
questions were generated than answered. Here, I will discuss the major findings as well as the
limitations of my study and provide future directions to investigate the chemical continuum
between rhizobacteria and plants.

1. Are plants the sole masters of their metabolic regulation?

Plants synthesize a vast array of secondary metabolites. Several metabolites from wild or
cultivated plant have shown pharmaceutical activities either as metabolite itself or as a
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scaffold to synthesize pharmaceutically improved drugs candidates (Oksman-Caldentey &
Inzé, 2004; Etalo et al., 2018). Because of this, a great deal of efforts has been invested in
identifying factors that influence the biosynthesis, metabolic fluxes, transport and storage
of plant metabolites with medicinal and nutritional value for human and animals as well
as metabolites contributing to plant tolerance against (a)biotic stress factors. Earlier studies
focused more on the impact of external environmental conditions such as light, drought,
temperature and edaphic factors on primary and secondary plant metabolism (Gautier ef al.,
2008; Griesser et al., 2015; Yang et al., 2018). Recently the impact of rhizobacteria and other
plant-associated microbes, collectively referred to as the plant microbiome, on metabolism of
their host is gaining significant attraction (Etalo et al., 2018; Korenblum & Aharoni, 2019).
Particular interest also emerged for metabolites that were initially thought to be of plant
origin but now appear to be either exclusively or in part synthesized by the microbes that
live on or in the host plant tissue (Kusari et al., 2011; Kusari et al., 2014; Ludwig-Muller,
2015). Such evidences of a microbial footprint on the host metabolome not only signifies
the importance of microbes in plant metabolism but also poses questions on the long-held
assumption that portrays plants as the sole masters of their metabolism.

To have a broader understanding of the specific impact of thizobacteria on the host metabolism,
we performed non-targeted metabolomics in Chapters 3, 4, and 5 and revealed that different
rhizobacteria-plants combinations can significantly (18-74%) perturb the relative abundance
or presence/absence of the host metabolome when compared to non-bacterized plants. For
example, in Chapter 3, root tip inoculation of Arabidopsis with Pseudomonas fluorescens
SS101, Microbacterium ECS8, or Paraburkholderia graminis significantly altered 64% of
secondary metabolites in the shoot in comparison with non-treated control. Interestingly,
in Chapter 4 root tip inoculation of two Broccoli cultivars Coronado and Malibu with
three different Paraburkholderia species led to 49% and 74% alteration of their shoot
metabolome, respectively. These results strongly suggest that rhizobacteria have substantial
effect on their host metabolome and that the magnitude of alteration of the host metabolome
is highly dependent on the interacting partners. Beyond their overarching impact on the
metabolome, we also showed that rhizobacteria can modulate specific metabolic pathways of
their host. In Chapters 3 and 4, we showed that the phenylpropanoid pathways is the prime
target of rhizobacteria and its induction is associated with enhanced plant defense against
bacterial pathogens. Similarly, I showed in Chapter 4 that rhizobacteria influence both sugar
generation and utilization of their host and the combined effect showed an association with
plant growth. Results shown in my thesis and by other researchers magnifies the enormous
impact of rhizobacteria on their host metabolism, growth and defense and force us to re-
think both the mechanisms underlying the regulation of the metabolic pathways. On the
other side, results in Chapter 6 showed that plants also have big impact on rhizobacteria
transcriptome landscape with significant variation between different plant cultivars. Perhaps
this way of looking at the partnership between plants and rhizobacteria could help to redefine
the question of who is the driver of the association. Altogether, mechanisms governing the
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partnership between plants and rhizobacteria are still largely elusive as microbe-host plant
interaction is the product of over 450 million years of co-evolution (Zhalnina ef al., 2018).

2. Metabolic signatures of plant growth, defense and their trade-off

Acrecent study on closely related strains within the Pseudomonas fluorescens species complex
tied the transition between pathogenic and commensal bacterial life style in Arabidopsis
to particular genetic loci such as lipopeptide/quorum island whose presence is essential to
pathogenicity in the bacterium (Melnyk ef al., 2019). Contrary to that, both phenotype- and
metabolome-based assessment of the host plants in our “blind date experiment” involving
Arabidopsis, Artemisia, and Broccoli as hosts and Pseudomonas fluorescens SS101 (Pf
SS101), Microbacterium (MB) and Paraburkholderia graminis (Pbg) as interacting
rhizobacteria revealed that none of the rhizobacterial genera promoted plant growth of all
plant species (Chapter 3). While Pf'SS101 enhanced biomass of Arabidopsis and Artemisia,
it reduced biomass of Broccoli when compared to the non-treated control. Likewise, Pbg
root inoculation enhanced growth of Artemisia and Broccoli but showed detrimental effects
on Arabidopsis growth. The shoot metabolome profiles of Broccoli treated with P/ SS101
and Arabidopsis treated with Pbg were characterized by the accumulation of defensive
and stress-related phenolic metabolites such as anthocyanin. Moreover, Paraburkholderia
terricola exhibited Broccoli cultivar dependent growth promotion (Chapter 4). These
results strongly suggest that the impact of rhizobacteria on plant growth and health is not
only linked to specific bacterial determinants but also to the genetic background of the
interacting plant. During the course of my study, we used the metabolic signature of several
rhizobacteria-plant interaction to understand metabolic networks governing growth, defense
and the potential trade-off between these processes. Trade-off between growth and defense
is a widely accepted concept and arises from resource limitation and differential allocation
of resources for defense, growth and development (Herms & Mattson, 1992; Pieterse et al.,
2012; Lozano-Duran & Zipfel, 2015). Plant metabolites can be structurally categorized into
five major groups, i.e. polyketides, isoprenoids (e.g. terpenoids), alkaloids, phenylpropanoids
and flavonoids (Oksman-Caldentey & Inzé, 2004). Among others, metabolites that belong
to phenylpropanoid pathways such as hydroxycinnamates and flavonoids represent the
largest group of plant secondary metabolites, existing ubiquitously across the plant kingdom
and playing important roles as chemical weapons against biotic stresses (Treutter, 2005;
Korkina, 2007; War ef al., 2012). In Chapters 3, 4 and 5, we showed that accumulation
of metabolites belonging to the phenylpropanoid pathway, in particular hydroxycinnamates
and flavonoids, was associated with ineffective partnerships between the plants and
rhizobacteria tested, i.e. partnerships that had an adverse effect on specific phenotypes such
as plant growth. The accumulation of defensive compounds such as hydroxycinnamates and
flavonoids particularly the flavonol subclass could potentially affect plant growth through
several ways. High abundance of flavonoids particularly the flavonol subclass may impact
auxin transport (Besseau et al., 2007), auxin biosynthesis and its conjugation/degradation
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(Kuhn et al., 2016). Additionally, the higher accumulation of phenylpropanoids and other
carbon and energy-costly secondary metabolites in the ineffective partnerships could pose
resource limitation to plant growth-related processes and lead to an adverse effect on plant
growth. For example, the metabolic cost for pro-anthocyanidins and lignin is similar to
that of biosynthesis of protein and phenylalanine, the major precursor for these metabolite
classes and other phenylpropanoids and the metabolically most expensive amino acid (after
tryptophan) to synthesize (Hemingway et al., 1989; Seigler, 1998). Other metabolites such
as indolic glucosinolates induced by rhizobacteria treatment in Broccoli also could compete
for tryptophan and other intermediates of the tryptophan-dependent auxin biosynthesis and
concomitantly affect plant growth (Malka & Cheng, 2017). In Chapter 4, plants treated
with Paraburkholderia species (Pbg and Pbh) showed substantial accumulation of various
secondary metabolites via phenylpropanoid biosynthesis and surprisingly showed also
enhanced growth. The primary metabolite profile of these plants revealed high accumulation
of soluble sugars such as fructose (>280-fold increase relative to untreated control). Fructose
is the primary substrate for fructose-6-phospate, a key substrate for the biosynthesis of
both phosphoenolpyruvate (PEP) and erythrose-4-phosphate. These two intermediates are
channeled into the shikimate pathway that bridges carbohydrate metabolism to biosynthesis
of aromatic primary and secondary metabolites (Herrmann & Weaver, 1999). The shikimate
pathway provides all the important precursors for the biosynthesis of phenylpropanoids
including hydroxycinnamates, flavonoids, stilbenoids, coumarins and lignins which were
significantly accumulated in Broccoli plants treated with Paraburkholderia species. These
results suggest that rhizobacteria enable plants to sustain enhanced growth while producing
numerous defensive secondary metabolites by enhancing both sugar generation and utilization
to fuel both growth and defense. To our best knowledge, this is the first comprehensive study
that employed combined primary and secondary metabolomics techniques to understand
rhizobacteria-mediated changes in global metabolism of plants, linking metabolic flux from
primary metabolites (soluble sugar and amino acid) to specific secondary metabolites that
potentially function as chemical weapon against pathogen infection.

3. Tilting plant metabolism towards high value natural plant products

Recent studies on microbe-mediate phytochemical alteration have predominantly focused on
medicinal plants as they are shown to be an attractive source for pharmaceutically important
bioactive secondary metabolites (Chapter 2). Some good examples are PGPR-mediated
induction of artemisinin and dihydroartemisinin, antimalarial agents in Artemisia ((Arora
et al., 2016), Chapter 3), and of morphine in Poppy (Pandey, Shiv S ef al., 2016). Similar
attempts were also employed to improve pharmaceutically important secondary metabolites
in crops. For instance, inoculations of Glycine max with single or consortia of various
rhizobacteria strains belonging to Arthrobacter, Azotobacter, Bacillus, Chryseobacterium,
Curtobacterium, Pseudomonas, Stenotrophomonas, and Streptomyces, induced the level of
isoflavonoids and phytoestrogen agents with cancer chemo-prevention ability (Birt et al.,
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2001; Ramos-Solano et al., 2010; Algar et al., 2012; Algar et al., 2013; Chamam ef al.,
2013; Kiprovski et al., 2016). Furthermore, similar studies reported modulating effects of
plant-associated microbes on the metabolome of Oryza sativa (Mishra et al., 2006; Chamam
et al., 2013; Chamam et al., 2015), Zea mays (Walker et al., 2011; Walker et al., 2012;
Couillerot et al., 2013; Planchamp et al., 2015; Rozier et al., 2016) and Mentha piperita
(Santoro et al., 2011; del Rosario Cappellari et al., 2015; Santoro et al., 2015). Likewise,
our result indicated that different rhizobacteria alter the host metabolome both in effective or
ineffective partnerships. Both kinds of partnership can be employed to tilt the host metabolism
towards nutritionally and/or pharmaceutically important high value natural plant compounds
(HVPC). To empirically demonstrate the bioactivity of metabolites that were altered by
rhizobacteria in plants, I subjected extracts from the shoots of plants treated on roots with
(or not) rhizobacteria to a series of non-receptor-mediated CALUX bioassays to test if
bacteria inoculation enhanced biological activities plant materials on various human health
promoting traces. Among others, shoot extracts of Pbg-inoculated Broccoli cultivar Malibu
demonstrated higher anti-oxidative capacity in Nrf2 basis CALUX assay when compared
to the non-treated control samples (Box). Interestingly, in Chapter 4 Pbg inoculation of
cultivar Malibu led to the induction of plant metabolites belonging to different subclass of
phenylpropanoid pathway such as flavonoids, hydroxycinnamates and stilbenoids that have
displayed, in other studies, various bioactivities against multiple diseases and disorders
(Nijveldt et al., 2001; Erlund, 2004; Leopoldini ez al., 2011; Giilcin, 2012). Collectively
these results suggest that these enhanced phenolic compounds may play a key role as anti-
oxidants. Activity-guided fractionation and purification will be further strategy to shed light
on these bioactive metabolites. Considering that each rhizobacteria-host plant combination
differently modulates plant chemistry (Chapters 3, 4, and 5), detailed understanding of the
underlying primary and secondary metabolic pathways and their interconnection will be
instrumental to fine-tune the most appropriate plant and rhizobacterial species association
for selected bioactivities.

4. Microbial traits affecting plant chemistry and vice-versa

While a growing number of studies is steadily reporting the effects of bacterial strains on plant
chemistry (Chapter 2), bacterial traits that trigger specific changes in the plant metabolome
remain largely unknown. In this thesis, we unraveled some bacterial traits influencing host
plant chemistry changes. First, root colonization ability of rhizobacteria seemed to play
an essential role, as in nature successful bacterial colonization is generally the first step to
establish a beneficial interaction with the host (Lugtenberg ef al., 2001; Bhattacharyya & Jha,
2012). For example, in Chapter 3, I showed that Microbacterium (MB) did not efficiently
colonize Artemisia roots and showed no significant impact on the host metabolome. Also
for Paraburkholderia we showed that temporal changes in the rhizosphere population
densities coincided with the magnitude of their impact on the host primary and secondary
metabolome (Chapter 4). Genome-wide analysis of plant growth-promoting Pseudomonas
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Box

CALUX bioassays

8 1 . Freshly frozen plant tissue
—— Curcumine .

weeeeee Malibu control materials (300 mg) were

— Malibu Phg-treated | extracted with 900 ul of 97%
ethanol for 30 minutes under
sonication. Next, the samples
were dried by speed vacuuming
and were re-dissolved in 200
ul of DMSO. Serial dilution
at  different  concentrations
were prepared. Nrfl cells were

T T ™ T T T 1 seeded in 96-wells plates and
101010 10 10* 102 10° 10 10* preincubated for 24 hours.
Log (mol/l medium) Following pre-incubation,
CALUX cells were exposed for

Fig 1. Results of Nrf2 CALUX assay. The dose- 24 hours to the serial dilutions
response curves of the tested samples are given, in triplicate (1% DMSO) and

including curcumine, the reference compound. then lysed to measure luciferase
activities. Thereafter, the Nrf2

CALUX activity in both control and Pbg-treated Broccoli cultivar Malibu samples
were comparable. The Nrf2 CALUX (van der Linden ef al., 2014) measures activity of
the Nrf2 transcription factor that trigger expression of genes involved in detoxification
and the anti-oxidant stress response (Ma, 2013). As shown in Fig 1, Paraburkholderia
graminis (Pbg) treated Broccoli shoot sample (Malibu) exhibited higher luciferase
activity when compared to control, indicating Pbg induced anti-oxidative capacity in
Broccoli sample.
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Sfluorescens strain SS101 (Pf SS101) combined with site-directed mutagenesis and genetic
complementation recently revealed that sulfur assimilation plays an important role in growth
promotion and induced systemic resistance of the model plant Arabidopsis (Cheng et al.,
2017). In Chapter 5 of my thesis, we showed that bacterial sulfur assimilation affects
both sulfur containing and non-sulfur containing metabolites in two Broccoli cultivars.
Furthermore, in Chapter 5 comparative metabolomics analysis of Arabidopsis plants treated
with PfSS101and its cysH mutant showed that sulfur assimilation in Pf'SS101 affects side
chain elongation of the aliphatic glucosinolates. Plants treated with the mutant showed an
accumulation of short and medium chain aliphatic glucosinolates, whereas in plants treated
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with wildtype Pf'SS101 the long chain aliphatic glucosinolates were more abundant.

Plant-microbe interactions alter gene expression profiles of both interacting organisms.
Thus, transcriptome analysis is often preferred as generic tool to unravel genes and pathways
that govern the interaction. In Arabidopsis, for instance, several strains of Pseudomonas
Sfluorescens were shown to alter the expression of several genes related to auxin biosynthesis
and transport, sulfur assimilation and disease resistance (Wang et al., 2005; Cheng et al., 2017).
Microbes can also alter the expression of plant genes even without direct contact through a
blend of their volatile organic compounds (VOCs). Recently, exposure of Arabidopsis to
Microbacterium EC8 VOCs was shown to alter the expression of genes involved in the
assimilation and transport of sulfate and nitrate (Cordovez et al., 2018). However, relatively
less attention has been given on the impact of the host on the gene expression profile of the
associated rhizobacteria. In Chapter 6, we showed that the gene expression profile of Pbg
on synthetic media and on plant roots is significantly different. Our analysis showed that
genes corresponding to flagella assembly and chemotaxis, energy metabolism, phosphate and
nitrate metabolism and transport were significantly overexpressed in Pbg-plant interactions
when compared to Pbg grown only on the synthetic media. These group of genes were
upregulated and significantly enriched when Pbg interacts with both Broccoli cultivars and
can be considered as a general response representing establishment of an association with the
host. Our result is in line with previous study that showed maize exudate induced Bacillus
amyloliquefaciens genes involved in nutrient utilization, bacterial chemotaxis and motility
(Fan et al., 2012). The induction of genes associated with energy metabolism and nutrient
mobilization in Pbg suggests the establishment of symbiotic relationship between the plant
and rhizobacteria, with the rhizobacteria contributing to nutrient acquisition and the host
providing carbon sources for the energy production of the rhizobacteria. Furthermore, the
results showed a number of genes expressed in Pbg in a Broccoli cultivar specific manner.
Among those, ABC transporters were significantly enriched when Pbg interacted with cultivar
Malibu. To further unravel the molecular interplay, site-directed mutagenesis, heterologous
expression or overexpression of these specific genes is needed to identify the effects these
specific mutations on plant chemistry and plant phenotypes.

5. A milestone in future breeding strategy and obstacle in field trial

In the past century, crop improvement strategies gave greater emphasis to yield, nutritional
quality, disease resistance, or abiotic stress tolerance. In this context, breeding practices have
emphasized more on enhancing plant intrinsic genetic characteristic to influence a desired
phenotype. This approach has proven to be an effective strategy and was the corner stone
of the green revolution. Currently we are facing huge challenges to meet the global food
demand. Furthermore, an increasing awareness of the impact of agricultural practices on
biodiversity and our environment is putting a great deal of pressure on agricultural production
systems towards more sustainable practices (Wei & Jousset, 2017). Findings of my thesis
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demonstrate that the use of beneficial rhizobacteria can be a novel and more generic means
to complement conventional agricultural practices. Microbiome-assisted agriculture can
be considered as a “taking care of microbe to take care of plant” approach. Recent studies
empirically support the impact microbes can have on plant phenotype and chemistry. For
example, a recent study by Carrion (Carrion et al., 2019) demonstrated that invasion of the
root system by the soil-borne fungus Rhizoctonia solani enriched for Chitinophagaceae and
Flavobacteriaceae inside the roots which in turn suppressed the disease development via
enhancing enzymatic activities associated with fungal cell-wall degradation as well as other
secondary metabolites encoded by a novel NRPS-PKS gene cluster. Similarly, Pseudomonas
simiae WCS417 induced root exudation of scopoletin, an iron-mobilizing coumarin with
selective antimicrobial activity, suppressing the growth of fungal root pathogens but
supporting root colonization by beneficial Pseudomonas strains (Stringlis, loannis A et al.,
2018). Thus, in future plant breeding programs, identifying plant characteristics that promote
the recruitment and activities of beneficial microbes can be highly instrumental for developing
sustainable agricultural practices. Furthermore, the “microbial-Gene Positioning System
(m-GPS)” concept that we proposed in Chapter 2 also can have an important contribution.
The first principle resides on the identification of plant metabolic pathways that are altered
by rhizobacteria and linked to plant phenotypes such as yield, quality or stress tolerance. For
example, in my thesis, soluble sugars such as fructose, phenylpropanoids and glucosinolates
were highly influenced by rhizobacteria treatment in plants and they are crucial for plant
productivity, quality (nutritional, medicinal and flavor) and stress tolerance. The next step
is to identify which part of the pathway is highly impacted by the rhizobacteria treatment.
This will provide us with essential information on the rate-limiting steps in the biosynthesis
of a given metabolite. For example, if we consider the glucosinolate pathway, the subclass
aliphatic glucosinolate was impacted greatly by rhizobacteria treatment. Previous studies
on the transcriptome profile of Arabidopsis treated with P/ SS101 and its CysH mutant
showed that sulfur assimilation by the bacteria affects the chain elongation steps in aliphatic
glucosinolate biosynthesis and key genes in the chain elongation steps such as MAM1 and
MAM3 were significantly upregulated in Pf'SS101 treated plants. Interestingly, in Chapter
5 comparative metabolome analysis of Arabidopsis plant treated with PfSS101 and its cysH
mutant confirmed that long chain glucosinolate indeed accumulated in plants treated with
PfSS101 while short and medium chain glucosinolate were more abundant in plants treated
with the mutant. Based on the expression profile of genes and the corresponding metabolites,
the most influential genes in the biosynthesis pathway such as MAM1 and MAM3 can be
targeted for improvement by conventional breeding or the current gene editing technologies.
Furthermore, this conceptual framework allows screening for bacterial traits involved in the
phenotypic and metabolome alteration in plants by using integrated ~omic technologies i.e.
metagenomics, transcriptomics, and metabolomics combined with site-directed mutagenesis
for functional analysis of potential bacterial traits identified by the omics analyses. The cysH
gene from P/ SS101 is a good example and screening of allelic variants/orthologues across
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several rhizobacteria species and strains of a given species can be performed to identify the
best performing allelic variants(s) involved in the alteration of sulfur-containing metabolites
of the host. Similar approaches can be followed for other groups of plant metabolites that
are altered by rhizobacteria and have influence on yield, quality or stress tolerance of crops.

While in vitro screening allows to identify specific rhizobacteria that enhance plant
performance, getting reproducible and consistent results under field settings is the major
hurdle. This phenomenon is mainly due to unsuccessful root colonization of introduced strains
(Kloepper, J et al., 1980; Bhattacharyya & Jha, 2012). To facilitate efficient root colonization
of selected rhizobacteria in field experiments, several applications such as drenching seed
and seedlings, or continuous treatments have been carried out. However, such methods are
not always successful. In our soil experiment, continuous application of Pbg broth (50 ml per
application, 3 times in three weeks) displayed induction of shoot biomass of Broccoli and
Arabidopsis in early development stage when compared to untreated control but the effect
faded in time (data not shown). This might be due to the ‘buffering’ effects of the existing root
and soil-associated microbes on the proliferation and activity of the introduced rhizobacteria.
Therefore, exploration of proper field application and most importantly understanding of
the interaction of introduced microbes with the existing soil and root associated microbial
community is vital for the success of introduced rhizobacteria. Another approach could be
steering of the existing microbial community in agricultural system towards desired groups
of microbes that provide specific functions to the plant using probiotic approach or by ‘pre-
biotics’ that alter the physico-chemical properties of the soil to favor the growth or activity
of desired groups within the plant microbiome. Another innovative approach is to introduce
beneficial bacteria into seeds. The introduction of endophyte bacteria Paraburkholderia
phytofirmans PsJN into maize progeny seeds by spraying flower with this bacteria is one of
the success stories and was shown to significantly increase yield (Mitter et al., 2017).

Concluding remarks

The research presented in my thesis demonstrated that, apart from visible phenotypic
changes, rhizobacteria also modulate the levels of a substantial number of plant secondary
metabolites in a rhizobacteria-specific and even cultivar-specific manner. Our findings further
demonstrated that rhizobacteria-mediated changes in the plant metabolome arise from both
effective and ineffective partnership between plants and rhizobacteria. Changes in metabolism
of the plant by rhizobacteria showed an association with plant growth and defense. Although
it is widely accepted that plant defense has an adverse effect on growth, some rhizobacteria
can induce plant defense and induces growth at the same time. Integrating the data from
primary and secondary metabolome analyses of plants treated with rhizobacteria showed
that rhizobacteria enhance the generation and utilization of soluble sugars in the host to
fuel both defense and growth. Therefore, effective partnerships can enhance the production
of nutritionally and pharmaceutically important plant metabolites and at the same time
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Fig 2. Summary of the main finding of the thesis.
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enhance plant biomass. The combined effect could maximize the amount of plant metabolite
recovered per unit of plant biomass and will make rhizobacteria-mediated host metabolome
reprogramming an attractive approach to enhance the production of high value natural plant
products. In conclusion, the results of this thesis exemplify that the fundamental basis of many
if not all biological interactions are chemical in nature. The contribution of my work to the
advancement of the field is not only tied to a number of answers that my thesis provides about
rhizobacteria-host interaction but also to a number of testable hypotheses it has generated
during the course of this study. So far, understood only a minute portion of the interaction
between plant and rhizobacteria was resolved and the larger portion of the interaction is still
a “black box” that awaits to be unlocked.
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Summary

Plants and microbes have a history of coevolution that extends over 450 million years. The
rhizosphere encompasses a few millimeters of soil layer surrounding and influenced by plant
roots. This zone is rich in organic compounds released by roots and is a hot spot for microbial
activity and plant-microbe interactions. Plant-microbe interactions in the rhizosphere can
have a positive, negative or neutral influence on plant fitness. The rhizosphere bacteria with
beneficial effects on plant growth and health are also referred to as plant growth-promoting
rhizobacteria (PGPR). Recent studies also revealed that PGPR can alter plant chemistry which
in turn can lead to effective or ineffective partnerships. Hence, understanding the chemical
continuum between plants and microbes during their interaction could provide us with new
tools to modulate plant growth, defense and the level of high value natural plant products
(HVNP). The overall aim of this thesis was to investigate the impact of rhizobacteria on
plant metabolism and how these changes are associated with plant growth and plant defense.
Factorial combinations of different plant species, including Arabidopsis thaliana (model
plant), Brassica oleracea var. italica (crop) and Artemisia annua (medicinal plant), and
phylogenetically distinct rhizobacterial species, including Pseudomonas fluorescens SS101
(PfSS101), Microbacterium and three Paraburkholderia species, were used as study model
systems in this thesis. Untargeted metabolomics was used to assess the impact of these
rhizobacteria on the shoot chemistry of the host plant species. Transcriptome profiling was
employed to assess the impact of the host on the gene expression in the rhizobacteria.

A series of in vitro bioassays revealed specific phenotypic and chemotypic responses of the
host plants to rhizobacterial colonization. For example, P. fluorescens (PfSS101) established
an effective partnership with Arabidopsis and Artemisia while in Broccoli it led to significant
reduction in shoot biomass. Similarly, P. graminis (Pbg) exhibited an effective partnership
with Artemisia and Broccoli while its partnership with Arabidopsis was characterized by
stunted growth with concomitant accumulation of stress-related metabolites in the leaves.
Untargeted metabolomics demonstrated that under ineffective partnerships i.e. Pf SS101-
Broccoli and Pbg-Arabidopsis, secondary metabolites downstream of the phenylpropanoid
pathway, such as flavonoids, anthocyanin and stilbenoids, showed a sharp increase. These
classes of metabolites were either suppressed or showed no change in effective partnerships.
Particularly, flavonoid accumulation was associated with retarded plant growth most likely
by interfering with auxin transport, distribution and turnover. This study revealed that root
treatment of different plant species with rhizobacteria altered 18-78% of the detected plant
secondary metabolites in the shoot. Fueling such carbon skeleton and energy demanding
or competing plant responses without compromising plant growth requires a robust
metabolic regulation. The combined primary and secondary metabolite analysis revealed
that rhizobacterial treatment boosted the production of soluble sugars in the plant shoot,
potentially enabling the plant to accommodate the high demand for energy and carbon
required for enhanced growth and secondary metabolite production. Fructose was the
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central target of rhizobacteria in the plant shoot. Rhizobacteria-treated plants showed more
than 280-fold increase in fructose abundance when compared to control plants. Fructose
is the primary substrate for fructose-6-phosphate, a key substrate for the biosynthesis of
phosphoenolpyruvate and erythros-4-phosphate. These two intermediates are the pillars of
energy and secondary metabolism. Furthermore, fructose is one of the potent chemotaxis
agent for bacteria. By targeting such multipurpose metabolite, rhizobacteria could potentially
alter multiple processes in plants to establish an effective partnership. Paraburkholderia
species were also able to induce a systemic resistance response (ISR) in Broccoli against
the bacterial leaf pathogen Xanthomonas campestris. The causal relationship between the
induced defense response and the induced metabolites remains to be resolved.

Beyond their impact on plant growth and defense, rhizobacteria treatment also showed their
effectiveness in boosting the indigenous level of a number of metabolites with nutritional,
health promoting and pharmaceutical importance. For instance, Pbg-Artemisia significantly
upregulated the abundance of dihydroartemisinin, an antimalarial agent, whereas Pbg and Pf
SS101 boosted several indolic glucosinolates, cancer chemo preventive agents in Broccoli.
Considering the greater impact of rhizobacteria on the host phenotype and chemotype, we
also assessed the impact of a known bacterial trait on plant phenotype and chemistry. Previous
studies that employed genome-wide analysis of PfSS101 followed by mutagenesis and genetic
complementation revealed that sulfur assimilation attested by cysH gene, plays an important
role in the induction of growth and defense in Arabidopsis. Our current study revealed that
the cysH mutation in Pf SS101 affected the chain elongation step of aliphatic glucosinolate
biosynthesis in Arabidopsis whereas in Broccoli, the cysH mutation led to an accumulation
of indolic glucosinolates and flavonoids. These results indicated that sulfur assimilation in
Pf'SS101 modulates shoot metabolism in a plant species specific manner. In the “blind date
experiment” that aimed at finding the right partnership between different rhizobacteria and
host plants, Pbg-Broccoli exhibited an effective partnership that led to significant increase in
shoot biomass and changes in shoot metabolome. To shed light on the bacterial traits that are
altered by the host during their interaction, genome wide transcriptome analysis was carried
out on Pbhg grown in the presence and absence of the host. Among the differently expressed
genes (DEGs) in Pbg, genes involved in flagellar assembly, chemotaxis, and motility together
with nutrient uptake and (an)ion transporter were upregulated in the presence of the host.
Future studies that examine the role of plant root exudates in the modulation of rhizobacteria
gene expression will be instrumental in our quest for understanding architecture of the
chemical continuum between plants and their rhizosphere microbiome.

Integrating in vitro assay, plant phenotyping and plant chemotyping by state-of-the-art
technologies, this thesis provided new insights into the strong influence rhizobacteria and
plants have on each other. The findings of this thesis can potentially feed into the theory
that asserts plant and their microbiome as multipartite entities potentially co-evolving as a
holobiont. Plant breeding strategies and agricultural practices that gear towards steering the
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composition and function of plant microbiomes in such a way to influence plant phenotypic
and chemical traits will be the next frontier in agriculture and will have a profound contribution
for the next green revolution.
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Samenvatting

De co-evolutie tussen planten en microdrganismen gaat meer dan 450 miljoen jaren terug. De
rhizosfeer omvat slechts een paar millimeter grond nauw geassocieerd met en beinvloed door
plantenwortels. Het is rijk in organische stoffen die door de wortels uitgescheiden worden en is
daardoor een hotspot voor microbiéle activiteit en plant-microbe interacties. Deze interacties
kunnen positieve, neutrale of negatieve effecten hebben op plant fitness. Rhizosfeerbacterién
met een positief effect op plantengroei en plantgezondheid worden ook wel aangeduid als
‘plant growth-promoting rhizobacteria (PGPR)’. Recente studies toonden aan dat PGPR ook
de chemie van planten kunnen veranderen, hetgeen kan leiden tot effectieve of ineffectieve
partnerschappen tussen de microben en de plant. Een beter begrip van de chemie in deze
partnerschappen zou daardoor nieuwe mogelijkheden kunnen bieden om plantengroei en
afweer te sturen alsook de productie van waardevolle plant metabolicten. Het doel van dit
proefschrift was om de impact van rhizosfeerbacterién op plant metabolisme te onderzoeken
en hoe veranderingen in dit metabolisme gekoppeld zijn aan plantengroei en afweer.

Diverse combinaties van plantensoorten, waaronder Arabidopsis thaliana (modelplant),
Brassica oleracea var. italica (gewas) en Artemisia annua (medicinale plant), en fylogenetisch
verschillende rhizobacteri€le soorten, waaronder Pseudomonas fluorescens SS101 (PfSS101),
Microbacterium en drie Paraburkholderia-soorten, werden in dit proefschrift gebruikt als
studiemodelsystemen. Metabolomics werd gebruikt om de impact van deze rhizobacterién
op de chemie van de waardplanten te bestuderen. Transcriptoom analyse werd gebruikt
om de impact van de waardplant op de genexpressie in de rhizobacterién te onderzoeken.
Een reeks biotoetsen onthulden specificke fenotypische en chemotypische reacties van
de waardplanten op rhizobacteri€le kolonisatie. Zo zette P. fluorescens (Pf SS101) een
effectief partnerschap op met Arabidopsis en Artemisia, terwijl het in Broccoli leidde tot een
aanzienlijke vermindering van de scheutbiomassa. Evenzo vertoonde P. graminis (Pbg) een
effectief partnerschap met Artemisia en Broccoli, terwijl het partnerschap met Arabidopsis
werd gekenmerkt door groeiachterstand en gelijktijdige accumulatie van stress-gerelateerde
metabolieten in de bladeren. Metabolomics toonde vervolgens aan dat bij ineffectieve
partnerschappen, d.w.z. Pf SS101-Broccoli en Pbg-Arabidopsis, secundaire metabolieten
volgend op de phenylpropanoide route, zoals flavonoiden, anthocyanine en stilbenoiden,
verhoogd aanwezig waren in de scheut. Deze klassen van metabolieten werden onderdrukt
of lieten geen verandering zien in effectieve partnerschappen tussen de rhizobacterién
en de waardplanten. In het bijzonder was accumulatie van flavonoiden geassocieerd met
verminderde plantengroei, hoogstwaarschijnlijk door het transport, de distributie en/of de
omzetting van auxine te verstoren. Deze studie toonde tevens aan dat wortelbehandeling van
verschillende plantensoorten met rhizobacterién 18-78% van de gedetecteerde secundaire
metabolieten van planten in de scheut van de planten veranderde. Het voeden van deze
energie-eisende reacties van planten op rhizobacterién zonder de plantengroei in gevaar te
brengen, vereist een verfijnde metabole regulatie.
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Uit de gecombineerde analyse van primaire en secundaire metabolicten bleek dat behandeling
van planten met rhizobacterién de productie van oplosbare suikers in de scheut van de plant
verhoogde, waarmee de plant mogelijk in staat was om te voldoen aan de hoge vraag naar
energie en koolstof die nodig is voor groei en de productie van secundaire metabolieten.
Fructose bleek een centraal ‘doelwit’ van rhizobacterién in de plant. Planten behandeld met
rhizobacterién vertoonden een meer dan 280-voudige toename in fructose in vergelijking
met niet behandelde planten. Fructose is het primaire substraat voor fructose-6-fosfaat, een
belangrijk substraat voor de biosynthese van fosfo-enolpyruvaat en erytro-4-fosfaat. Deze
twee tussenproducten zijn de pijlers van energie en secundair metabolisme. Bovendien kan
fructose een rol spelen bij chemotaxis door bacterién. Door zich te richten op een dergelijke
multifunctionele metaboliet, kunnen rhizobacterién mogelijk meerdere processen in planten
veranderen om een effectief partnerschap tot stand te brengen. Paraburkholderia-soorten
waren ook in staat om in Broccoli een systemische resistentie-respons (ISR) op te wekken
tegen het bacteriéle bladpathogeen Xanthomonas campestris. Het causale verband tussen
de geinduceerde afweerreactie en de geinduceerde metabolieten moet nog verder worden
onderzocht.

Naast hun impact op de groei en afweer van planten, toonde de behandeling met rhizobacterién
ook hun doeltreffendheid bij het stimuleren van de concentraties van een aantal metabolieten
met voedings-, gezondheidsbevorderende en farmaceutische betekenis. Zo reguleerde Pbg-
Artemisia de overvloed aan dihydro-artemisinine, een antimalaria-middel, aanzienlijk,
terwijl Pbg en Pf SS101 verschillende indolische glucosinolaten, kankerchemo-preventieve
middelen in Broccoli, stimuleerden. Gezien de grotere impact van rhizobacterién op het
fenotype en chemotype van de waardplant, hebben we ook de impact van een bekende
bacteriéle eigenschap op het fenotype en de chemie van planten bestudeerd. Eerdere studies
die gebruik maakten van genoom-brede analyse van Pf SS101 gevolgd door mutagenese
en genetische complementatie, toonden aan dat assimilatie van zwavel gereguleerd door
het cysH-gen, een belangrijke rol speelt bij de inductie van groei en afweer in Arabidopsis.
Onze huidige studie toonde aan dat de cysH-mutatie in P/ SS101 de ketenverlenging van
de alifatische glucosinolaten in Arabidopsis beinvloedde, terwijl bij Broccoli de cysH-
mutatie leidde tot een accumulatie van indolische glucosinolaten en flavonoiden. Deze
resultaten gaven aan dat zwavelassimilatie in P/ SS101 het metabolisme van de scheut op
een plantensoort-specificke manier moduleert.

In het “blind date experiment” dat gericht was op het vinden van het juiste partnerschap
tussen verschillende rhizobacterién en waardplanten, vertoonde Pbg-Broccoli een effectief
partnerschap dat leidde tot een significante toename van scheutbiomassa en veranderingen
in het metaboloom. Om licht te werpen op de bacteriéle eigenschappen die door de
gastheer tijdens hun interactie werden geactiveerd of onderdrukt, werd een genoom-brede
transcriptoom-analyse uitgevoerd op Pbg die was gekweekt in aan- en afwezigheid van de
waardplant. Onder de verschillend tot expressie gebrachte genen (DEG’s) in Pbg, waren
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genen die betrokken zijn bij flagellaire assemblage, chemotaxis en beweeglijkheid alsook
genen geassocieerd met opname van voedingsstoffen en (een) ionentransporter. Toekomstige
studies naar de rol van exudaten van plantenwortels in de modulatie van genexpressie van
rhizobacterién zullen nodig zijn voor een beter begrip van de architectuur van het chemische
continuiim tussen planten en hun microbioom.

Dit proefschrift integreerde biotoetsen, fenotypering en chemotypering van planten door
middel van de allernieuwste technologieén en leverde nieuwe inzichten op ten aanzien van
de invloed die rhizobacterién en planten op elkaar hebben. De bevindingen in dit proefschrift
kunnen bijdragen aan de theorie die plant en hun microbioom ziet als multi-partiete entiteiten
die samen evolueren als holobiont. Plantenveredelingsstrategieén en landbouwpraktijken die
erop gericht zijn de samenstelling en functie van plantenmicrobiomen zodanig te sturen dat
ze fenotypische en chemische eigenschappen van planten beinvloeden, zullen de volgende
uitdaging worden en een diepgaande bijdrage kunnen leveren aan de volgende groene
revolutie.
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