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Chapter 1 | Introduction

Beneficial rhizobacteria in and around plant roots

Soil harbors the greatest bacterial diversity on earth, with 10 prokaryotes per cm? (Torsvik
et al., 2002). In the early 1900s, Hiltner observed that microbial communities close to plant
roots are more numerous and less diverse than communities in soil farther away from roots. He
assumed that the increased number of micro-organisms was due to nutrient secretion by the
plant and termed it ‘the rhizosphere effect’ (Hiltner, 1904). Since then, the rhizosphere has been
defined as the soil around plant roots influenced by the root and its exudates, whereas the rest
of the soil is referred to as bulk soil (Figure 1) (Prashar et al., 2013). Both soil type (Fierer and
Jackson, 2006; Bulgarelli et al., 2012; Lundberg et al., 2012; Schlaeppi et al., 2014) and root exu-
dates have been shown to affect the community composition of the rhizosphere microbiome
(for examples see (Haichar et al., 2008; Badri et al., 2009; Micallef et al., 2009b; a)).

Root exudates include sugars, amino acids, organic acids, fatty acids, phenolics, enzymes, and
flavonoids (Chaparro et al., 2013). The bacteria in the rhizosphere, the rhizobacteria, depend on
their ability to move towards these plant-derived carbon sources to thrive (for more on chemo-

Plants provide nutrients and select
bacteria via the secretion of root exudates

Bacteria affect plant growth and
root exudate composition

Bacteria compete with
pathogens for space and nutrients

o
g
g
Q

Bulk soil

Figure 1 A plant and the bacteria in its rhizosphere influence each other. The rhizosphere, the thin
layer of soil around plant roots that is affected by root exudates, harbors a more numerous and less diverse
microbial community than bulk soil. Plants influence the composition of this rhizosphere microbiome via
their root exudates, although the strength of this effect varies between studies. In return, bacteria affect
plant growth and root exudate composition. In addition, they compete with pathogens for both space and
nutrients. An even more select group of bacteria is found within the root. The selection of these so-called
endophytes is probably mediated by the plant immune system.



taxis see (Vande Broek et al., 1998; Weert et al., 2002)) and to use them and other root-derived
rhizodeposits, such as sloughed-off root cells or lysates, as energy sources (Jones et al., 2004;
Singh et al., 2004; Dennis et al., 2010). In turn, several microbes within the rhizosphere have
been shown to modify root exudate composition (Heulin et al., 1987; Phillips et al., 2004; Matilla
et al., 2009; Dardanelli et al., 2010). The endophytic bacterial community, the group of bacteria
within a plant’s root system, is even less diverse than the rhizosphere community (Micallef et al.,
2009a; Bulgarelli et al., 2012; Lundberg et al., 2012). The decreased bacterial diversity within the
root is likely mediated by the plant immune system (Jones and Dangl, 2006), as mutant plants
defective in multiple phytohormone signaling pathways have distinct endophytic microbial
communities compared to wild-type plants (Lebeis et al., 2015).

Interestingly, certain beneficial rhizobacteria enhance shoot growth (Ryu et al., 2003; Carval-
hais et al., 2013), for example by increasing nutrient availability (Ferguson and Mathesius, 2014;
Soyano et al., 2014), or by increasing the root exploratory capacity by modifying root system
architecture (Sukumar et al., 2013; Vacheron et al., 2013; Zamioudis et al., 2013). Some benefi-
cial rhizobacteria positively affect plant fitness by competing with pathogens (Lugtenberg and
Kamilova, 2009; Pérez-Montafo et al., 2014) or inducing systemic resistance (ISR) to pathogen
attack (reviewed in (Pieterse et al., 2014)) (Figure 1).

The Arabidopsis root

The effect of root colonization by beneficial microbes on plant fitness has been studied inten-
sively in the model plant Arabidopsis thaliana (Arabidopsis). The Arabidopsis root consists of a
primary root with lateral roots. The outermost cell layer is called the epidermis, followed by the
cortex, the endodermis and the vasculature (Figure 2A). The root tip is protected by a group of
gravity-sensing cells called the root cap (Figure 2A-B), which deposits mucilage, cell debris and
whole cells into the rhizosphere as the root grows (Kumpf and Nowack, 2015).

Root cells are created in the stem cell niche in the meristematic zone of the root, which is
established during embryogenesis (Scheres et al., 1994). The stem cell niche within this zone
contains the progenitor cells that give rise to the root cell types (Verbelen et al., 2006). A qui-
escent center located at the center of the niche consists of four rarely-dividing cells (Dolan et
al., 1993) that repress differentiation of the surrounding initials, or stem cells (van den Berg
et al., 1997). There are initials for each cell type: columella, lateral root cap/epidermis, cortex/
endodermis, and stele or vasculature initials (Dolan et al., 1993; Van den Berg et al., 1995). Upon
exiting the meristematic zone, cells elongate up to 300% within three hours in the elongation
zone (Figure 2B) (Verbelen et al., 2006). Finally, they acquire their mature characteristics in the
differentiation zone. The differentiation zone can be distinguished by the emergence of root
hairs from trichoblasts; specialized epidermal cells overlying two cortical cells. Epidermal cells
overlying one cortical cell, the atrichoblasts, do not form root hairs (Dolan et al., 1994; Galway et
al., 1994). Another defining feature of the differentiation zone is the formation of the Casparian
strip: a waxy cell wall thickening around endodermal cells that forms a protective barrier (Cas-
pary, 1865; Geldner, 2013).

Lateral roots develop from differentiated parts of the primary root in a process that has been
elegantly studied by several groups (Dubrovsky et al., 2006; Péret et al., 2009; Benkové and
Bielach, 2010; Van Norman et al., 2013). Lateral root development starts in the pericycle, the
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Figure 2 Arabidopsis root development. A) Above: a transverse section of a mature part of an Arabidopsis
root showing the vasculature (light blue), surrounded by the endodermis (yellow), the cortex (blue), and the
two cell types in the epidermis: the trichoblasts (dark purple) and the atrichoblasts (light purple). Below: a
longitudinal section of the root meristem, where new cells are generated. The quiescent center (white) is
surrounded by stem cells: the cortex/endodermal initial (green), the epidermal/lateral root cap initial (vio-
let), the columella initials (pink) and the vasculature initials. The root cap (red) and columella (orange) form
the outer layer of the root tip. B) The Arabidopsis root consists of three developmental zones: the meristem-
atic zone, where the stem cell niche and rapidly dividing cells are located; the elongation zone, where cells
increase in length; and the differentiation zone, where cell types acquire their unique features. C) The tran-
sition from proliferation to differentiation over the length of the root is controlled by several mechanisms.
In the root tip, the high concentration of auxin induces division and inhibits differentiation. SCARECROW
(SCR) inhibits differentiation within the quiescent center specifically by inhibiting the cytokinin response.
More shootward, the decreasing concentration of auxin ultimately results in a balance between auxin and
cytokinin that favors differentiation.The antagonistic action of hydrogen peroxide (H,0,) and superoxide
(O,) is involved in determining the transition point between division and differentiation independent of
auxin and cytokinin.

cell layer in the vasculature neighboring the endodermis. Pairs of cells in the pericycle, called
lateral root founder cells, must first become competent to form a lateral root. These lateral root
founder cells are activated, divide multiple times and differentiate to form the lateral root pri-
mordia (Malamy and Benfey, 1997). As the cells within the lateral root primordia continue to
divide, the endodermal cells overlying the lateral root primordia separate, change shape and
form small holes in the Casparian strip to accommodate the emerging lateral root (Laskowski et
al., 2006; Vermeer et al., 2014). Further divisions and differentiation of the lateral root cells after
emergence from the primary root ultimately results in a lateral root anatomy that is identical to
the anatomy of the primary root, including a meristematic zone that controls the lateral root’s
growth rate (Malamy and Benfey, 1997).

10



Control of root development

The transition from cell division to differentiation along the longitudinal axis of the Arabidopsis
root is controlled by the plant hormones auxin and cytokinin and by reactive oxygen species
(ROS) (Figure 2C). The plant hormone auxin forms a gradient along the root with a maximum
within the stem cell niche. This maximum is required for positioning and maintenance of the
niche (Aida et al., 2004; Galinha et al., 2007; Grieneisen et al., 2007). The transcription factors
SHORTROOT (SHR) and SCARECROW (SCR) are also required to maintain stem cell niche identity
(Benfey et al., 1993; Scheres et al., 1995; Aida et al., 2004). SHR activates SCR expression (Nakaji-
ma et al., 2001). SCR inhibits differentiation and maintains the identity of the surrounding stem
cells in the quiescent center (Sabatini et al., 2003) by suppressing cytokinin perception (Mou-
bayidin et al., 2013). More shootward in the root, the suppression of cytokinin perception is
relieved. Cytokinin then reduces the expression of auxin efflux transport proteins, which leads
to auxin redistribution and induces differentiation (Dello loio et al., 2008).

ROS regulate the transition from proliferation to differentiation independent of auxin and
cytokinin (Schmidt and Schippers, 2015). Two transcription factors, UPBEAT1 and MYB36, have
been found to regulate reactive oxygen homeostasis (Tsukagoshi et al., 2010; Liberman et al.,
2015). Repression of certain peroxidases shootward from the elongation zone increases hydro-
gen peroxide (H,0,) levels and decreases superoxide (O,-) levels, resulting in differentiation.
ROS potentially enhance differentiation by stopping the cell cycle and modifying cell walls to
allow for cell expansion (Tsukagoshi et al., 2010).

Cytokinin and auxin also function antagonistically during lateral root development. An aux-
in response is activated in the pericycle founder cells before the first division (Benkova et al.,
2003). Downstream targets of auxin prevent clustering of lateral root competence sites and are
essential for subsequent lateral root emergence (Hofhuis et al., 2013). Cytokinin, on the other
hand, inhibits lateral root formation (Li et al., 2006; Laplaze et al., 2007; Bielach et al., 2012). Until
recently, it was thought that an auxin maximum in the lateral root founder cells dictates lateral
root formation (Péret et al., 2009). Recently, it was shown that competence to form a lateral root
isinduced by periodic gene oscillations that appear to be induced by periodic programmed cell
death in the root cap (Moreno-Risueno et al., 2010; Xuan et al., 2015, 2016).

Effects of rhizobacteria on root structure

Beneficial microbes generally change Arabidopsis root system architecture by inhibiting pri-
mary root growth and increasing the formation of lateral roots and root hairs (Figure 3) (Per-
sello-Cartieaux et al., 2001; Ryu et al., 2005), although an increase in primary root growth has
also been observed (Liu et al., 2012; Schenk et al., 2012).

The beneficial rhizobacteria Pseudomonas simiae WCS417 (WCS417) and Bacillus megateri-
um UMCV1 decrease primary root length by reducing cell elongation in the elongation zone
(Lopez-Bucio et al., 2007; Zamioudis et al., 2013). Possibly as a result of early differentiation, root
hairs emerge closer to the root tip in roots colonized by rhizobacteria (L6pez-Bucio et al., 2007).
In addition, WCS417 increases root hair density and length. The density is increased because of
a greater number of cortical cells around the radial axis in WCS417-treated roots, resulting in
an increased number of trichoblast. (Zamioudis et al., 2013). WCS417 and B. megaterium UMCV1
increase the number of both lateral root primordia and lateral roots (Lopez-Bucio et al., 2007;
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Zamioudis et al., 2013). The induction of lateral root formation and shoot growth can take place
without primary root growth inhibition: volatile organic compounds produced by WCS417
stimulate lateral root formation, but do not inhibit primary root growth (Zamioudis et al., 2013).

The question remains how rhizobacteria induce the changes in root growth. The root system
architecture changes induced by several rhizobacterial species and isolates have been shown
to correlate with the amount of auxin produced by the rhizobacteria (Asghar et al., 2002; Khalid
etal., 2004; Remans et al., 2007; Lim and Kim, 2009; Spaepen et al., 2014). In case of WCS417, the
induction of lateral root outgrowth after exposure to WCS417 is accompanied by an increase in
auxin-response maxima along the root and is dependent on auxin perception and transport in
the plant (Zamioudis et al., 2013). The response to B. megaterium is accompanied by a decreased
auxin response in the primary root tip as measured with the auxin-responsive marker construct
DR5:uidA (Lépez-Bucio et al., 2007).

Although a functional auxin response within the plant is essential for several of the effects
of WCS417 on root development, WCS417 does not synthesize auxin (Zamioudis et al., 2013).
Instead, it might produce an auxin mimic, as has been shown for the pathogenic bacterium P.
aeruginosa (Ortiz-Castro et al., 2011). Alternatively, bacterial quorum sensing molecules may be
involved. Quorum sensing is the process by which bacteria assess the population density to co-
ordinate behavior like virulence or biofilm formation. Diketopiperazines (DKPs) are compounds
produced by many bacterial species that are involved in quorum sensing. DKPs have a planar
structure containing a heterocyclic system also found in auxin. Possibly because of this struc-
tural similarity, DKPs activate auxin-inducible gene expression, potentially by binding to the
auxin receptor itself (Ortiz-Castro et al., 2011). The auxin-responsive genes activated by DKPs
induce lateral root growth but do not inhibit primary root growth (Ortiz-Castro et al., 2011).
Indole, a compound used by bacteria for a wide range of functions, such as biofilm formation
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and virulence, enhances lateral root primordium development. Polar auxin transport is required
for this effect but is not influenced by indole application. Moreover, although indole can be
converted into auxin it does not significantly change auxin levels within the plant and impedes
the ability of plants to respond to exogenous auxin. This suggests that indole is converted into
an auxin antagonist within the plant (Bailly et al., 2014).

N-acyl-homoserine lactones (AHLs) are a group of quorum sensing molecules that influence
root development independent of auxin. AHLs possibly induce lateral root growth and inhibit
primary root growth by modifying the cytokinin response instead of the auxin response (Or-
tiz-Castro et al., 2008). The virulence factor pyocyanin (PCN), whose synthesis by P. aerugino-
sa is regulated by quorum sensing, induces root phenotypic changes independent of either
auxin or cytokinin. This molecule may affect root development by manipulating ethylene levels,
subsequently resulting in enhanced reactive oxygen species levels (Ortiz-Castro et al., 2014).
B. megaterium affects root system architecture independent of either auxin or ethylene by an
unknown mechanism (Lépez-Bucio et al., 2007).

In summary, rhizobacteria generally decrease primary root growth and increase the number
of lateral roots. These changes are often accompanied by changes in auxin and cytokinin trans-
port or levels within the plant, but effects on ethylene levels have also been observed. While
several beneficial rhizobacteria have been shown to produce these hormones themselves, mol-
ecules involved in essential bacterial processes, such as quorum sensing, can also function as
phytohormone mimics or indirectly influence plant phytohormone homeostasis.

Rhizobacteria-induced plant resistance to disease

Apart from affecting root growth, some beneficial microbes in the rhizosphere induce
resistance against pathogen attack. The molecular basis of ISR has been extensively studied in
the Arabidopsis root colonized by WCS417 (Van der Ent et al., 2008; Zamioudis et al., 2014, 2015;
Stringlis et al., 2018b). The plant hormones jasmonic acid and ethylene are required for the
WCS417-induced resistance phenotype, but their synthesis is not directly increased in response
to WCS417 root colonization. Instead, the plants are primed for a faster and stronger expression
of cellular defense responses after pathogen attack (Pieterse et al., 2014).

MYB72 is among the genes that are induced in Arabidopsis roots colonized by WCS417 and
is one of the genes known to be required for WCS417-mediated ISR (Verhagen et al., 2004;
Van der Ent et al., 2008). Interestingly, other resistance-inducing beneficial microbes, such as
Pseudomonas capeferrum WCS358, Trichoderma harzianum T-78, and Trichoderma asperellum
T-34, also trigger MYB72 expression in Arabidopsis (Zamioudis et al., 2015; Martinez-Medina et
al., 2017). MYB72 is also a known player in the response of Arabidopsis to iron (Fe) deficiency
(Palmer et al., 2013). In fact, not only MYB72, but 20% of the genes activated in Arabidopsis roots
upon colonization by WCS417 is also induced under low Fe conditions (Zamioudis et al., 2015).

The plant Fe deficiency response

Fe is an essential element for most organisms because it functions as the catalytic component
of enzymes that mediate redox reactions in key cellular processes, such as DNA replication. Fe
can fulfill this role because it can exist in both its ferric (Fe3**) and its ferrous (Fe?*) form. While
Fe is abundantly present in the Earth’s crust, its bioavailability is limited because Fe is mainly
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present as ferric oxide, which is poorly soluble at neutral and high pH (Balk and Schaedler, 2014;
Connorton et al., 2017). In addition to Fe starvation, Fe excess is also not desirable, as it leads to
the formation of hydroxyl radicals via the so-called Fenton reaction (Fenton, 1894; Haber and
Weiss, 1934), which can cause damage to proteins, DNA and lipids (Luo et al., 1994). Therefore,
most organisms, including plants, have evolved sophisticated mechanisms that tightly regulate
Fe uptake, efflux, and storage.

In low Fe conditions, plant roots initiate several root surface-enlarging morphological
changes, such as increased root branching and root hair formation (Schmidt, 1999; Jin et
al., 2008). The shoot induces the activation of the Fe deficiency response in the root when it
requires more Fe (Vert et al., 2003). In Arabidopsis, a member of the oligopeptide (OPT) family
of peptide transporters, OPT3, is required for the shoot-to-root signaling of Fe status, possibly
because it can load Fe into leaf phloem (Stacey et al., 2008; Mendoza-Cdzatl et al., 2014; Zhai et
al., 2014; Khan et al., 2018). In addition, the expression of the IRON MAN family of peptides in
plant shoots is believed to be required for the activation of the Fe deficiency response in the
root (Grillet et al., 2018).

The Fe deficiency responses of non-grass and grass plant species are distinct and are known
as Strategy | and Strategy ll, respectively (Figure 4) (Rémheld, 1987). The molecular mechanisms
underlying both responses have been thoroughly described in a number of excellent reviews
(Guerinot and Ying, 1994; Walker and Connolly, 2008; Palmer and Guerinot, 2009; lvanov et
al., 2012; Kobayashi and Nishizawa, 2012; Darbani et al., 2013), so we only highlight the main
characteristics here. Non-grass plants, including Arabidopsis, increase solubility of Fe3* in the
soil by lowering rhizosphere pH via the secretion of protons by the H*-ATPase AHA2 (Santi
and Schmidt, 2009). Solubilized Fe®* is subsequently reduced to Fe* by the plasma membrane
protein FERRIC REDUCTION OXIDASE2 (FRO2). Fe?*is transported into the root epidermis via the
high-affinity IRON-REGULATED TRANSPORTER1 (IRT1) (Eide et al., 1996; Robinson et al., 1999).

Grass plants, such as maize and wheat, use an Fe chelation-based strategy to mobilize and
acquire Fe under Fe-limiting conditions. These so-called Strategy Il plants convert methionine
via nicotianamine (NA) into phytosiderophores (Ohata et al., 1993; Bashir and Nishizawa, 2006).
Phytosiderophores are released into the rhizosphere by the TRANSPORTER OF MUGINEIC ACID1
(TOM1) (Nozoye et al., 2011). After binding Fe in the rhizosphere, the phytosiderophores are
taken up by the plant via specific transporters, such as YELLOW STRIPE1 (YS1) or the YS1-like
(YSL) (Curie et al., 2001; Inoue et al., 2009; Kobayashi and Nishizawa, 2012).

Molecular regulation of Fe homeostasis in Arabidopsis

The molecular regulation of Strategy | has been elucidated in Arabidopsis in detail (Figure 4).
The basic helix-loop-helix (bHLH) transcription factor FER-LIKE IRON DEFICIENCY INDUCED
TRANSCRIPTION FACTOR (FIT) emerged as the central regulator of the response (Colangelo and
Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005). Upon Fe deprivation, FIT is activated at
the transcriptional and post-translational level, after which it interacts with other members of
the bHLH transcription factor family (bHLH38/39/100/101) (Yuan et al., 2008; Sivitz et al., 2012;
Wang et al., 2013) to activate downstream Fe uptake genes, such as FRO2 and IRT1 (Colangelo
and Guerinot, 2004; Ivanov et al., 2012). Independent of FIT, another bHLH transcription factor
called POPEYE (PYE) is upregulated upon Fe deficiency. Like FIT, PYE interacts with other bHLH
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Figure 4 Fe uptake strategies by non-grass plants (Strategy I) and grass plants (Strategy Il). Un-
der Fe-limiting conditions, Strategy | plants (left) upregulate transcription of the basic helix-loop-helix
(bHLH) transcription factor gene FER-LIKE IRON DEFICIENCY INDUCED TRANSCRIPTION FACTOR (FIT). FIT
interacts with other bHLH proteins to enhance the expression of FERRIC REDUCTION OXIDASE 2 (FRO2), IRON-
REGULATED TRANSPORTER 1 (IRT1) and MYB72. FRO2 and IRT1 localize to the plasma membrane. FRO2
reduces Fe** to Fe?, which is transported into the root epidermis by IRT1. The bHLH transcription factor
gene POPEYE (PYE) is also upregulated upon Fe deficiency. PYE interacts with PYE-LIKE (PYEL) bHLHs, aid-
ing Fe homeostasis through an as yet unknown mechanism. PYE and PYEL are negatively regulated by
BRUTUS (BTS). Fe availability is enhanced by secretion of protons via the Arabidopsis H*-ATPase 2 (AHA2)
and the release of Fe-mobilizing phenolic compounds. This latter process is mediated by the transcription
factor MYB72, the coumarin biosynthesis protein FERULOYL-COA 6’'HYDROXYLASE 1 (F6'H1), the glucose
hydroxylase 3-GLUCOSIDASE 42 (BGLU42), and the ABC transporter PLEIOTROPIC DRUG RESISTANCE
9 (PDR9). In Strategy Il plants, Fe deficiency induces the biosynthesis of the iron scavenger nicotianam-
ine (NA) from its precursor methionine after which Fe-chelating phytosiderophores are produced by NA
AMINOTRANSFERASE (NAAT) and DEOXYMUGENEIC ACID SYNTHASE (DMAS). Phytosiderophores are
released into the rhizosphere by the TRANSPORTER OF MUGINEIC ACID 1 (TOM1). After binding Fe** in
the rhizosphere, the complexes are transported back into the root by specific transporters, including
YELLOW STRIPE 1 (YS1) and YS-like (YSL). Solid lines indicate established interactions; dashed lines indicate
hypothetical interactions. White arrows indicate transcriptional activation.

transcription factors, such as PYE-like (PYEL), to function in the regulation of Fe homeostasis
(Long et al., 2010). PYE and PYEL are negatively regulated by the E3 ubiquitin-protein ligase
BRUTUS (BTS) (Selote et al., 2015). Both pye and fit mutants of Arabidopsis become chlorotic
under Fe-limiting conditions (Colangelo and Guerinot, 2004; Long et al., 2010), suggesting that
both networks are necessary alongside each other to fine-tune Fe uptake in Strategy | plants.
In addition to FRO2 and IRTT, FIT upregulates the transcription factor-encoding genes MYB72
and MYB10 (Palmer et al., 2013). Together, MYB72 and MYB10 induce the production of the Fe
scavenger NA by upregulating the NA synthase gene NAS4 (Palmer et al., 2013). NA is important
for plant survival in alkaline soil where Fe availability is greatly restricted. Possibly, NA plays a
role in the distribution of Fe within the plant via the transporter YELLOW STRIPE-LIKE2 (YSL2)
(DiDonato et al., 2004; Koen et al., 2013). In addition to its role in NA synthesis, MYB72 controls a
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gene module that regulates the biosynthesis and secretion of a specific subclass of fluorescent
phenylpropanoids that belongs to the coumarin family (Zamioudis et al., 2014). This is fitting
for a MYB transcription factor, as MYB transcription factors are known to be central regulators in
the biosynthesis of Fe-mobilizing phenylpropanoid-derived phenolic compounds (Dubos et al.,
2010; Liu et al., 2015). Coumarins are essential for Fe uptake by Arabidopsis (Schmidt et al., 2014)
and are synthesized via FERULOYL-COA 6’-HYDROXYLASE1 (F6’'H1) in the phenylpropanoid
pathway (Rodriguez-Celma et al., 2013; Schmid et al., 2014). Downstream of MYB72 the glucose
hydrolase activity of B-GLUCOSIDASE42 (BGLU42) is involved in processing the fluorescent
phenolic compounds to enable their secretion into the rhizosphere (Zamioudis et al., 2014).
This function corroborates the general role of B-glucosidases in chemical destabilization and
release of stress-induced secondary metabolites (Morant et al., 2008). Finally, coumarins are
secreted into the rhizosphere by the Fe deficiency-regulated ABC transporter PLEIOTROPIC
DRUG RESISTANCEY (PDR9) (Rodriguez-Celma et al., 2013; Fourcroy et al., 2014). Upon release
in the rhizosphere, coumarins can chelate and mobilize Fe3* and make it available for reduction
and uptake by the roots (Schmid et al., 2014; Fourcroy et al., 2016).

Once Fe is taken up, its transport and storage is regulated by Fe transporters called NATURAL
RESISTANCE-ASSOCIATED MACROPHAGE PROTEINS (NRAMPs) (Curie etal., 2000) and Fe storage
proteins called FERRITINS (Theil, 1987; Briat et al., 2010). NRAMPs coordinate Fe distribution
across the cell (Curie et al., 2000) and organize Fe transport out of vacuoles (Lanquar et al.,
2005). FERRITINS play an important role in averting oxidative stress by storing it away from
other molecules with which it can react. Moreover, prior to storage, FERRITINS convert Fe to its
non-reactive ferric form, which ensures that the phytotoxic Fenton reaction with oxygen will
not occur (Laulhere and Briat, 1993; Deék et al., 1999). Fe-bound FERRITINS are mostly located
in chloroplasts and mitochondria (Nouet et al., 2011).

Hormonal regulation of the Arabidopsis Fe deficiency response

The plant hormones auxin, ethylene, cytokinin and gibberellic acid are important regulators
of the Fe deficiency response (Hindt and Guerinot, 2012; Shen et al., 2016; Wild et al., 2016).
Ethylene and gibberellic acid increase FRO2 and IRT1 expression in the root epidermis (Romera
etal., 1999; Garcia et al., 2010; Wild et al., 2016). Furthermore, ethylene and auxin stimulate the
accumulation of nitric oxide in Fe-deficient roots. Both ethylene and the accumulated nitric
oxide result in stabilization of FIT and enhanced Fe uptake (Meiser et al., 2011; Romera et al.,
2011).In addition to stimulating the accumulation of nitric oxide, auxin stimulates formation and
elongation of lateral roots, enabling the plant to take up more Fe (Giehl et al., 2012). Cytokinin,
in contrast, decreases root growth and suppresses genes involved in the Fe deficiency response
(Séguéla et al., 2008).

The major plant defense hormones salicylic acid and jasmonic acid also influence Fe
acquisition. Salicylic acid affects auxin and ethylene signaling, thereby positively affecting the
expression of the Fe uptake genes FRO2 and IRT1 (Shen et al., 2016). Jasmonic acid negatively
affects Fe acquisition by downregulating FRO2 and IRT1 in a FIT-independent manner (Maurer
etal, 2011). Considering that salicylic acid, jasmonic acid, ethylene and auxin play key roles in
the regulation of the plant immune signaling network (Pieterse et al., 2012), the fact that these
hormones also affect Fe uptake responses in plant roots pinpoints a potentially important link
between Fe homeostasis and immunity.
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Activation of the Fe deficiency response is essential for triggering ISR and affects the
composition of the rhizosphere microbiome

WCS417 colonization of the root induces activation of several genes involved in Fe homeostasis
(Figure 5) (Zamioudis et al., 2015). The activation of a subset of these genes is essential for
WCS417-induced systemic resistance: knockout mutants of either MYB72 or BGLU42 do not
become resistant upon root colonization by WCS417 or T. asperellumT-34 (Van der Ent et al., 2008;
Segarra et al., 2009; Zamioudis et al., 2014). Moreover, overexpression of BGLU42 confers a broad-
spectrum resistance to P. syringae pv. tomato, B. cinerea, and Hyaloperonospora arabidopsidis
(Zamioudis et al., 2014). Thus, the expression of BGLU42 is essential for Fe deficiency-induced
secretion of phenolic compounds and sufficient for the induction of systemic resistance.
It is therefore tempting to speculate that the fluorescent phenolic compounds produced in
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Figure 5 The induction of the Fe deficiency response by Arabidopsis in response to WCS417 might
aid WCS417 by exerting antimicrobial effects on other micro-organisms. Schematic representation of
root-specific molecular changes triggered by WCS417 and Trichoderma. Colonization of the root by these
microbes activates the transcription factor gene MYB72 and the Fe-uptake genes FRO2 and IRT1 in a FIT-
dependent manner. MYB72 regulates the biosynthesis of fluorescent phenolic compounds, which are
prepared for secretion into the rhizosphere by the glucose hydrolase BGLU42 and are secreted into the
rhizosphere by the ABC transporter PDR9. The antimicrobial activity of some phenolic compounds may play
a role in shaping the rhizosphere microbial community. BGLU42 is required for WCS417-induced systemic
resistance. When overexpressed, it confers resistance against a broad spectrum of plant pathogens. Hence,
MYB72-dependent BGLU42 activity in roots is speculated to play a role in the generation of a signal that is
transported throughout the plant to induce resistance. In the rhizosphere, the fluorescent phenolic com-
pounds chelate and mobilize Fe3* and make it available for reduction and uptake by the root. Solid lines
indicate established processes; dashed lines represent predicted processes. Black arrows indicate a positive
effect; white arrows indicate transcriptional activation. Black objects represent beneficial soil microbes, red

objects represent pathogenic microbes.
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a MYB72-dependent manner and metabolized by the glucose hydrolase activity of BGLU42,
function as long-distance signals inducing systemic resistance. Interestingly, similar phenolic
compounds are produced in response to root colonization by the plant growth-promoting
rhizobacteria P. fluorescens SS101 and Paenibacillus polymyxa BFKCO1 (van de Mortel et al.,
2012; Zhou et al., 2016). Activation of the Fe deficiency response in combination with inducing
systemic resistance is not specific to WCS417, as Bacillus subtilis GBO3 and Trichoderma spp. also
induce systemic resistance and activate the expression of FIT, IRT1, and FRO2 (Ryu et al., 2004;
Zhang et al., 2009; Zamioudis et al., 2015; Martinez-Medina et al., 2017).

Several of the phenylpropanoid-derived metabolites secreted in response to both WCS417
and Fe starvation have antimicrobial properties (Shimizu et al., 2000; Dixon, 2001; Kai et al.,
2006; El Oirdi et al., 2010; Vogt, 2010; Sun et al., 2014). The coumarin phytoalexin scopoletin is
the major MYB72- and BGLU42-dependent root metabolite (Stringlis et al., 2018a). Scopoletin
has antimicrobial effects on the soil-borne fungal pathogens Fusarium oxysporum and
Verticillium dahliae, but has little effect on WCS417 (Stringlis et al., 2018a). Thus, the secretion of
this compound seems to select those bacteria that induce growth and systemic resistance.

The selection of specific beneficial rhizobacteria is also observed in the rhizosphere of
Fe-stressed red clover plants, which is enriched for siderophore-producing microbes that
might help the plant take up Fe (Jin et al., 2010). Microbial siderophores are Fe-chelating low
molecular weight organic compounds (500-1500 KDa) that are produced and secreted under
Fe-limiting conditions (Miethke and Marahiel, 2007). After chelating Fe in the soil, the Fe-
siderophore complexes are recognized and taken up by specific receptors on the microbes and
their associated siderophore transporters (Loper and Buyer, 1991; Miethke and Marahiel, 2007;
Haas et al., 2008; Berendsen et al., 2015). The presence of siderophore-producing microbes
could benefit the plant because Fe bound to microbe-secreted siderophores can in some cases
be utilized by plants (Duijff et al., 1994; Chen et al., 1998; Yehuda et al., 2000; Vansuyt et al., 2007;
Radzki et al., 2013). Altogether, a picture emerges in which plants create favorable conditions
for beneficial microbes in their rhizosphere.

Fe availability affects pathogen virulence

Apart from supplying plants with Fe, the production of high-affinity siderophores by beneficial
rhizobacteria can outcompete soil-borne pathogens by depriving them of Fe in the rhizosphere
(Figure 6A) (Lemanceau et al., 2009). Low plant iron status can similarly decrease pathogen
virulence: the bacterial pathogen D. dadantii and the necrotrophic fungus Botrytis cinerea are
less virulent on Fe-starved Arabidopsis plants due to Fe deprivation (Figure 6B) (Kieu et al.,
2012). This dependency on Fe explains why the virulence of several plant pathogens depends
on their capacity to secrete siderophores or to take up Fe via other systems (Dellagi et al., 2005;
Franza et al., 2005; Oide et al., 2006; Mei et al., 1993; Eichhorn et al., 2006).

In some cases, low plant Fe levels correlate with higher susceptibility to pathogens. For
example, the soil-borne fungal pathogen V. dahliae and the maize pathogen Colletotrichum
graminicola cause more disease symptoms in Fe-starved than Fe-sufficient plants (Krikun and
Frank, 1975; Barash et al., 1988; Macur et al., 1991; Ye et al., 2014). This effect might be due to
Fe-deprived plants mounting a weaker oxidative burst at the site of pathogen infection (Figure
6B) (Ye et al., 2014). In addition, Fe-deficient plants may be more susceptible to pathogen
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Figure 6 Effects of Fe availability on the virulence of pathogenic microbes. A) In soil, bacteria and fungi
compete for available Fe (gray circles) by secreting Fe-chelating siderophores. Once the siderophores have
bound Fe (Fe-siderophore), they can be taken up upon recognition by specific receptors. By producing
siderophores with high Fe affinity, beneficial microbes can outcompete pathogenic microbes that produce
siderophores with a lower Fe affinity. B) Fe availability influences the interaction between plants and foliar
pathogens. The plant pathogens Dickeya dadantii and Ustilago maydis cause more disease on plants grown
under Fe-sufficient conditions (top panel) than on plants grown under Fe-deficient conditions (bottom
panel), because their virulence requires sufficient Fe uptake. In contrast, high Fe availability in the host can
favor the development of an oxidative burst (symbolized by the size of 'H,0,), thereby increasing defense
against pathogens such as Colletotrichum graminicola. Solid lines and arrows indicate stronger activity of
the indicated process than do dotted lines and arrows. Black, red, and green objects and arrows indicate
beneficial microbes, pathogens, or plants and their processes, respectively.

attack because Fe-starvation induces pathogens to produce more toxic compounds. For
example, the production of the virulence factor exotoxin by the opportunistic human pathogen
Pseudomonas aeruginosa is dependent on the secretion of the Fe-starvation regulated
siderophore pyoverdine (Lamont et al., 2002). Similarly, pyoverdine produced by the tobacco
plant pathogen Pseudomonas syringae pv. tabaci 6605 in response to Fe starvation controls the
production of tabtoxin, a toxin that induces chlorosis in the leaves of its host (Taguchi et al.,
2010).

Redistribution of Fe within the plant in response to pathogen attack

Arabidopsis induces the expression of the Fe storage gene FERRITINT (FERT) upon perception
of the bacterial siderophores of D. dadantii (Dellagi et al., 2005). Mutant fer1 plants are more
susceptible to D. dadantii (Dellagi et al., 2005), suggesting that Fe sequestration by FERRITINS
is part of an Fe-withholding defense strategy that is induced in response to pathogen invasion.
In the same pathosystem, the pathogen’s siderophores and its toxin chrysobactin stimulate
the production of the defense hormone salicylic acid in the host, resulting in several defense
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responses, including the induction of the PATHOGENESIS-RELATED defense marker gene PR-1,
callose deposition along the leaf veins, and accumulation of hydrogen peroxide, resulting in
an oxidative burst (Dellagi et al., 2005, 2009; Aznar et al., 2014). Interestingly, application of
this leaf pathogen or its siderophores on shoots induces the expression of FRO2 and IRT1 in
the roots, suggesting that microbe-induced changes in Fe homeostasis mechanisms can be
systemic (Dellagi et al., 2009; Segond et al., 2009; Aznar et al., 2014). Redistribution of plant
Fe upon pathogen attack is also observed in other plant species. Attack of wheat leaves by
the powdery mildew fungus Blumeria graminis f. sp. tritici leads to redistribution of Fe3* to the
apoplast of epidermal leaf cells, where it induces a defensive oxidative burst. The ensuing Fe
deficiency in the cytosol of the epidermal cells induces the expression of PR-1 (Liu et al., 2007).

Concluding remarks

Plant roots are surrounded by billions of rhizobacteria, including beneficial rhizobacteria that
increase plant growth and resistance (Lugtenberg and Kamilova, 2009; Pieterse et al., 2014).
Multiple beneficial rhizobacteria are known to affect plant root system architecture (Vacheron
etal., 2013;Verbon and Liberman, 2016). As root system architecture is a significant determinant
of crop yield (Uga et al., 2013; Ning et al., 2014; Ogawa et al., 2014; Koevoets et al., 2016), further
study of these changes might uncover signaling modules that positively affect plant growth.

In addition, some rhizobacteria mediate ISR (Pieterse et al., 2014). Recently, it became clear
that the induction of increased resistance by several beneficial rhizobacteria requires bacteria-
mediated induction of the Fe deficiency response (Segarra et al., 2009; Zamioudis et al., 2015;
Martinez-Medinaetal.,2017). Fe availability was already arecurrent theme in the research field of
plant-microbe interactions over the past decades. An effect of Fe on plant-microbe interactions
was first observed in disease suppressive soils, where siderophore-mediated competition for Fe
between beneficial micro-organisms and soil-borne pathogens was identified as an important
mechanism by which plant disease was suppressed (Kloepper et al., 1980; Lemanceau et al.,
1988). In addition, Fe availability has been shown to influence plant resistance to pathogen
attack (Aznar et al.,, 2015b; Verbon et al., 2017). As Fe seems to be a central player in the complex
interplay between beneficial rhizobacteria, plants and pathogens, research into this interplay
will enhance our understanding of plant immunity, root development and plant growth.

Thesis outline

In this thesis, we aimed to increase our understanding of the Arabidopsis root response to the
beneficial rhizobacterium WCS417. In response to WCS417, Arabidopsis increases the number
of lateral roots and root hairs (Zamioudis et al., 2013). As root system architecture is recognized
to be of crucial importance for plant fitness (Rogers and Benfey, 2015; Koevoets et al., 2016),
these changes might be essential for the establishment of the WCS417-mediated enhanced
plant growth. To understand how the root architecture changes are established, we studied
cell type-specific transcriptional changes in the Arabidopsis root in response to WCS417 in
Chapter 2. We show that cell wall biosynthesis is decreased in specifically the endodermis and
the cortex. Cell volume loss in the endodermis and cortex is required for lateral root initiation
and emergence (Vermeer et al., 2014). Possibly, the decrease in cell wall biosynthesis results in
such cell volume loss, and thus allows for lateral root formation. In addition, we find increased
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expression of genes required for suberin biosynthesis in the endodermis. Future research will
need to determine whether suberin biosynthesis is indeed increased and how this affects the
outcome of this plant-rhizobacterium interaction.

WCS417 is known to induce the Fe deficiency response (Zamioudis et al., 2014, 2015; Stringlis
et al., 2018a). In Chapter 3 we study the effect of WCS417 on Arabidopsis Fe homeostasis.
We show that increased Fe uptake upon root colonization by WCS417 is essential to prevent
severe chlorosis as a result of WCS417-mediated plant growth promotion. Activation of the Fe
deficiency response upon Fe limitation is known to be mediated by shoot-to-root signaling
pathways (Stacey et al., 2008; Grillet et al., 2018). We show that the shoot is also required for
WCS417-mediated induction of the Fe deficiency response, but our results indicate that the
induction is not due to an increased Fe demand from the shoot. We hypothesize that plants
activate the Fe deficiency response upon perception of a growth-promoting signal to prevent
an Fe shortage.

Previously, activation of the Fe deficiency response genes MYB72 and BGLU42 was shown to
be required for WCS417-mediated ISR. Fe deficiency in itself is also known to decrease plant
disease, although the mechanism is unknown (Kieu et al., 2012). In Chapter 4 we studied Fe
deficiency-induced resistance. Our results are the first proof for an active role of the plant
defense response in the decreased virulence of some pathogens on Fe deficient plants. The
results suggest that Fe deficiency primes the plant defense response for a stronger or faster
response to pathogen attack. This mechanism is similar to the mechanism of WCS-mediated ISR.
We therefore studied whether these resistances are activated by the same molecular pathways
in the root. We show that Fe deficiency-induced resistance does not require MYB72 and BGLU42,
indicating that Fe deficiency-induced resistance and WCS417-mediated ISR are not activated by
the same root signaling pathways.

Finally, in Chapter 5 we describe how we set up translating ribosome affinity purification
(TRAP) (Zanetti et al., 2005) to study the Arabidopsis root response to Fe deficiency and root
colonization by micro-organisms. Using this method, we studied the difference between the
transcriptional and the translational response to Fe deficiency. Preliminary data analyses
suggest that translational control selectively recruits a subset of up-regulated mRNA molecules,
thereby adding an additional level of regulation to the Fe deficiency response. In addition, we
show preliminary TRAP data of plant roots exposed to beneficial rhizobacteria, opening up
exciting new avenues for future research.

In Chapter 6 we discuss our results in light of the current knowledge on plant-microbe
interactions, plant immunity and Fe homeostasis.
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Abstract

Growth-promoting rhizobacteria hold great promise in agriculture for improving plant growth and
health while reducing the use of synthetic fertilizers and pesticides. Pseudomonas simiae WCS417
is a well-studied growth- and resistance-promoting rhizobacterium that promotes growth and
induces resistance in the model plant Arabidopsis thaliana (Arabidopsis). In response to root
colonization by WCS417, Arabidopsis changes its root system architecture, among other things by
increasing the number of lateral roots. To understand how root changes are established, we studied
cell type-specific transcriptional changes within the Arabidopsis root in response to WCS417. We
used fluorescence-activated cell sorting (FACS) and subsequent RNA sequencing to profile gene
expression of five Arabidopsis root cell types two days after whole-root colonization by WCS417.
We identify gene signatures indicating reduced cell wall biosynthesis and increased cell wall
disassembly in the cortex and endodermis. A resulting reduction in cell wall deposition might allow
cells in these cell layers to lose volume, a morphological change required for lateral root emergence
and initiation. In addition, transcriptomic changes in the endodermis suggest increased suberin
biosynthesis in this cell type. Increased suberin deposition could change root exudate patterns or
restrict microbial entry into the root. Both lateral root number and suberization are known to be
induced by changes in nutrient availability. Therefore, these changes might be induced in response
to WCS417-mediated changes in nutrient availability or plant nutrient requirements. Finally, a
detailed analysis of the different responses of the two cell types in the epidermis to WCS417 provides
transcriptomic proof for the functional specialization of the two epidermal cell types. The untreated
trichoblast gene expression signature revolves around growth and nutrient uptake, whereas that
of atrichoblasts revolves around defense. Possibly, Arabidopsis physically separates the two main
functions of the epidermis, defense and nutrient uptake, to ensure that they do not interfere with
each other.
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Introduction

Plants are sessile organisms that cannot move in response to changes in environmental
conditions. Instead, they adapt to such changes by modifying their morphology. Modifications
in the spatial configuration of roots, the root system architecture, are especially important as
they allow plants to optimize water and nutrient uptake (Rogers and Benfey, 2015; Koevoets
et al., 2016; Li et al., 2016; Shahzad and Amtmann, 2017). The root system of the model plant
Arabidopsis thaliana (Arabidopsis) consists of a primary root with branching lateral roots (Petricka
et al., 2012; Motte et al., 2019). Different environments have distinct effects on Arabidopsis
root growth: in dry soils primary root growth increases to reach deeper-lying water sources,
in phosphorus-limited soils the number of lateral roots and root hairs increases to expand the
root system'’s exploratory capacity, and in response to iron (Fe), zinc or manganese deficiency
the root partly breaks down protective barriers to increase nutrient uptake (Gilroy and Jones,
2000; Miller and Schmidt, 2004; Vishwanath et al., 2015; Barberon et al., 2016; Salazar-Henao et
al., 2016; Barberon, 2017).

Interestingly, plants also adapt their root system architecture in response to beneficial
soil micro-organisms (Vacheron et al., 2013; Li et al., 2016; Verbon and Liberman, 2016), with
Arabidopsis increasing either or both the number and length of lateral roots and root hairs in
response to a diverse set of rhizobacteria and fungi (L6pez-Bucio et al., 2007; Contreras-Cornejo
et al., 2009; Felten et al., 2009; Splivallo et al., 2009; Zamioudis et al., 2013; Khan et al., 2016;
Asari et al., 2017; Huang et al., 2017; Vacheron et al., 2018). Notably, an increase in lateral root
number is often accompanied by a decrease in primary root growth (Lopez-Bucio et al., 2007;
Splivallo et al., 2009; Vacheron et al., 2013; Zamioudis et al., 2013). A well-studied example of a
beneficial rhizobacterium is Pseudomonas simiae WCS417 (Zamioudis et al., 2013; Berendsen
et al., 2015). WCS417 stimulates Arabidopsis growth (Zamioudis et al., 2013) and induces
systemic resistance against a broad range of pathogens in both Arabidopsis and several crop
species (Van Peer et al., 1991; Leeman et al., 1995; Pieterse et al., 1996; Duijff et al., 1998). In
response to WCS417, Arabidopsis decreasies primary root growth and increases the number of
lateral roots and root hairs (Zamioudis et al., 2013). Since a root system with a greater surface
area can mine more soil for nutrients, the induction of lateral root and root hair growth has
been hypothesized to contribute to the plant growth-promoting properties of plant growth-
promoting rhizobacteria (PGPR). In addition, the resulting expansion of root surface enlarges
the area that can be colonized by the PGPR. Root system architecture changes might therefore
contribute to the evolutionary advantage of the mutualistic interaction for both the plants and
the PGPR involved.

The increased number of lateral roots in response to WCS417 is due to an increase in lateral
root initiation events, observed as an increased number of lateral root primordia and increased
outgrowth of these primordia (Zamioudis et al., 2013). In Arabidopsis, lateral roots originate from
the pericycle cells, a cell layer that surrounds the innermost tissues of the root, the vasculature
(Malamy and Benfey, 1997; Du and Scheres, 2018). Select pericycle cells are primed for lateral
root initiation in the root tip (Méller et al., 2017; Otvds and Benkova, 2017). A subset of the
primed pericycle cells is subsequently specified as lateral root founder cells, which can undergo
several rounds of anticlinal and periclinal cell divisions to form the lateral root primordium: a
dome-shaped structure that protrudes towards the outside of the root. Further cell divisions
and growth ultimately result in a lateral root that passes through the three neighboring cell
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files, the endodermis, the cortex, and finally the epidermis, to emerge from the primary root
(Malamy and Benfey, 1997; Méller et al., 2017; Otvds and Benkova, 2017; Du and Scheres,
2018). The plant hormone auxin is important for all phases of lateral root development (Du
and Scheres, 2018), which might explain why the increase in lateral root number in response to
WCS417 is dependent on functional auxin signaling (Zamioudis et al., 2013).

Like the WCS417-mediated increase in lateral root number, the WCS417-mediated increase
in root hair number is dependent on functional auxin signaling (Zamioudis et al., 2013). In
Arabidopsis, root hairs are formed by specialized cells in the epidermis, the trichoblasts. Together
with cells of the other cell type in the epidermis, the atrichoblasts, they form the outermost
cell layer of the Arabidopsis root (Gilroy and Jones, 2000; Schiefelbein, 2000; Ryan et al., 2001).
Trichoblasts and atrichoblasts are descendants from the same stem cells in the Arabidopsis root
tip (Petrickaetal., 2012; Motte etal., 2019). Cell fate specification into trichoblasts or atrichoblasts
is controlled by the activity of several transcription factors, including TRANSPARENT TESTA
GLABRA (TTG), GLABRA3 (GL3), ENHANCER OF GLABRA 3 (EGL3) and WEREWOLF (WER), and is
dependent on the spatial localization of the cells, with cells located over two cortical cells (H
position) becoming trichoblasts (Salazar-Henao et al., 2016; Wei and Li, 2018). In response to
WCS417, the increased number of root hairs is due to an increased number of cortical cells and
therefore an increased number of cells becoming trichoblasts (Zamioudis et al., 2013).

As is clear from the formation of root hairs and lateral roots, the structure of the Arabidopsis
root system is defined by the distinct biological functions of each of the Arabidopsis root
cell types. Therefore, studying cell type-specific transcriptome changes has the potential to
greatly increase our understanding of the effects of WCS417 on the Arabidopsis root. We used
an array of fluorescent marker lines to isolate trichoblast, atrichoblast, cortical, endodermal
and vasculature cells with fluorescence-activated cell sorting (FACS) (Birnbaum et al., 2003,
2005; Brady et al., 2007a). Transcriptome analysis of the RNA obtained from the cell type-
enriched samples allowed us to trace the transcriptomic changes upon PGPR colonization in a
unique, spatially-oriented manner. Our data suggest that morphological changes in the cortex
and endodermis in response to WCS417 promote lateral root formation. Interestingly, the
endodermis increases suberin biosynthesis in response to WCS417. Further research will need
to show whether suberin biosynthesis is indeed enhanced and if so, whether it is enhanced as a
defenseresponse, orinresponse to WCS417-mediated changes in nutrient availability or uptake.
Finally, our transcriptomic data corroborate the functional specialization of the trichoblasts for
nutrient uptake and suggest that untreated atrichoblasts may specialize in defense.

Materials and methods

Plant material and growth conditions. Arabidopsis accession Columbia-0 (Col-0) and
transgenic Col-0 with the COBRA-LIKES,, :GFP (Brady et al., 2007a; b), WEREWOLF , :GFP (Lee
and Schiefelbein, 1999), 375pm:GFP (Lee et al., 2006), SCARECROWPVO:GFP (Wysocka-Diller et al.,
2000), or WOODENLEG

previously (Dinneny et al., 2008). Briefly, seeds were liquid sterilized in 50% bleach and stratified

vuncated_pro' OF P CONStruct (M&honen et al., 2000) were grown as described
by incubation at 4°C for 2 days. Sterilized seeds were plated in two dense lines of three seeds
thick each on nylon mesh (Nitex Cat 03-100/44, Sefar) on sterile 1x Murashige and Skoog
medium (MS; (Murashige and Skoog, 1962)) 1% sucrose plates. Plates were sealed with Parafilm
and placed vertically in long-day conditions (8-h night, 16-h day; 22°C).
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WCS417 treatment. Seedlings were inoculated with bacteria using a slightly adapted version
of a previously published protocol (Zamioudis et al., 2015) five days after seeds were plated.
Briefly, rifampicin-resistant WCS417 was streaked from a frozen glycerol stock onto solid King’s
medium B (KB) (King et al., 1954) containing 50 ug/ml rifampicin and grown at 30°C overnight.
A day before plant treatment, a single colony from the plate was put in liquid KB with rifampicin
and grown in a shaking incubator at 30°C overnight. The following morning, the bacterial
suspension was diluted in fresh KB with rifampicin and grown in a shaker until the suspension
reached an OD_, value between 0.6 and 1.0, after which the bacteria were washed twice with
10 mM MgCL.

To decide which bacterial concentration to add to the plants, the washed bacteria were
resuspended in 10 mM MgCl, to a final density ranging from 10" to 10® / pl. Two horizontal
lines of either 10 pl of 10 mM MgCl, or 10 pl of one of the bacterial dilutions were applied
per 1x MS 1% sucrose plate. Five-day-old Col-0 seedlings were transferred on their mesh onto
these plates. Seedlings were transferred such that the roots of the seedlings were on top of the
bacteria. Finally, all plates were resealed with Parafilm and left to grow in long-day conditions.
At 2 and 7 days after treatment, ten plants from each treatment were randomly picked and
removed from the plate. The total number of emerged lateral roots was counted under a stereo
microscope. Imagel was used to determine primary root length per plant from images made
with a scanner.

Based on the results of this trial, we chose a density of 10° bacteria / ul, amounting to 107
bacteria per row of plants, for the sorting experiment (see below). Wild-type Col-0 plants and
plants of each of the five transgenic lines were exposed to this bacterial density after 5 days of
plant growth as described above and left in long-day growth conditions for a further 2 days.

Fluorescence-activated cell sorting. After a total of 7 days of growth, roots were cut from
the shoot with a carbon steel surgical blade. Whole roots of Col-0 destined for the unsorted
control were immediately frozen in liquid N, in one Eppendorf tube per plate. For the other
samples, all to be put through a cell sorter, roots were cut twice more and the root pieces from
4 - 6 plates were collected and protoplasted as described previously (Birnbaum et al., 2003,
2005). Briefly, they were placed in a 70-um cell strainer submerged in enzyme solution (50 ml
600 mM mannitol, 2 mM MgCIz, 0.1% BSA, 2 mM CaCIz, 2 mM MES, 10 mM KCl, pH 5.5 with
0.75 g cellulysin and 0.05 g pectolyase per 50 ml). Roots were mixed in the strainer at room
temperature (RT) on an orbital shaker to dissociate protoplasts. After one hour, the suspension
surrounding the strainer, containing the protoplasts, plus a few roots to pull the protoplasts
down, were pipetted into a 15-ml conical tube and spun at 200 rcf for 6 min at RT. The top
of the supernatant was pipetted off and the remaining solution resuspended in 700 pl of the
protoplasting solution without enzymes (50 ml 600 mM mannitol, 2 mM MgCl,, 0.1% BSA, 2 mM
CaCl,, 2 mM MES, 10 mM KCl, pH 5.5). This suspension was filtered through a 70-um cell strainer
and a 40-um strainer. The filtrate was collected in a cell sorting tube and taken to the cell sorter
(Astrios, Beckman Coulter) at RT.

Protoplasts sorted by the cell sorter were collected into RLT buffer (Qiagen) with
3-mercaptoethanol.The samples wereimmediately placed on dryice toinhibit RNA degradation.
Samples were stored at -80°C until RNA isolation.
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RNA isolation and sequencing. Whole root tissue for the unsorted control was lysed by
grinding with a liquid-nitrogen-cooled mortar and pestle. RNA was isolated with the RNeasy
Plant Mini Kit (Qiagen) for the six unsorted whole root samples and for six out of eight mock-
sorted whole root samples. RNA from the remaining two sorted whole root samples and all
cell type-enriched samples were isolated with the Micro Kit (Qiagen). RNA concentration was
checked with a Qubit Fluorometer (Thermo Scientific) and total RNA integrity was assessed with
a Bioanalyzer (Agilent Technologies). Subsequently, RNA libraries were made from samples with
RNA integrity number (RIN) values above six. All libraries were made with the NEBNext Ultra RNA
Library Prep Kit for lllumina (NEB). 100 ng of total RNA was poly-A selected using Dynal Oligo-dT
beads for the six unsorted whole root samples and the first six mock-sorted whole root samples.
The remaining libraries were generated from total RNA selected using NEBNext Oligo-dT beads.
Because of limited RNA yields from some of the sorted-cell populations, 50 ng of total RNA was
used as starting material for all sorted library preparations. Libraries were sequenced on an
Illumina HiSeq 2500 using 50 base pair Single-Read (Duke University Sequencing Core). Three
biological replicates were performed for each sample type and condition, except for the sorted
control, for which we performed four biological replicates (Table S1).

Data analysis. The reads generated by lllumina sequencing were pseudoaligned to the
TAIR10 cDNA database (Lamesch et al., 2012) using Kallisto (v0.43.0) with 100 bootstraps and
default settings (Bray et al., 2016). The percentage of aligned reads was lower for the twelve
samples that were poly-A selected using Dynal Oligo-dT beads because of a high number
of rRNA sequences. This is probably due to differences in the bead-selection procedure and
greater amount of RNA used as starting material. We do not expect this to interfere with our
analyses, as the number of expressed genes in these samples is in the same range as previously
published data in this species. The resulting transcript counts were summarized to the gene
level with tximport (v1.2.0) (Soneson et al., 2015). One bacteria-exposed sample enriched for
trichoblasts was excluded from further analyses because of low coverage. Only genes with a
count per million (cpm) greater than two in at least three samples were kept for analysis. The
counts per gene of the remaining samples and genes were used to generate a digital gene
expression list (DGE list) in EdgeR (v3.16.5) (Robinson et al., 2010). A generalized linear model
(glm) was fit using a negative binomial model and quasi-likelihood (QL) dispersion estimated
from the deviance with the glmQLFit function in EdgeR. Differentially expressed genes were
then determined by comparing the bacteria-exposed and the non-exposed samples with
the gImQLFTest (FDR < 0.1; -2 < log,FC > 2). GO term analysis was performed in R based on
the genome wide annotation for Arabidopsis within org.At.tair.db (Carlson M, 2018) with the
program GOstats (Falcon and Gentleman, 2007).

Fluorescence microscopy. Approximately 20 sterilized and vernalized seeds of the
COBL9pro:GFP, WERpro:GFP, 315pro:GFP, SCRpro:GFP, and WOLtruncated_pro:GFP transgenic
lines were sown on a 1x MS 1% sucrose plate and placed in long-day conditions. After five days
either 10°WCS417 cells in 10 ul MgCl, or sterile 10 ul MgCl, were inoculated onto each root tip.
GFP localization was observed once per day in 5, 6 and 7-day-old seedlings with a 510 upright
confocal microscope (Zeiss).

GLYCEROL-3-PHOSPHATE ACETYLTRANSFERASE 5pro:citrine (GPATSpm:citrine) plants (Barberon et
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al., 2016) were grown on 1x MS plates in long-day conditions. After 5 days, WCS417 bacteria
were washed in MgCl, and 10° bacteria were inoculated onto each root tip. Fluorescence was
checked with a 510 upright confocal microscope (Zeiss) at 2 days after inoculation.

Data accessibility. Analysis scripts and the supplementary tables are part of the Online
Supplementary Material and can be found here: https://cp.sync.com/dl/60fe897a0#fqt4xv25-

em3ineic-y792dg3h-gqrydpq97.

Results

Pseudomonas simiae WCS417 induces root developmental changes

PGPR are known to affect plant root system architecture (Vacheron et al., 2013; Li et al., 2016;
Verbon and Liberman, 2016). Indeed, WCS417 decreased primary root length and increased
the total number of lateral roots after seven days of co-inoculation (Figure 1). Interestingly,
the effect on root system architecture is dose-dependent: two days after co-inoculation we
only see increased formation of lateral roots when 107 or more bacteria were applied per row
of plants (Figure 1). This is in line with previous results showing a dose-dependency of PGPR-
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Figure 1 The effect of root colonization by WCS417 on Arabidopsis root system architecture. A) Quan-
tification of primary root length at two and seven days post inoculation (d.p.i) with increasing concentra-
tions of WCS417. Asterisks represent a significant difference compared to the control at the same time
point (ANOVA, post hoc Tukey P < 0.05). B) The total number of lateral roots of ten seedlings two and seven
days after inoculation with increasing concentrations of WCS417. C) Pictures of plants in the densely-sown
set-up six days after application of a mock solution or a solution containing 107 bacteria per row of plants.
Col-0 Arabidopsis plants were grown on 1x MS 1% sucrose for five days. After five days, seedlings were
transferred to plates inoculated with 10 pl 10 mM MgCl, containing no, 10% 10 10¢ 10°, 10% 107, 10%0r 10°
WCS417. Ten plants were randomly removed from each plate at two and seven days after application. The
total number of lateral roots of the ten seedlings was counted under a stereo dissecting microscope. Next,
the plants were photographed with a scanner. Primary root length of the seedlings was measured in Image)J
from these pictures.
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mediated increases in plant growth and resistance to disease (Raaijmakers et al., 1995; Ryu et al.,
2003; Farag et al., 2013; Asari et al., 2017).

Cell type-specific transcriptional profiling of the Arabidopsis root

To create a spatial map of the Arabidopsis root transcriptional changes in response to whole
root colonization by WCS417, we analyzed the transcriptomes of select root cell types using
FACS. First, we confirmed that WCS417 does not affect the expression pattern of GREEN
FLUORESCENT PROTEIN (GFP) when driven by the cell type-specific WEREWOLF promotor (WER;
atrichoblast), COBRA-LIKE9 promotor (COBLY; trichoblast), 375 promotor (cortex), SCARECROW
promotor (SCR; endodermis), or truncated WOODENLEG promotor (WOL; vasculature) (Figure
2A). Subsequently, we grew the transgenic lines carrying these promotor-GFP fusions at a high
density and exposed them to WCS417. Two days after inoculation with WCS417, we harvested
the roots, performed FACS and isolated RNA (Figure 2B).

To determine whether the sorting procedure was succesful, we checked the expression of the
marker genes WER, COBLY, 315, SCR and WOL in our transcriptomic dataset (Figure 3A). In case
of a succesful sorting procedure, the expression of each of these markers should be highest
in the FACS samples obtained from the transgenic plant lines in which the corresponding
promotor was used to drive GFP expression. Indeed, the expression of WER, COBL9, 315 and SCR
is highest in the samples obtained from the WER,, :GFP, COBLY, :GFP, 315  :GFP and SCR, :GFP
lines, respectively (Figure 3B). The expression of WOL, in contrast, is not higher in the samples
isolated from the PWOL,. . cated o’ GFP line. However, the expression of other well-established
vasculature marker genes, namely INCURVATA4 and SHORTROOT (SHR), is correctly enriched in
these samples (Figure 3C). This suggests that only the truncated WOL promotor, and not the full
promotor, is cell type-specific.

To study the global similarities and dissimilarities among samples and treatments, we
performed multidimensional scaling on gene expression levels. The transcriptional profiles
cluster by sample type (Psamp,etype
close together, as do the two epidermal cell types. This is in line with the known development
of the Arabidopsis root, in which the cortex and endodermis develop from a shared stem cell
population, as do the trichoblasts and atrichoblasts (Dolan et al., 1993; Van den Berg et al.,
1995). In addition to the sample-type effect, we find an effect of bacterial treatment on gene
expression (P

= 0.001; Figure 3D). The cortical and endodermal cells cluster

reatmen: = 0-005; Figure 3D). When comparing gene expression patterns of samples
within sample types, each cell type except the vasculature clusters primarily based on bacterial
treatment (Figure 3E).

Next, we determined which genes are differentially expressed (DEGSs) in response to WCS417
in each of the cell types (Table S2). The number of DEGs upon WCS417 colonization differs
greatly between the cell types, ranging from 30 DEGs in the vasculature to 1,109 DEGs in the
cortex (Figure 4A). Apart from a quantitative difference, the response is also qualitatively
different between cell types: of the 1,862 DEGs across all five cell types, 72% are affected in only
one cell type and only six genes are affected in all cell types (Figure 4B). Notably, the majority
of genes affected in a single cell type is not identified as differentially expressed in the whole
root, while most genes affected in four or five cell types are identified as up-regulated in whole
roots (Table 1). The same trend is observed for down-regulated genes (Table S3). Vice versa, the
majority of the genes found to be up- or down-regulated in the sorted or unsorted control were
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Figure 2 Exposure of five transgenic plant lines to WCS417 to obtain cell type-specific samples with
fluorescence-activated cell sorting (FACS). A) Sterile and WCS417-exposed plants from the transgenic
plant lines WEREWOLFpro:GFP (WER: immature epidermis and atrichoblast), COBRA-LIKE9pro:GFP (COBL9:
trichoblast), 3715pro:GFP (315: cortex), SCARECROWpro:GFP (SCR: endodermis), and WOODENLEGtruncated_
pro:GFP (WOL: vasculature). Seeds were sown non-densely on 1x MS 1% sucrose plates. After five days of

growth,10 pl of a bacterial suspension with an OD_  value of 0.01 (107 colony forming units (cfu) / ml) or

600
a mock solution of MgCl, was added to each root. Pictures of the seedlings were taken all along the root
with a 510 upright confocal microscope (Zeiss) from day five (day of bacterial inoculation) to day seven. GFP
settings were kept the same between bacteria-exposed and sterile-grown plants. Representative images
are shown. Scale bars respresent 50 um. B) Experimental design used to obtain control and WCS417-treated
whole root samples and samples enriched for specific cell types. Sterilized and vernalized Col-0 Arabidopsis
seeds were sown on 1x MS 1% sucrose plates. Five days later, half of the plants was transferred on their
mesh onto MS plates with 107 cfu WCS417 per row of plants. Plants were left to grow for a further two days
of growth before root harvest. Wild-type roots were either directly flash-frozen (unsorted control) or proto-
plasted and put through the cell sorter while collecting non-fluorescent cells (sorted control). Transgenic
lines with cell type-specifc GFP expression were similarly protoplasted and put through the cell sorter to
obtain cell type-enriched samples with fluoresence-activated cell sorting (FACS).
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Table 1 Genes up-regulated in single cell types are lost in whole root analyses

Number of % shared with % shared with
up-regulated genes sorted control unsorted control
Up in all cell types 6 100 67
Up in four out of five cell types 19 68 37
Up in trichoblast only 42 10 7
Up in atrichoblast only 9 o 0
Up in cortex only 337 3 2
Up in endodermis only 224 6 o
Up in vasculature only 1 100 o

identified as differentially expressed in one or more cell types (Table S4). In conclusion, genes
affected in single cell types are often not identified as differentially expressed in the whole root.
This explains the higher number of identified differentially expressed genes in the cell type-
specific data set compared to the sorted whole root (1,862 genes versus 270 genes; Figure 4A)
and suggests that cell type-specific profiling revealed details of the transcriptional response to
bacteria that would have been missed with whole root profiling.

Distinct specializations of the trichoblasts and atrichoblasts

To obtain a broad overview of the biological processes affected by WCS417 colonization, we
conducted biological process gene ontology (GO) term enrichment analyses on the DEGs (Table
S$5-514). Most significant among the up-regulated DEGs in the trichoblasts, cortex, endodermis
and vasculature are processes related to defense and immunity (Table 2). Interestingly,
atrichoblasts do not respond to WCS417 with defense activation, but with activation of ion
transport (Table 2). This suggests that the two cell types in contact with WCS417 activate distinct
biological processes, as could be expected from the limited overlap in DEGs between these cell
types (Figure 4B and 5A). To further analyze these differences, we examined the expression of
all genes within the GO terms defense response (GO:0006952) and ion transport (GO:0009267)
that are differentially expressed in one or both epidermal cell types. Based on their expression
levels, the genes involved in the defense response form five clusters (Figure 5B, left). The two
gene clusters containing the greatest number of genes (cluster 2 and 4) consist of genes

Figure 3 Gene expression differences among the samples reflect Arabidopsis root development
patterns. A) Schematic cross section of the Arabidopsis root, with each cell type labeled with the pro-
motor::GREEN FLUORESCENT PROTEIN (GFP) fusion used to enrich samples for that specific cell type using
fluorescence-activated cell sorting (FACS). B) gRT-PCR analysis of the expression of COBRA-LIKE 9 (COBL9),
WEREWOLF (WER), 315, and SCARECROW (SCR). C) gRT-PCR analysis of the expression of the marker gene
WOODENLEG (WOL), and of the vasculature-specific INCURVATA4 and SHORTROOT (SHR). Different letter in-
dicate statistically significant differences between treatments (PERMANOVA test followed by Tukey'’s test, P
<0.05). Multidimensional scaling (MDS) plots of the logged counts per million of all samples (D) and per cell
type (E). WCS417-exposed samples are represented by circles, control samples by triangles. ‘P’ represents
the p-value of the WCS417-treatment effect obtained by performing a PERMANOVA. Colors in panel B-E

correspond to the color scheme of the schematic in panel A.
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unique response to root colonization by WCS417.
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that are induced by WCS417. Interestingly, the induction of these genes is observed in both
WSC417-treated epidermal cell types. In contrast, the expression levels in sterile conditions are
distinct, with lower gene expression in trichoblasts (Figure 5B, Table S15). When analyzing the
expression patterns of ion transport-related genes, three out of six expression clusters (clusters
1,3 and 5) contain genes that are up-regulated in response to WCS417 in both cell types (Figure
5B, Table S16). However, the differences between trichoblasts and atrichoblasts are most clear
in the other three clusters (clusters 2, 4 and 6), which are all composed of genes that are only
expressed in trichoblasts in control conditions (Figure 5B, right).

Table 2 Top GO terms enriched in the list of genes up-regulated in response to WCS417

Cell type GO term ID p-value Odds | Expected | Count Size | Term

ratio count
Trichoblast GO0:0050896 | 6.03E-09 3 42.3 73 5671 | Response to stimulus
Atrichoblast GO0:0006811 | 3.56E-08 8 2.8 14 1005 | lon transport
Cortex GO:0006952 | 1.90E-24 4 40.2 112 1397 | Defense response
Endodermis | GO:0009605 | 6.21E-19 3 40.0 100 | 1833 | Response toexternal

stimulus

Vasculature G0:0009620 | 2.11E-06 16 0.6 7 457 | Response to fungus

34




>
w

‘Defense response’ DEGs

Y
: ]
[ Trichoblast ;
[ Atrichoblast
Up
; ; ;31
Down
288
\_/ 2
B Control ‘ [ Trichoblast M Atrichoblast
W WCS417 M Cortex M Endodermis M Vasculature

‘Response to iron ion starvation’genes
S I BN N .

B Control W Atrichoblast
W WCS417 @ Trichoblast

‘lon transport’ DEGs

Figure 5 Specialization of the trich-
oblast in nutrient uptake and of the
atrichoblast in defense. A) Overlap
of the differentially expressed genes
in response to WCS417 in the tricho-
blasts and atrichoblasts. B) Heatmap
of the expression of genes associated
with the GO terms ‘defense response’
(GO:0006952, left) and ‘ion transport’
(GO:0006811, right) that are differen-
tially expressed in either or both the
trichoblast and atrichoblast. Cluster
numbers are based on visual differ-
ences in gene expression patterns. C)
Heatmap of the expression of all genes
associated with the GO term ‘response
to iron ion starvation’ (GO:0010106).
Heatmaps are scaled by row. Gene ex-
pression is shown as the normalized
normalized log-counts-per-million,
with low gene expression in white, and
high expression in dark blue. Column
order was determined manually.
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These results suggest that the distinct responses of trichoblasts and atrichoblasts to WCS417
are in part due to differences in basal gene expression patterns. To find further support for
this theory, we determined DEGs between the control trichoblasts and atrichoblasts (Table
$17), and identified enriched GO terms. Genes that are expressed more in the atrichoblasts are
enriched for genes involved in RNA modification or processing, defense responses, response to
hypoxia, response to salicylic acid and glucosinolate biosynthesis (Table S18). Genes expressed
more in trichoblasts are enriched for genes associated with the response to ion starvation,
root hair differentiation, cell maturation, cell wall biosynthesis (Table S19). Among these latter
processes, Fe ion starvation (GO:0010106) is enriched the most. Analysis of the expression of
the genes involved in this process in all cell types shows that the expression of the majority
of the genes involved in the response to Fe ion starvation is specific to the trichoblasts and,
to a lesser extent, the cortex (Figure 5C, Table S20). This is in line with previous experiments
showing cortex- and epidermis-specific expression of the genes BGLU42 and IRT1, both known
to be involved in the Fe deficiency response (Vert et al., 2002; Zamioudis et al., 2014), and the
importance of trichoblasts for nutrient uptake (Tanaka et al., 2014). Thus, defense gene activity
and expression levels of genes involved in nutrient uptake and root hair elongation are indeed
key differentiating factors between trichoblasts and atrichoblasts in control conditions in our
experiment.

WCS417 might induce lateral root formation via auxin-mediated remodelling of the cell
walls of the cell layers covering lateral root primordia

The most significant biological process among the down-regulated DEGs is the glucuronoxylan
metabolic process (GO:0010413) in the cortex and endodermis (Table 3). Glucuronoxylan
metabolic process is important for cell wall biosynthesis. In addition to this GO term, many
other GO terms related to cell wall biosynthesis are enriched in down-regulated DEGs and,
conversely, cell wall disassembly (GO:0044277) is enriched among the up-regulated DEGs in
these cell types (Table S8-511). Recently, it was shown that cell wall remodeling and cell volume
loss in the cortex and endodermis are required to accommodate emerging lateral roots and are
possibly even required for the initiation of lateral root primordia (Vermeer et al., 2014; Stoeckle
et al., 2018). Among the genes upregulated in the cortex and endodermis that are involved in
cell wall disassembly are ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE2 (ADPG2) and
QUARTET2 (QRT2). Both these genes encode polygalacturonases (PGs) and have been shown to
be expressed at the site of lateral root emergence. PGs have been implicated in cell separation,
possibly to accommodate emerging lateral roots (Ogawa et al., 2009). Up-regulation of these

Table 3 Top GO terms enriched in the list of genes down-regulated in response to WCS417

Cell type GO term ID p-value Odds | Expected | Count Size | Term
ratio count
Trichoblast GO0:0009408 | 6.04E-06 4 42 16 281 Response to heat
Atrichoblast G0:0008300 | 0.000391 90 0 2 8 Isoprenois catabolic
process
Cortex G0:0010413 | 1.87E-19 [ 10 42 32 177 | Glucuronoxylen met-
abolic process
Endodermis | GO:0010413 | 4.12E-07 6 3 15 177 | Glucuronoxylen met-

abolic process
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and other genes involved in cell wall disassembly and down-regulation of genes involved in
cell wall biosynthesis in the cortex and endodermis might therefore be an integral part of the
molecular and physiological changes that take place in response to WCS417 that lead to the
observed increase in the number of lateral roots (Figure 1B and (Zamioudis et al., 2013)).

Apart from genes involved in cell wall biosynthesis or disassembly, several other genes are
known or suspected to be expressed in the endodermis and/or cortex and to be involved in
lateral root emergence (Stoeckle et al., 2018). Several of these genes are induced by WCS417,
including LATERAL ORGAN BOUNDARIES DOMAIN18 (LBD18) and LBD29 in the cortex. LBD18
and LBD29 are thought to promote lateral root emergence and are known to be induced in
endodermal and cortical cells overlying lateral root primordia (Stoeckle et al., 2018). In addition,
we find increased expression of PURIN PERMEASE PROTEIN10 (PUP10), PUP12, and PUP21. PUPs
are cytokinin transport porteins and have been hypothesized to play a role in the overlying cell
layers during lateral root emergence, although there was no evidence yet of their expression in
the cortex and endodermis (Stoeckle et al., 2018). In addition, we see up-regulation of LATERAL
ROOT PRIMORDIUM1 (LRPT) in the cortex. LRPT is typically expressed during the early stages of
root primordium development (Smith and Fedoroff, 1995).

Cell wall remodeling in the cortex and endodermis to faciliate lateral root formation is
thought to be mediated by the production of reactive oxygen species (ROS) downstream of
auxin (Orman-Ligeza et al., 2016). Auxin signaling is known to be induced in response to WCS417
(Zamioudis et al., 2013; Stringlis et al., 2018b). In our dataset, response to auxin (GO:0009733)
is also enriched among upregulated DEGs, but only in the cortex. Reactive oxygen species
metabolic process (GO:0072593), on the other hand, was enriched among up-regulated genes
in trichoblasts, cortex, endodermis and vasculature (Table S5, S9, S11, S13).

Altogether these data suggest that the induction of lateral root formation in response to
WCS417 involves cell wall remodeling in the cell layers overlying lateral root primordia. This
remodeling might be mediated via interference with endogenous auxin signaling pathways.

WCS417 induces suberin biosynthesis in endodermal cells

Defense responses are in part the most significantly enriched GO terms in our cell type-specific
gene expression analysis because many genes are known to be involved in these responses.
To study biological processes in which fewer genes are known to be involved, we studied the
enriched GO terms with the highest odds ratios, i.e. with the largest difference in expected
versus actual count. In this analysis, the endodermis is the only cell type that has a GO term
that is enriched based on the up-regulation of more than five genes: suberin biosynthesis
(GO:0010345) (Table 4). Suberin is a hydrophobic polymer that is laid down between the primary
cell wall and the plasma membrane of endodermal cells. There, it blocks free movement of
water and nutrients into the endodermis and consequently the innermost cell layers of the
Arabidopsis root (Geldner, 2013; Vishwanath et al., 2015; Barberon, 2017). Like the formation
of lateral roots and root hairs, the production of suberin lamellae is affected by nutrient
availability (Barberon et al., 2016). Enhanced or reduced suberin biosynthesis and deposition is
also thought to play a role in the interaction of roots with micro-organisms by controlling the
amounts of nutrient that are secreted into the soil and by presenting an inducible, protective
barrier of the inner cell layers (Geldner, 2013; Vishwanath et al., 2015).

We thus analyzed which genes involved in suberin biosynthesis are affected by WCS417. In
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Table 4 Top GO terms based on oddsratio enriched in the up-regulated genes

Cell type GOtermID | p-value | Odds | Expected | Count | Size | Term
ratio count

Trichoblast G0:0030418 | 0.000165 | 271 0 2 3 | Nicotianamine biosynthetic
process

Atrichoblast GO0:0009446 | 0.00553 | 369 0 1 2 | Putrescine biosynthetic
process

Cortex GO0:0070542 | 9.26E-05 | 102 0.1 3 4 | Response to fatty acid

Endodermis GO0:0010345 | 1.11E-06 | 45 0.2 5 10 | Suberin biosynthetic process

Vasculature | GO:0006809 | 1.91E-05 | 517 0 2 | 5 | Nitricoxidebiosynthetic
process

this analysis, we included MYB transcription factors suggested to activate suberin biosynthesis
(Kosma et al., 2014; Lashbrooke et al., 2016), and enzymes involved in suberin biosynthesis,
including B-KETOACYL-CoA-SYNTHASEs (KCSs), fatty acid cytochrome P450 oxidases
(CYP86A1 and CYP86B1), FATTY ACUL-CoA REDUCTASEs (FARs), GLYCEROL-3-PHOSPHATE
SN2-ACYLTRANSFERASEs (GPATs) as well as transporters such as the ATP-binding cassette
(ABC) transporter proteins (Panikashvili et al., 2010; Yadav et al., 2014; Vishwanath et al., 2015;
Barberon, 2017). As expected based on the available literature and our GO term analysis,
spatial gene expression patterns show that suberin biosynthesis is primarily restricted to the
endodermis and is significantly induced by WCS417 (Figure 6A-B). To validate the induction of
suberin biosynthesis we studied fluorescence in the transgenic plant line GPATS,, :mCITRINE-
SYP122 (Barberon et al., 2016), as GPAT5 activity has been shown to match suberin deposition
patterns (Naseer et al., 2012). Consistent with our transcriptomic data, the activity of the GPATS
promotor is specific to the endodermis and is stimulated by WCS417 (Figure 6C).

Discussion

Creating a spatial map of gene expression changes in response to WCS417

Over the years, it has become clear that the ‘hidden half’ of plants, the root system, is of crucial
importance when trying to breed for plants that are drought tolerant or better able to grow in
nutrient-limiting conditions (Rogers and Benfey, 2015; Koevoets et al., 2016). The importance of
the roots becomes even clearer when considering that the root surface is the place of interaction
between plants and the beneficial soil micro-organisms that increase plant growth and health
(Lugtenberg and Kamilova, 2009; Pieterse et al., 2014; Bakker et al., 2018). In this chapter, we
aimed to increase our understanding of the effect of the beneficial rhizobacterium WCS417
on the regulation of root system architecture by studying WCS417-induced gene expression
changes in five Arabidopsis root cell types, the trichoblast, atrichoblast, cortex, endodermis and
vasculature (Figure 2-3).

The number of DEGs in our spatial map uncovered two interesting patterns: 1) the cortex
and endodermis respond most strongly to WCS417 in terms of the number of DEGs, and 2) the
number of DEGs in the two epidermal cell types is different (Figure 4). The strong response of
the cortex and endodermis is surprising, as these cell types are likely not in direct contact with
WCS417.This observation might be a timing effect, as cell type-specific transcriptional profiling
of the Arabidopsis root response to flagellin showed that the epidermis responded as strongly
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Chapter 2 | Cell type-specific gene expression changes

as the cortex at two hours post inoculation (Rich et al., 2018). Possibly, the epidermis responds
strongly at first and down-regulates its response by two days after inoculation. Such an outside
to inside directionality has been shown for the response to nitrogen (Walker et al., 2017).

Analysis of the quantitative difference in the response of the trichoblasts versus the
atrichoblasts showed that this difference was also qualitative: different biological responses are
activated in the two cell types in response to WCS417. These differences are at least in part due
to functional specialization of trichoblasts in nutrient uptake and atrichoblasts in basal defense
gene activation (Figure 5). Expression of genes involved in nutrient uptake in specifically the
trichoblasts is in line with previous findings showing increased expression of growth-related
genes in progressively more differentiated trichoblasts (Denyer et al., 2019) and specialization
of trichoblasts in nutrient uptake (Vert et al., 2002; Tanaka et al., 2014; Zamioudis et al., 2014).
Possibly, the prioritization of growth in trichoblasts ensures ample exploration of soil, and thus
sufficient nutrient uptake, while atrichoblasts function as a first line of defense against soil-
borne micro-organisms. This would suggest that the differentiation of the outer root cell layer
into two cells types allows the root to physically separate nutrient uptake and defense. The
spatial separation of these processes might ensure that they can both be active at the same
time.

The increased detection power of cell type-specific transcriptomic analyses

The total number of DEGs identified across the five cell types is approximately tenfold greater
than the number of DEGs identified in the sorted whole root control. A similar increase in
detection power of cell type-specific versus whole-root transcriptomic analyses was obtained
previously when examining the Arabidopsis root response to salt, Fe deficiency and nitrogen
(Dinneny et al., 2008; Gifford et al., 2008).

We show that the increased detection power can be traced to the cell type-specific nature
of the root response to WCS417. The five cell types studied differ in their response to WCS417
both quantitatively, with large differences in the number of DEGs, and qualitatively, with little
overlap in DEGs between cell types (Figure 4). This is in line with previous studies on cell type-
specific gene transcription changes in response to both abiotic and biotic stresses (Dinneny et
al., 2008; Gifford et al., 2008; Walker et al., 2017; Rich et al., 2018). The majority of the genes that
are up- or down-regulated in only a single cell type is not identified as differentially expressed
in our whole root controls (Table 1, S3-4). Thus, cell type-specific transcriptional profiling is
more powerful than whole tissue transcriptional profiling because it detects cell type-specific
DEGs that are otherwise lost to noise.

Arabidopsis might change root structure to optimally benefit from the interaction with
WCS417

In this study, we uncovered several biological processes affected by WCS417. First, we show
decreased cell wall biosynthesis in the endodermis and the cortex. This might allow the cells
in these cell layers to lose volume. As cell volume loss is required for lateral root initiation and
outgrowth (Vermeer et al., 2014; Stoeckle et al., 2018), this might explain the observed increase
in lateral root formation in WCS417-exposed roots. In addition, we show increased expression
of genes involved in suberin biosynthesis in the endodermis.
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Both the amount of lateral roots and suberization are known to be influenced by nutrient
availability (Barberon et al., 2016; Shahzad and Amtmann, 2017). Previous research has shown
that Arabidopsis activates the Fe deficiency response upon root colonization by WCS417
(Verhagen et al., 2004; Zamioudis et al., 2014, 2015). This response is normally activated upon Fe
limitation, suggesting that WCS417 changes either nutrient availability or nutrient use within
the plant. Thus, changing nutrient requirements in response to WCS417 might orchestrate the
observed root architectural changes. Previously, WCS417-induced root architecture changes
and WCS417-mediated activation of the Fe deficiency response were shown to be dependent
on functional auxin signaling in the plant (Zamioudis et al., 2013; Stringlis et al., 2018b). Auxin
signaling is also important for the regulation of lateral root development in general (Du and
Scheres, 2018) and in response to Fe (Giehl et al., 2012). Therefore, auxin might mediate the
possible nutrient-dependent root architecture changes.

Alternatively, the cell type-specific changes underlying the changes in root system
architecture might be induced by plants as part of the defense response, as our dataset
uncovers strong induction of defense-related genes in response to WCS417 (Table 2). Defense
responses in roots have been described to be cell type-specific (Wyrsch et al., 2015), and could
therefore theoretically result in cell type-specific biological effects, such as the endodermis-
specific suberization that we identified. Initiation of suberization has been hypothesized before
to be a defense response, as it could restrict microbial access into the root on the one hand
and the secretion of compounds that can be used as nutrients by the surrounding micro-
organisms on the other hand (Geldner, 2013; Vishwanath et al., 2015). An increase in lateral
root number, in turn, might be initiated to prevent future nutrient shortages due to nutrient
capture by the perceived micro-organisms. The activation of a defense response might seem
surprising in response to a beneficial rhizobacterium. However, the induction of defense
responses upon colonization by WCS417 in the Arabidopsis root has been shown repeatedly
(Verhagen et al., 2004; Stringlis et al., 2018b). The activation of the plant defense response upon
root colonization by WCS417 is likely mediated via recognition of common microbe-associated
molecular patterns (MAMPs) such as flagellin. While MAMP-triggered defense responses are
activated in response to live beneficial rhizobacteria, their induction is lower than in response
to MAMPs alone (Verhagen et al., 2004; Millet et al., 2010; Stringlis et al., 2018b). Thus, if these
root architectural changes are indeed induced as part of the defense response, one would
expect greater changes in response to pathogenic micro-organisms.

Concluding remarks

In the study presented here, we created a spatial map of gene expression changes induced
in the Arabidopsis root in response to colonization by the beneficial rhizobacterium
WCS417. Our dataset uncovers gene expression patterns that might explain observed root
architectural changes. Further study of the processes involved will shed new light on bacteria-
plant interactions. In addition, we hope that further mining of our dataset will enable other
researchers to determine the spatial pattern of other microbe-induced genes. Together with
the data presented here, this will contribute to our understanding of plant immunity, plant
growth and plant-microbe interactions.
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Abstract

The beneficial root-colonizing rhizobacterium Pseudomonas simiae WCS417 stimulates
plant growth and induces systemic resistance against a broad spectrum of plant diseases.
In Arabidopsis thaliana (Arabidopsis), the root transcriptional response to WCS417 shows
significant overlap with the root response to iron (Fe) starvation, including activation of the
marker genes MYB72 and IRT1. Here, we investigated how colonization of Arabidopsis roots
by WCS417 impacts Fe homeostasis in roots and shoots. Under Fe-sufficient conditions, root
colonization by WCS417 induced a transient Fe deficiency response in the root and elevated
both the total amount of Fe in the shoot and the shoot fresh weight. When WCS417-colonized
plants were grown under Fe-starvation conditions, WCS417 still promoted plant growth. As
Arabidopsis could not increase iron uptake, this resulted in chlorosis Thus, increased Fe uptake
in response to WCS417 is essential for Fe homeostasis in the more rapidly growing plant. As the
WCS417-induced Fe deficiency response is known to require a shoot-derived signal, we tested
whether the Fe deficiency response is activated in response to an increased Fe demand in the
more rapidly growing shoot. Exogenous application of Fe to the leaves to reduce a potential
shoot Fe shortage did not prevent WCS417-mediated induction of the Fe deficiency response in
the roots. Moreover, the leaf Fe status-dependent shoot-to-root signaling mutant opt3-2, which
is impaired in the phloem-specific Fe transporter OPT3, still up-regulated the Fe deficiency
response genes MYB72 and IRTT in response to WCS417. Collectively, our results suggest that
the WCS417-induced Fe deficency response in the root is controlled by a signalling system that
is independent of both leaf Fe status and OPT3.
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Introduction

The composition of the microbial community in the soil surrounding plant roots is different
from the community in soil further away from the roots. This phenomenon, known as the
rhizosphere effect, is associated with the secretion of carbon sources by plant roots. These
carbon sources can serve as nutrients for soil microbes (Berendsen et al., 2012; Lundberg et
al., 2012) or as selective agents that shape the composition of the root microbiome (Bakker
et al., 2018; Stringlis et al.,, 2018a). In return, plant growth-promoting rhizobacteria (PGPR)
within the root microbiome can improve plant growth and health (Lugtenberg and Kamilova,
2009; Berendsen et al., 2012; Pieterse et al., 2014). The PGPR Pseudomonas simiae WCS417 is
among the best-studied PGPR. When WCS417 colonizes the root of the model plant Arabidopsis
thaliana (Arabidopsis), it stimulates plant growth and induces systemic resistance (ISR) against
a broad variety of pathogens (Zamioudis et al., 2013; Pieterse et al., 2014). WCS417-mediated
ISR is not associated with immediate upregulation of defense responses in the leaves. Instead,
the increased resistance is associated with a more rapid and stronger activation of defense
responses upon pathogen attack, a cost-effective form of induced resistance known as defense
priming (Martinez-Medina et al., 2016). In the roots, WCS417 actively suppresses local defense
responsestriggered by its microbe-associated molecular patterns (MAMP) (Stringlisetal.,2018b),
possibly to facilitate colonization. Apart from downregulating defense responses, WCS417
mediates activation of the root-specific transcription factor gene MYB72 and its downstream
target 3-GLUCOSIDASE42 (BGLU42).These genes are essential for the onset of WCS417-mediated
ISR in Arabidopsis, as the mutants myb72 and bglu42 do not mount systemic immunity upon
colonization of the roots by WCS417 (Van der Ent et al., 2008; Zamioudis et al., 2014). MYB72
is also required for ISR triggered by other beneficial microbes, including the beneficial fungus
Trichoderma asperellum T-34 (Segarra et al., 2009; Martinez-Medina et al., 2017).

MYB72 and BGLU42 are not only involved in WCS417-mediated ISR, they are also part of the
iron (Fe) deficiency response that is initiated in plant roots under conditions of Fe starvation
(Palmer et al., 2013; Zamioudis et al., 2014; Verbon et al, 2017). Interestingly, 20% of all
genes induced by WCS417 in Arabidopsis roots are also induced under Fe-limited conditions
(Zamioudis et al., 2015), providing evidence for a mechanistic link between the Fe deficiency
response and ISR (Zamioudis et al., 2014; Verbon et al., 2017). Like WCS417, the beneficial ISR-
inducing fungi T. asperellum T-34 and Trichoderma harzianum T-78 induce the Fe deficiency
response in Arabidopsis and tomato (Martinez-Medina et al., 2017), suggesting that activation
of the Fe deficiency response by beneficial microbes is a wide-spread phenomenon (Romera et
al., 2019).

Plant Fe deficiency responses are elaborate molecular mechanisms that increase Fe uptake
when plants experience Fe shortage (Romheld, 1987; Walker and Connolly, 2008; Ivanov
et al., 2012; Kobayashi and Nishizawa, 2012). This is essential for plant growth and health as
Fe is required as an enzyme cofactor in many essential processes, such as respiration, DNA
synthesis and photosynthesis (Briat et al., 1995). Even though Fe is abundantly present in the
Earth’s crust, its bioavailability is limited because Fe is mainly present as ferric oxide, which is
poorly soluble at neutral and high pH. Arabidopsis, like other non-grass plants, utilizes the root-
specific Strategy | Fe deficiency response to safeguard sufficient Fe uptake under Fe starvation
conditions (Romheld, 1987). The basic helix-loop-helix (bHLH) transcription factor FIT (FER-LIKE
IRON DEFICIENCY TRANSCRIPTION FACTOR) is a central regulator of this response. FIT regulates
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the expression of a number of critical Fe uptake genes including FRO2, which encodes the
enzyme FERRIC REDUCTION OXIDASE?2 that reduces soluble ferric Fe (Fe**) to ferrous Fe (Fe?);
and IRT1, which encodes the high-affinity IRON-REGULATED TRANSPORTERT1 that transports
Fe?* into the plant root (Colangelo and Guerinot, 2004).

In addition to the core Strategy | genes, FIT regulates MYB72 gene expression (Colangelo
and Guerinot, 2004; Zamioudis et al., 2015). This root-specific transcription factor and its
paralogue MYB10 are required for plant survival when Fe availability is limited (Palmer et al.,
2013). MYB72 regulates the biosynthesis and secretion of a subclass of Fe-mobilizing phenolic
compounds called coumarins (Zamioudis et al., 2014; Stringlis et al., 2018a). Downstream of
MYB72, the glucoside hydrolase BGLU42 converts glycosylated coumarins into their aglycone
counterparts to enable their secretion into the rhizosphere (Zamioudis et al., 2014; Stringlis et
al., 2018a). The most abundant metabolite whose biosynthesis and secretion is dependent on
MYB72 and BGLU42 is the coumarin scopoletin (Stringlis et al., 2018a). In addition to MYB72
and BGLU42, several other genes with roles in the biosynthesis and secretion of Fe-mobilizing
coumarins are induced in Arabidopsis roots upon colonization by WCS417, even when plants
are grown under Fe-sufficient conditions (Zamioudis et al., 2014). These include FERULOYL-COA
6'-HYDROXYLASE1 (F6'H1), MYB10, SCOPOLETIN 8-HYDROXYLASE (S8H) (Rajniak et al., 2018; Tsai
et al., 2018), CYP82C4 (Rajniak et al., 2018), and PLEIOTROPIC DRUG RESISTANCE9 PDR9. F6'H1
is involved in the synthesis of coumarins in the phenylpropanoid pathway (Rodriguez-Celma
et al., 2013; Schmid et al., 2014), whereas the ABC transporter PDR9 secretes the coumarins
into the rhizosphere (Rodriguez-Celma et al., 2013; Fourcroy et al., 2014). Upon release in the
rhizosphere, coumarins can chelate and mobilize Fe3** and make it available for reduction and
uptake by the roots, thus improving Fe nutrition of the plant (Schmid et al., 2014; Fourcroy
et al., 2016; Tsai and Schmidt, 2017). Interestingly, some coumarins, including scopoletin,
possess a selective antimicrobial activity that can help the plant to shape its microbiome in the
rhizosphere in favor of PGPR that activate coumarin biosynthesis, such as WCS417 (Stringlis et
al., 2018a, 2019). Thus, WCS417 possibly hijacks the Fe deficiency response to trigger secretion
of the antimicrobial coumarins to improve its own niche establishment in the rhizosphere.

In Arabidopsis roots, the WCS417-induced Fe deficiency response is under the control of a
shoot-to-root signaling system (Zamioudis et al., 2015). This is also the case for the activation of
the Fe deficiency response upon Fe limitation (Grusak and Pezeshgi, 1996). After Fe is taken up
from the soil, it is transported to the shoot (Hindt and Guerinot, 2012). The plasma membrane
transporter OPT3, which loads Fe from the xylem into the phloem, regulates signaling of the leaf
Fe status to the root to maintain Fe homeostasis and prevent Fe overload (Zhai et al., 2014; Khan
etal., 2018). Misregulation of Fe status shoot-to-root signaling in mutant opt3-2 plants results in
a constitutively active Fe deficiency response in the roots, even under Fe-sufficient conditions
(Stacey et al., 2008). Fe overload results in oxidative stress (Aznar et al., 2015a; Verbon et al.,
2017). To prevent oxidative stress, Fe storage in the plant is tightly controlled. Ferritins (FERs)
are important players in this process (Ravet et al., 2009). The expression of FER genes is typically
upregulated when Fe content in the plant increases (Briat et al., 1999). FERs can subsequently
store up to 4500 Fe atoms in their cavity, thereby preventing free Fe from inducing oxidative
stress (Briat et al., 1999; Ravet et al., 2009).

In recent years, several studies demonstrated that beneficial soil-borne microbes can improve
Fe nutrition of plants, and that this is linked to their ability to trigger ISR (Romera et al., 2019).
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However, the biological mechanisms driving this microbial effect on Fe nutrition are not fully
understood. In this study, we investigated how WCS417 affects Fe homeostasis in Arabidopsis.
Moreover, we investigated the role of leaf Fe status in the activation of the Fe deficiency response
by WCS417. Our results show that increased Fe uptake in response to colonization of the roots
by WCS417 is essential to support WCS417-induced plant growth promotion. In addition, we
show that the WCS417-induced activation of the Fe deficiency response is independent of Fe
status-regulated shoot-to-root signaling.

Materials and methods

Plant material and growth conditions. Seedlings of Arabidopsis thaliana accession Col-0 and
mutant opt3-2 (Stacey et al., 2008) were grown on a piece of nylon mesh (Nitex Cat 03-100/44,
Sefar, Heiden, Switzerland) on standard Fe-sufficient growth medium consisting of modified
Hoagland medium (Hoagland and Arnon, 1938) containing 5 mM KNO,, 2 mM MgSO,, 2 mM
Ca(NO,),, 2.5 mM KH,PO,, 70 uM H,BO,, 14 uM MnCl,, 1 mM ZnSO,, 0.5 mM CuSO,, 10 uM
NacCl, 0.2 uM Na,MoO,, 0.05% 2-ethanesulfonic acid (MES; Duchefa Biochemie, Haarlem, the
Netherlands), 50 UM FeNaEDTA, 1% sucrose, and 1% plant agar (Duchefa Biochemie). The pH of
the medium was setto 5.7. Fe-deficient medium was prepared by leaving out FeNaEDTA from the
standard medium. Experiments that included treatments with the PGPR Pseudomonas defensor
WCS358 (hereafter: WCS358) and Pseudomonas capeferrum WCS374 (hereafter: WCS374), were
performed on standard medium without sucrose to prevent excessive growth of the bacteria.

Typically, Arabidopsis seeds were sown at low density on standard Fe-sufficient growth
medium (a single row of twenty seeds per square Petri dish of 120x 120 mm). For Fe measurement
purposes, seeds were sown at high density (a dense 10-cm row of three seeds thick on a square
Petri dish of 120 x 120 mm). Seeds sown at low density were sterilized by a 3-h exposure to the
gas formed upon mixing 100 ml bleach with 3.2 ml hydrochloric acid fuming (37%) (Van Wees
et al., 2013). Seeds sown at high density were liquid sterilized in 60% bleach (v : v) for 10 min,
followed by eight washes with MilliQ water (Dinneny et al., 2008). After sowing, plates were
sealed with a double layer of Parafilm and stratified in the dark at 4°C for 48 h. Plates were then
placed vertically in the growth chamber under short-day conditions (14-h night, 10-h day; 21°C;
100 pmol m=2s).

Bacterial and Fe-deficiency treatment. On the day of PGPR inoculation, after either 5 or 12
days of growth on standard Fe-sufficient medium, the pieces of nylon mesh with the plants
op top were transferred to new standard or to Fe-deficient plates. One day before transfer, the
PGPR strains Pseudomonas simiae WCS417, Pseudomonas capeferrum WCS358, and Pseudomonas
defensor WCS374 (Berendsen et al., 2015) were streaked from a frozen glycerol stock onto King’s
B medium agar plates (King et al., 1954) and incubated overnight in the dark at 28°C. A bacterial
suspension was prepared as described previously (Zamioudis et al., 2015). In brief, bacteria
were collected from the overnight plates, washed twice in 10 mM MgSO,, and then suspended
in 10 mM MgSO, to a final density of OD, = 0.01, or 0.001 when specified, for experiments
performed on sucrose-containing medium, and 0.1 for experiments performed on sucrose-
lacking medium. Plants grown at low density were inoculated by applying 10 pl of the bacterial
suspension halfway down each root. The remaining plants were similarly treated with 10 pl
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of 10 mM MgSO, (mock) or remained untreated (Control). Plants grown at high density were
inoculated by dividing 125 ul of a bacterial suspension at OD,,, = 0.01 over the root systems
of each row of plants. After treatment, plates were closed with a double layer of Parafilm and
returned to the short-day growth chamber. Plant material was harvested 1 to 7 days later, as
specified.

Fe supplementation to the shoot. Twelve-day-old Col-0 plants were transferred to new
standard Fe-sufficient plates. Subsequently, 0.2 pl of MilliQ (mock) or 0.2 pl of a 5 uM, 50 uM,
500 uM, or 5 mM FeNaEDTA solution was added to two leaves of each plant, immediately after
inoculation of the roots with WCS417. After 2 and 7 days, roots and shoots were harvested
for gene expression analysis and shoot fresh weight (FW) measurement. Material for gene
expression analysis was snap frozen in liquid nitrogen and stored at -80°C until RNA isolation.

Segmented plate assays. Segmented plates (square Petri dishes 120 x 120 mm) were prepared
by removing a 5-mm strip of medium from an Fe-deficient plate, rendering two physically
separated pieces of medium, as described previously (Giehl et al., 2012). The strip was removed
at 20 mm from the edge of the Petri dish. Fe concentrations in the small top part of the medium
were amended to a final concentration of 40 pM or 200 uM FeNaEDTA by adding 42 or 205 pl,
respectively, of 8 mM FeNaEDTA. The Fe concentration in the large bottom part was amended
to a final concentration of 40 uM FeNaEDTA by adding 208 ul of 8 mM FeNaEDTA. Plates were
left horizontally at room temperature (RT) overnight to allow the Fe to diffuse into the medium.
Five-day-old seedlings were transferred on their nylon mesh to the segmented plates with the
shoot part touching the small top part of the medium and the root part touching the large
bottom part of the plate. Bacterial treatments in this system were performed by applying
10 pl of a bacterial suspension halfway down each root system, immediately after transfer
of the plants to the segmented plates. Plants were decapitated just prior to treatment with
WCS417 through removal of the shoot by cutting directly below the hypocotyl as described
previously (Zamioudis et al., 2015). Roots were harvested 2 days after transfer of the plants to
the segmented plate system. Plant material was stored at -80°C until RNA isolation.

Quantitative reverse transcription-polymerase chain reaction (qQRT-PCR). RNA was isolated
from frozen roots and shoots (Ofate-Sdnchez and Vicente-Carbajosa, 2008) and prepared for
RT-PCRas described previously (Caarls et al., 2017). In short, cDNA was synthesized from DNase-
treated total RNA samples using an oligo-dT primer. PCR reactions were performed using SYBR®
green to monitor the synthesis of double-stranded DNA. Gene expression was analyzed using
the comparative Ct method (Schmittgen and Livak, 2008). First, gene expression was normalized
to the expression level of the reference gene PP2AA3 (At1g13320) by subtracting the cycle
threshold (Ct) of PP2AA3 from the Ct of the gene of interest in the same sample, generating
ACt values. AACt values were calculated by taking the average Ct of the control samples and
subtracting this value from all ACt values. Statistical analyses were performed on the AACt
values. Relative gene expression (fold change in gene expression relative to control), calculated
as 2%2% was plotted. The gene-specific primers used are listed in Table S1 and available as
part of the Online Supplementary Material here: https://cp.sync.com/dl/60fe897a0#fqt4xv25-
em3ineic-y792dg3h-qrydpq97.
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Plant growth and chlorophyll measurements. For growth measurements, shoots were cut
from the roots just below the hypocotyl. Shoots from all the plants grown on a single plate were
counted and pooled to obtain one biological replicate. The shoots were gently dried with tissue
paper to remove any adhering moisture and weighed. Average shoot fresh weight (FW) was
calculated by dividing the total shoot FW by the number of plants on the plate. Chlorophyll was
measured as described previously (Hiscox and Israelstam, 1979) from the same samples. In brief,
leaf tissue from the Arabidopsis seedlings from a single plate were placed in a vial containing
3 ml dimethylsulfoxide (DMSO) per 100 mg of shoot FW and incubated for 45 min at 65°C. After
cooling to RT, chlorophyll (a + b) extracts were transferred to a cuvette, and spectrophotometer
readings were performed using a DU-64 spectrophotometer (Beckman Coulter, Brea, USA) at a
wavelength of 652 nm. Chlorophyll concentrations were calculated as described by Hiscox and
Israelstam (1979).

Fe measurement. For Fe measurements, the collective shoot tissue from at least three high-
density sown Arabidopsis plates were pooled to obtain one biological replicate. Plants were
prepared for Fe content analyses as described previously (Trapet et al., 2016). In brief, shoot
material was gently dried with tissue paper and placed in 50-ml conical tubes containing 30 ml
of MilliQ water. After 10 min of shaking at RT, plant tissue was washed twice in rinsing solution
(5 mM EDTA, 1 mM KCl, 5 mM Na,S,0,, 0.5 mM CaSO, 2H,0, pH = 6) at RT for 10 min on a shaker.
After a final 10-min wash with MilliQ, the samples were gently dried with tissue paper and
transferred into Pyrex tubes. Fe residues had been removed from these tubes by a 3-h rinse in 0.1
M hydrochloric acid, followed by a 1-h rinse in 5 mM EDTA and a final wash in MilliQ. The samples
were dried completely by placing themin a 65°Cincubator for 2 days. Subsequently, tissues were
ground with a glass stick, after which the dry weight was measured. For mineralization, up to 10
mg of dry weight per sample was solubilized in 300 pl 65% nitric acid (Merck, Kenilworth, USA)
and incubated at 120°C until all liquid was evaporated. The remaining material was mineralized
a second time with 100 pl nitric acid and 200 pl hydrogen peroxide. This second mineralization
step was repeated until all the material was mineralized. The mineralized material was dissolved
in 200 pl nitric acid and 100 pl hydrogen peroxide. The final volume was subsequently adjusted
to 10 ml by adding 9.7 ml of MilliQ. The Fe concentration of the samples was analyzed with an
inductively coupled plasma atomic emission spectrometer (Thermo Scientific, Waltham, USA).
The following settings were used: radio frequency power 1150 W, auxiliary gas flow 0.5 | min~,
pump rate 50 rpm, nebulizer gas flow 0.5 | min™, coolant gas flow 12 | min™', optics temperature
38°C, camera temperature 45°C.

Results

Characteristics of the PGPR-induced Fe deficiency response

The Pseudomonas spp. PGPRWCS417, WCS374, and WCS358 have been demonstrated to trigger
ISR and promote plant growth in different plant species (Berendsen et al., 2015). In our standard
in vitro plate system on Fe-sufficient medium, colonization of Arabidopsis Col-0 roots by these
PGPR increased shoot fresh weight by approximately threefold (Figure 1A and 1B). Even though
the plants grew on Fe-sufficient medium, colonization of the roots was associated with a
transient increase in the expression of the Fe deficiency response marker genes MYB72 and
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IRT1 (Figure 1C), which peaked at 2-3 days after application of the bacteria to the root system,
confirming earlier findings (Zamioudis et al., 2015). Previously, it was shown that a threshold of
ISR-stimulating PGPR is required on the roots for the activation of ISR (Raaijmakers et al., 1995).
To test if the same holds true for the activation of the marker genes MYB72 and IRT1, we tested
the effect of two bacterial densities of WCS417. Application of WCS417 to the root system at
the standard density of OD, 0.01 significantly increased the expression of both MYB72 and
IRT1 at day 2 after colonization (Figure 1D). A 10-fold lower bacterial density failed to induce
expression of the Fe-deficiency marker genes, suggesting that the activation of these genes
requires a threshold level of bacteria on the root system. Interestingly, two days after treatment,
the increased MYB72 and IRTT mRNA levels in WCS417 OD, , 0.01-treated roots growing on Fe-
sufficient medium were in the same range (MYB72) or even higher (IRT1) than in roots growing
on Fe-deficient medium (Figure 1D). When monitored over an extended period of 7 days, the
expression profiles of MYB72 and IRTT in WCS417-treated roots displayed a transient 2-5 fold
increase, which peaked at day 2 or 3 after inoculation (Figure 1E, pink versus grey lines). In
contrast, MYB72and IRTT mRNA levels in roots of Fe-starved plants continued to increase up to at
least 7 days after treatment (Figure 1E, green versus grey lines). Together, these results indicate
that PGPR induce the Fe deficiency response genes MYB72 and IRTT even when sufficient Fe is
available in the growth medium, but only when they are present at sufficient numbers on the
root system. In addition, the PGPR-mediated Fe deficiency response on Fe-sufficient medium is
mild and transient compared to the response induced by Fe limitation.

To investigate whether the WCS417-induced Fe deficiency response affects Fe status in the
roots, we tested the expression of the Fe storage protein gene FER1. FERT expression reflects
metabolic Fe needs and serves as a robust marker for the cellular Fe status (Gaymard et al.,
1996), with FERT expression typically high under conditions of Fe excess and low under Fe-
deficient conditions (Petit et al., 2001; Arnaud et al., 2006). In Fe-starved plants, FERT mRNA
levels remained low during the course of the experiment (Figure 1F, green versus grey line).
In contrast, in WCS417-treated roots of plants growing on Fe-sufficient medium, FERT mRNA
levels dropped during the first 2 days, but then increased to levels that were significantly higher
than those in control plants growing on Fe-sufficient medium (Figure 1F, pink versus grey line),
suggesting that Fe uptake increased in the roots in response to WCS417 colonization.

Shoot Fe status in PGPR-colonized plants

Next, we monitored the effect of WCS417 on chlorophyll and Fe content in the leaves of Col-
0 plants growing on Fe-sufficient or Fe-deficient medium. Figure 2A shows that WCS417
significantly increased shoot FW on both Fe-sufficient and Fe-deficient medium, although
the increase in shoot FW was more pronounced on Fe-sufficient medium. Interestingly, total
chlorophyll content, which is an indicator for Fe nutrition in the leaves (Briat et al., 2015),
followed the WCS417-mediated increase in shoot FW when plants were grown on Fe-sufficient
medium (Figure 2B, pink versus grey line). However, on Fe-deficient medium, total chlorophyll
amount per WCS417-treated plant remained constant over time, even though plant FW
increased (Figure 2A-B, blue versus green line). As a result, the relative chlorophyll content per
gram of shoot FW was significantly lower in WCS417-treated plants growing in Fe deficient
medium (Figure 2C), as was reflected by a more chlorotic appearance of the shoots (Figure 2A).
As expected, measurement of the Fe content per gram of dry weight shows the same trend as
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Figure 2 Effect of WCS417 on plant growth and Fe status under Fe-sufficient and Fe-deficient condi-
tions. Plant growth (A) and total and relative chlorophyll (a + b) content (B and C) at 2, 5, and 7 days after
12-day-old Col-0 plants were transferred to control medium (grey and purple) or medium not supplement-
ed with Fe (-Fe; green and blue) and half of each condition was inoculated with a WCS417 suspension with
an OD,, of 0.01. Photographs are representative pictures from the experiment at 7 days post treatment. D)
Leaf Fe content of 19-day-old plants7 days post treatment. These plants were grown at high density and
inoculated with aWCS417 suspension with an OD, of 0.1. Error bars represent standard errors of the mean.
Per timepoint, different letters indicate statistically significant differences between treatments (One-way
ANOVA followed by Tukey'’s test; P < 0.05; n=3-6). Scale bars represent 0.5 cm.

the chlorophyll content. While Fe content in the shoots did not significantly differ between
WCS417-treated plants and their respective controls, the Fe content of Fe-starved plants
tended to be lower (Figure 2D). Together, these data suggest that under conditions of sufficient
Fe availability, enhanced Fe uptake ensures the maintenance of Fe homeostasis in the more
rapidly growing WCS417-colonized plant.
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Shoot-to-root Fe signaling in PGPR-treated plants
The Fe deficiency response in the root is activated in Fe deficient conditions by shoot-derived
signals communicating leaf Fe status to the root (Grusak and Pezeshgi, 1996; Grillet et al., 2018).
The induction of the Fe deficiency response upon root colonization by WCS417 (Figure 1) was
previously shown to also require a shoot-derived signal (Zamioudis et al., 2015). Therefore, we
hypothesized that thisresponseisactivated due to an enhanced Fe demand in the faster-growing
shoots. To test this hypothesis, we studied whether exogenous Fe supply to the leaves prevents
WCS417-mediated induction of the Fe deficiency response in the roots. A concentration range
of 5 uM - 5 mM of exogenously supplied FeNaEDTA gradually increased FERT mRNA levels in the
shoots of sterile-grown plants at 7 days after treatment, suggesting that Fe content increased
in the Fe-supplemented shoots (Figure 3A). The concentration of 500 uM was chosen for further
experiments as this was the highest concentration that could be supplied to leaves without
causing visible symptoms of phytotoxicity (Figure 3B). Colonization of the roots by WCS417
promoted growth in Col-0 plants irrespective of whether the leaves were supplemented with
500 uM FeNaEDTA (Figure 3C). Application of the Fe supplement to the leaves had no effect
on the WCS417-induced levels of MYB72 and IRTT in the roots (Figure 3D), suggesting that leaf
Fe shoot-to-root signaling does not affect WCS417-mediated induction of the Fe deficiency
response in the roots. The WCS417-mediated growth promotion was associated with a decrease
in FERT mRNA levels in the control shoots at 2 days after inoculation of the roots with WCS417
(Figure 3E), suggesting that WCS417-treated plants were in demand for Fe (Figure 3D). A similar
drop in FERT mRNA levels was observed in WCS417-treated plants of which the shoots were
supplemented with Fe. Hence, a single application of 500 uM FeNaEDTA to the leaves at the
onset of root colonization by WCS417 was not sufficient to compensate for a possible increased
Fe demand in the leaves during the early stages of WCS417-mediated plant growth promotion.
In order to supply a more continuous source of exogenous Fe to the leaves we made use
of a segmented plate setup in which roots and shoots could be exposed to different Fe
concentrations (Figure 4A). When both roots and shoots of sterile-grown plants were cultivated
for 2 days on Fe-deficient medium, MYB72 and IRT1 were induced in the roots, as expected
(Figure 4B). When the shoots were placed on Fe-sufficient medium and the roots on Fe-deficient
medium, the levels of MYB72 and IRT1 gene expression were significantly reduced compared to
plants grown on fully Fe-deficient plates (Figure 4B). Hence, in this experimental setup, leaf Fe
status is an important determinant of the Fe deficiency response activity. Vice versa, when roots
were placed on Fe-sufficient medium and shoots on Fe-deficient medium, MYB72 and IRT1 were
not activated, likely because the roots had ample Fe to take up from the medium to supply the
shoots with sufficient Fe (Figure 4B). Next, we tested the effect of WCS417 in this experimental
set up. Again, plants of which both shoots and roots were grown on Fe-deficient segments
showed increased expression of the Fe deficiency response genes MYB72 and IRT1 (Figure 4C).
In response to WCS417 root colonization, plants of which both shoots and roots were grown
on Fe-sufficient segments showed a similarly induced expression level of MYB72 and IRT1
(Figure 4C). Decapitation of the shoot from the root just prior to root inoculation with WCS417
completely prevented activation of MYB72 and IRT1 (Figure 4C, red X), confirming previous
findings that a shoot-derived signal is required for the onset of the Fe deficiency response in
the roots in response to WCS417 (Zamioudis et al., 2015). To test whether the induction of the Fe
deficiency response in roots in response to WCS417 is caused by an increased Fe demand in the
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plants (B), 7 days after 0.2 pl of a solution with indicated concentrations of FeNaEDTA was added on two
leaves per plant. C) Shoot weight of 19-day-old plants, 7 days after WCS417 (OD,,=0.01) was added to the
root and 500 yM FeNaEDTA was added to the shoot. qRT-PCR analysis of MYB72 and IRT1 in roots (D), and
FERT gene expression in shoots (E) at 2 days after shoot Fe supply and inoculation with WCS417. Gene ex-
pression levels were normalized to that of the constitutively expressed reference gene PP2AA3 (At1g13320).
Plotted are fold-changes in gene expression levels relative to the average of non-inoculated, mock-treated
plants. Error bars represent standard errors of the mean. Per timepoint, different letters indicate statistically
significant differences between treatments (One-way ANOVA followed by Tukey’s test; P < 0.05; n=5-6).
Scale bars represent 0.5 cm.
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Fe deficiency response in roots. A) Schematic representation and picture of the segmented plate assay
in which Col-0 plants on nylon mesh are positioned with their shoots on the top segment and with their
root systems on the bottom segment of the plate. B-C) qRT-PCR analysis of MYB72 or IRT1 gene expression
in roots, 2 days after transfer of 5-day-old Col-0 plants onto segmented plates in which the top and bottom
segments contained either 0 uM (-), 40 uM (+) or 200 uM (++) FeNaEDTA. Root inoculations with WCS417
(OD,,,=0.01) were performed immediately after transfer of the plants to the segmented plates. Decapita-
tion of the shoot (indicated by a red “x") was performed by cutting at the shoot-root junction just prior to
application of WCS417 to the roots. Gene expression levels were normalized to that of the constitutively
expressed reference gene PP2AA3 (At1g13320). Plotted are fold-changes in gene expression levels relative
to that of non-inoculated plants growing with both shoots and roots on Fe-sufficient medium. Error bars
represent standard errors of the mean. Different letters indicate statistically significant differences between
treatments (One-way ANOVA followed by Tukey’s test; P < 0.05; n=3-4).
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shoot, we placed the shoots on medium with a five times higher concentration of Fe (200 uM Fe
(++) instead of 40 uM Fe (+)). We reasoned that this high Fe concentration in the top segment
would compensate for the potentially enhanced Fe demand in the shoots of WCS417-treated
plants. In this setup, the roots were placed on standard Fe-sufficient medium. Figure 4C shows
that when the shoots were exposed to a higher concentration of Fe in the medium, WCS417-
induced expression of MYB72 in the roots was reduced, but not statistically significantly. For
IRT1 gene expression, the effect of the enhanced Fe supply via the leaves was even weaker and
also not statistically significant. Together, these results point to a scenario in which it is unlikely
that an increased Fe demand in the shoots because of WCS417-mediated growth promotion
is responsible for the shoot-to-root signaling that leads to the activation of the Fe deficiency
response in WCS417-colonized roots.

PGPR-mediated shoot-to-root Fe signaling is independent of OPT3

The above-described results suggest that the WCS417-induced Fe deficiency response in the
roots does not rely on the canonical Fe status-mediated shoot-to-root signaling system that
communicates whether activation of the Fe uptake response is required. To find further proof
for this conclusion, we made use of the knockdown mutant opt3-2, which is impaired in leaf
Fe status signaling to the root (Mendoza-Coézatl et al., 2014; Zhai et al., 2014). Misregulation of
shoot-to-root Fe status signaling in opt3-2 plants results in a constitutively active Fe deficiency
response in the roots under Fe-sufficient conditions. This leads to high Fe levels in the shoot
(Stacey et al., 2008) that are sensed, but not communicated to the root to suppress the Fe
uptake response (Khan et al., 2018). We reasoned that if the Fe deficiency response is activated
in response to WCS417 because of an Fe shortage in the shoot, activation of MYB72 should not
take place in the opt3-2 mutant because of its shoot Fe overload. To test this, we inoculated
the roots of Col-0 and opt3-2 plants growing on Fe-sufficient medium with WCS417 or a mock
solution. Two days later, the expression level of the Fe storage gene FERT was significantly higher
in the control shoots of opt3-2 plants than in those of Col-0 (Figure 5A), which is indicative of
the previously reported enhanced Fe levels in opt3-2 leaves (Stacey et al., 2008). In addition,
basal MYB72 mRNA levels were 19-fold higher in control opt3-2 roots than in control Col-0 roots
(Figure 5B), confirming that opt3-2 roots constitutively express the Fe deficiency response (Khan
etal., 2018). WCS417 promoted growth in both Col-0 and opt3-2, resulting in a typical 2-3-fold
increase in shoot FW (Figure 5C) and an increase in the total amount of chlorophyll per plant
(Figure 5D). Inoculation of Col-0 roots with WCS417 resulted in a typical 3-fold increase in MYB72
expression. In opt3-2 mutants, MYB72 transcript levels were also increased by 3-fold in response
to WCS417, from 19- to 53-fold relative to mock-treated Col-0 roots. These results confirm that
the WCS417-induced Fe uptake response in roots is not controlled by the canonical Fe status-
mediated shoot-to-root signaling pathway but by a shoot-dependent signaling system that
functions independently of the Fe status and OPT3.

Discussion

PGPR in the root microbiome enhance plant nutrient uptake, improve root system architecture,
and stimulate the plant immune system (Berendsen et al., 2012). Over the past few years,
evidence has accumulated that plants evolved strategies to attract beneficial root-associated
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microbiota to optimize both nutrient acquisition and immunity (Hiruma et al., 2016; Castrillo
et al., 2017; Verbon et al., 2017; Bakker et al., 2018; Stringlis et al., 2018a). One of the nutrients
whose uptake is affected by PGPR is Fe. Fe is among the essential mineral nutrients required by
plants, but its bioavailability in the soil is often limited (Palmer et al., 2013; Tsai and Schmidt,
2017). Plants evolved elaborate Fe deficiency responses to increase Fe uptake in Fe limiting
conditions (RGmheld, 1987). Arabidopsis roots also activate the Fe deficiency response upon
interaction with the model PGPRWCS417, even when the interaction takes place in Fe-sufficient
conditions (Zamioudis et al., 2014). Activation of the response results in increased production
and excretion of MYB72-dependent Fe-mobilizing coumarins (Stringlis et al., 2018a). As some
coumarins have selective antimicrobial activity, the PGPR-induced secretion of these coumarins
is thought to help the PGPR to establish in their niche on the root. In addition to activating
the Fe deficiency response, PGPR can promote plant growth and trigger ISR. Activation of
both the Fe deficiency response and ISR is a common phenomenon in interactions between
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dicot plants and beneficial microbes (Romera et al., 2019). However, little is known about the
mechanism underlying the induction of the Fe deficiency response by PGPR, or about its effect
on Fe homeostasis and signaling in the plant. In this study, we show that WCS417 activates the
Fe deficiency response only when present in sufficient numbers on the roots. In comparison to
conditions of Fe starvation, the WCS417-elicited Fe deficiency response is mild and transient
(Figure 1). We further show that the induced Fe uptake response is not the cause of WCS417-
mediated plant growth promotion, as WCS417 still promoted plant growth under Fe-limiting
conditions. Nevertheless, WCS417-induced Fe uptake is essential for the plant to maintain
Fe homeostasis during the WCS417-enhanced plant growth (Figure 1 and 2). Finally, we
demonstrate that the WCS417-induced Fe deficiency response in the roots is regulated by a so
far unidentified shoot-to-root signaling system that is independent of leaf Fe status and OPT3.

WCS417 does not cause Fe depletion in the soil environment

Colonization of the plant root by growth-promoting microbes induces molecular and
morphological changesin the roots that resemble those induced under Fe starvation (Zamioudis
etal., 2013, 2014; Verbon and Liberman, 2016; Martinez-Medina et al., 2017; Verbon et al., 2017;
Romera et al., 2019). Many root microbiota, including the Pseudomonas spp. PGPR used in this
study (Duijff et al., 1993; Berendsen et al., 2015), have the capacity to produce Fe-chelating
siderophores that ensure microbial uptake of Fe when Fe is scarce. Interestingly, siderophores
have also been shown to play a role in the onset of ISR (Duijff et al., 1993; Meziane et al., 2005;
De Vleesschauwer et al., 2008). This raises the question whether PGPR-mediated activation of
the Fe deficiency response and ISR are caused by a microbially-inflicted Fe depletion in the root
surroundings. Our results suggest that this is not the case, as WCS417 elicited a mild, transient
activation of the Fe deficiency response, whereas Fe starvation triggered an Fe deficiency
response that was stronger and increased gradually over time (Figure 1). The rejection of the Fe-
depletion hypothesis is supported by the fact that Arabidopsis also activates the Fe deficiency
response upon root colonization by WCS417 siderophore mutants and upon perception of
volatile organic compounds (Zamioudis et al., 2015; Martinez-Medina et al., 2017).

The WCS417-induced Fe deficiency response in the root is independent of leaf Fe status

Previously, we showed that a shoot-derived signal is required for the activation of the Fe
deficiency response by PGPR in Arabidopsis roots (Zamioudis et al., 2015). As WCS417-mediated
activation of the Fe deficiency response supports Fe nutrition in the faster growing plant (Fig.
2), we reasoned that the Fe deficiency response might be activated in response to an increased
Fe demand in the faster growing shoots. This resembles the previously described leaf Fe status-
dependent shoot-to-root signaling system that maintains Fe homeostasis via the regulatory
activity of the leaf Fe transporter OPT3 (Zhai et al., 2014; Khan et al., 2018). However, while
exogenous Fe supply to the leaves suppressed Fe starvation-mediated activation of the Fe
uptake response in the roots, it did not prevent WCS417-mediated activation of the response
(Figs. 3 and 4). Moreover, the leaf Fe status shoot-to-root signaling mutant opt3-2, which
has an Fe overload in its shoots (Zhai et al., 2014; Khan et al., 2018), was still responsive to
WCS417-mediated activation of the Fe deficiency response in the roots (Fig. 5). We therefore
conclude that the Fe acquisition response triggered by WCS417 is under the control of a shoot-
to-root signaling system that functions independently from OPT3 and leaf Fe status. Recently,
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the IRON MAN (IMA) peptide family was discovered as a novel phloem-mobile shoot-to-root
signal that controls Fe uptake in the roots under conditions of Fe starvation (Grillet et al., 2018).
Interestingly, IMAT is also induced upon colonization of the roots by WCS417 (Zamioudis et al.,
2014) and could therefore play a role in the shoot-to-root signaling required for the activation
of the Fe deficiency response.

Auxin is required for the morphological and molecular root responses that are typically
observed in roots in response to WCS417 and Fe starvation (Chen et al., 2010; Zamioudis et
al., 2013; Stringlis et al., 2018b). While WCS417 does not produce auxin itself, it stimulates an
auxin response in Arabidopsis roots (Zamioudis et al., 2013, Stringlis et al., 2018b). As the auxin
response in the root is also under the control of a shoot-to-root signaling system (Ljung et al.,
2005), auxin signaling might be involved in the shoot-to-root signaling pathway that activates
the Fe deficiency response upon root colonization by WCS417. To test this hypothesis, further
investigation into the interaction between the signaling pathways induced in response to
PGPR, Fe starvation and auxin is required.

The fine balance between harmful and beneficial

WCS417 and many other biological control agents, promote plant growth, improve plant
nutrition, and or prime the plant immune system in controlled experimental settings
(Lugtenberg and Kamilova, 2009; Pieterse et al., 2014; Liu et al., 2017; Ab Rahman et al., 2018).
However, biological control agents often show inconsistent performance in the field. In this
study, it becomes clear that a switch from beneficial to harmful effects of PGPR can be induced
by environmental conditions. Colonization of the roots by WCS417 promoted plant growth
irrespective of whether plants were grown on Fe-sufficient or Fe-deficient medium (Fig. 2). On
Fe-sufficient medium, the WCS417-induced Fe deficiency response allowed plants to maintain
Fe homeostasis while growing more rapidly. However, under Fe limiting conditions, the faster
growing WCS417-stimulated plants had a significantly lower chlorophyll content and became
chlorotic. Hence, under specific environmental conditions, when not all prerequisites for
the potentially beneficial microbial functions are met, biological control agents can become
detrimental for plant performance. This highlights the importance of basic research on
understanding the biological mechanisms by which beneficial microbes promote plant growth
and control diseases, as it will provide important information that may facilitate the successful
application of novel biofertilizers and biopesticides in the field.
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Abstract

Iron (Fe) is an essential element for most organisms on Earth because it functions as an enzyme
cofactor in many fundamental cellular processes. Consequently, Fe availability affects the
outcome of many cross-kingdom interactions. In Arabidopsis thaliana (Arabidopsis), limited Fe
availability to the plant has been shown to decrease disease symptoms caused by necrotrophic
pathogens. Here, we report that Fe deficiency not only decreases the symptoms caused by the
necrotrophic fungus Botrytis cinerea, but also by the hemi-biotrophic bacterium Pseudomonas
syringae pv. tomato DC3000 and the obligate biotrophic oomycete Hyaloperonospora
arabidopsidis. We show that Fe deficiency-reduced disease severity is dependent on functional
hormone signaling, as Fe deficiency does not decrease disease symptoms caused by B.
cinerea and H. arabidopsidis in the ethylene response mutant ein2-1 and the salicylic acid-
biosynthesis mutant sid2-1, respectively. Thus, Fe deficiency seems to induce an active form
of plant resistance. This Fe deficiency-induced resistance resembles the broad-spectrum
induced systemic resistance (ISR) that is triggered upon colonization of roots by beneficial
Pseudomonas simiae WCS417 bacteria. However, we show that Fe deficiency-induced resistance
does not depend on the ISR regulators MYB72 and BGLU42, indicating that both types of
induced resistance are regulated, at least partly, in a different manner. Interestingly, a mutant
with an excess of Fe in its shoot and a mutant constitutively suffering from Fe starvation show
resistance levels comparable to those in Fe-starved Col-0 plants. Therefore, we propose that a
misregulation of Fe homeostasis might be sufficient for the onset of resistance. Collectively, our
results suggest a complex interplay between the regulation of plant Fe homeostasis and plant
immunity in which a disturbance in Fe homeostasis primes the immune system for enhanced
defense against pathogen attack.
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Introduction

Iron (Fe) functions as an enzyme cofactor in several important cellular processes, such as
respiration, DNA synthesis, hormone production, and chlorophyll biosynthesis. Fe is therefore
an essential nutrient for nearly all living organisms (Darbani et al., 2013; Balk and Schaedler,
2014). As the bioavailability of Fe in soil is generally low (Guerinot and Ying, 1994), plants have
developed sophisticated mechanisms to ensure sufficient Fe uptake. Two Fe uptake strategies
have been described in plants: Strategy I, which is used by non-graminaceous plant species
such as Arabidopsis thaliana (Arabidopsis), and Strategy Il, which is used by grass plant species
(Romheld, 1987). Strategy Il is based on the production and secretion of phytosiderophores,
which have a high affinity for Fe. Secreted phytosiderophores chelate Fe from the soil and can
subsequently be taken up by the plant through a ferric Fe (Fe**)-phytosiderophore-specific
uptake system (Guerinot and Ying, 1994). This strategy is similar to Fe uptake mechanisms
employed by bacteria and fungi, as these organisms also secrete Fe-chelating siderophores
to enable Fe uptake from the environment (Miethke and Marahiel, 2007). Strategy |, in
contrast, is based on the reduction of Fe. A major regulator of Strategy | in Arabidopsis is the
transcription factor FER-LIKE IRON DEFICIENCY TRANSCRIPTION FACTOR (FIT). Among other
genes, FIT activates FERRIC REDUCTASE OXIDASE2 (FRO2), IRON REGULATED TRANSPORTERT (IRTT)
and MYB72 (Colangelo and Guerinot, 2004). FRO2 reduces soil-borne Fe** to ferrous Fe (Fe*)
(Robinson et al., 1999). Fe?*is subsequently taken up in the root interior through IRT1 (Vert
et al., 2002). In Fe-deprived soils, the root-specific transcription factor MYB72 acts together
with its paralogue MYB10 in the mobilization and uptake of Fe (Palmer et al., 2013). MYB72
regulates the biosynthesis and secretion of Fe-mobilizing coumarins (Zamioudis et al., 2014;
Stringlis et al., 2018a). Downstream of MYB72, activity of the glycoside hydrolase BGLU42
converts glycosylated coumarins into their aglycone counterparts, which is required for the
secretion of the coumarins into the rhizosphere (Zamioudis et al., 2014; Stringlis et al., 2018a).
The secretion of these Fe-chelating phenolic compounds into the soil results in Fe solubilization
and increased effectivity of FRO2 (Santi and Schmidt, 2009; Fourcroy et al., 2014). In addition to
MYB72 and BGLU42, FERULOYL-COA 6-HYDROXYLASE1 (F6'H1) is required for the production of
these compounds (Schmid et al., 2014; Tsai and Schmidt, 2017).

Upon uptake of Fe by the roots, different transporters, such as YELLOW STRIPE-LIKE (YSL) family
members and NRAMPs, take care of proper distribution of Fe throughout the plant (Kobayashi
et al, 2019). As an excess of Fe can cause major damage to cells through the production of
hydroxyl radicals (Fenton, 1894), various organic molecules, such as citrate, phenolics, and
nicotianamine, act as chaperones of Fe during transport to prevent Fe toxicity. Ferritins (FERs),
nicotianamine, and phytates are involved in buffering Fe once it is stored in the vacuole,
mitochondria and chloroplasts (Darbani et al., 2013; Kobayashi et al., 2019). Once sufficient Fe
has been transported to the shoot, the Fe deficiency response in the roots is down-regulated.
The gene OLIGO PEPTIDE TRANSPORTER 3 (OPT3), encoding a phloem-specific Fe transporter, is
involved in leaf Fe status shoot-to-root signaling (Zhai et al., 2014; Garcia et al., 2018; Khan et al.,
2018), as is the IRON MAN family of peptides (Grillet et al., 2018).

Fe availability does not only affect plant nutrient status, but also plant susceptibility to
disease (Aznar et al., 2015b; Verbon et al., 2017). For example, the Arabidopsis response to the
pathogenic bacterium Dickeya dadantii is dependent on sufficient Fe content in the plant, as
it involves the release of Fe from the vacuole to develop an oxidative burst to limit pathogen
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growth (Segond et al., 2009). Concomitantly, the plant increases the expression of the ferritin-
encoding gene FERT, probably to protect the yet uninfected plant tissues from the oxidative
stress (Aznar et al., 2015a). Similarly, maize plants use the oxidative burst to protect themselves
from Colletotrichum graminicola. Fe-deficient maize plants are therefore less resistant to C.
graminicola because they cannot mount as strong an oxidative burst as plants grown in Fe-
sufficient conditions (Ye et al., 2014). The opposite strategy is also employed, in which plants
do not expose pathogens to an excess of Fe, but rather withhold Fe from the pathogen. For
example, enhanced sequestration of Fe in the apoplast by Arabidopsis in response to infection
by Pectobacterium carotovorum subsp. carotovorum withholds Fe from the pathogen, thereby
decreasing pathogen virulence (Hsiao et al, 2017). Pathogen dependency on sufficient Fe
availability for full virulence has also been documented for Cochliobolus heterostrophus,
Cochliobolus miyabeanus, Fusarium graminearum, Alternaria brassicicola (Oide et al., 2006),
and Fusarium oxysporum (Lépez-Berges et al., 2012). In addition to Fe withholding, decreased
susceptibility of Fe-deficient plants is in some cases due to the Fe deficiency-induced secretion
of antimicrobial molecules. A well-described example is the Fe deficiency-induced secretion
of coumarins that have antimicrobial properties (Stringlis et al., 2019). Finally, Fe deficiency
has been suggested to enhance Arabidopsis resistance to disease by enhancing the immune
response, although data so far are inconclusive and the mechanisms involved are unknown
(Kieu et al., 2012).

Interestingly, the root-specific response to Fe deficiency is also activated in Arabidopsis
in response to colonization by the beneficial rhizobacterium Pseudomonas simiae WCS417.
Amongst the Fe deficiency response genes that are activated in response to WCS417 are MYB72
and BGLU42 (Van der Ent et al., 2008; Zamioudis et al., 2014). As described above, MYB72 and
BGLU42 are involved in the secretion of Fe-chelating coumarins that increase Fe** availability in
the soil (Schmid et al., 2014; Fourcroy et al., 2016; Tsai and Schmidt, 2017; Stringlis et al., 2019).
Upon root colonization by WCS417, both MYB72 and BGLU42 are required for the induction
of systemic resistance (ISR) observed in WCS417-colonized plants. In fact, overexpression of
BGLU42 in oxBGLU42 plants results in constitutive resistance (Zamioudis et al., 2014). WCS417-
mediated ISR does not involve constitutively active defense responses. Instead, WCS417
colonization primes the Arabidopsis immune system, resulting in a stronger and faster
response to pathogen attack (Pieterse et al., 2014). This increased resistance requires functional
signaling of the plant defense hormones jasmonic acid (JA) and ethylene (ET). These and other
defense hormones act as cellular signaling molecules in the regulation of immune processes
in response to microbial pathogens, insect herbivores, and beneficial microbes. The hormones’
signaling pathways are interconnected in a complex network to allow plants to rapidly adapt
to their biotic and abiotic environment and to utilize limited resources in a cost-efficient
manner (Pieterse et al., 2012). In Arabidopsis, salicylic acid (SA) is required for an adequate
defense response to (hemi)biotrophic pathogens, while JA and ET are involved in the defense
response against necrotrophic pathogens. Additionally, JA functions with abscisic acid (ABA)
in the defense response that is activated upon insect herbivory (Bodenhausen and Reymond,
2007; Howe and Jander, 2008; Pieterse et al., 2012; Broekgaarden et al., 2015). Besides activating
local defense responses, plant hormones play a role in systemic immune responses, such as
the above-mentioned ISR, but also SA-dependent systemic acquired resistance (SAR), which
is typically activated upon local pathogen infection (Durrant and Dong, 2004), and herbivory-
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induced resistance, which is activated in response to wounding and herbivory attack and is
dependent on JA signaling (Howe and Jander, 2008; Wu and Baldwin, 2010). Interestingly,
plant defense hormones are also involved in the activation and repression of the Fe deficiency
response: SA and ET are positive regulators of the Fe uptake response, whereas ABA and JA
are negative regulators (Hindt and Guerinot, 2012; Brumbarova et al., 2015; Shen et al., 2016;
Romera et al., 2019). The dual role of these hormones and the induction of systemic resistance
by WCS417 via the activation of the Fe deficiency response suggest an interplay between the
maintenance of Fe homeostasis and plant immunity. This suggests that there might be an active
role of the plant immune system in Fe deficiency-reduced disease susceptibility.

In this chapter, we show that the spectrum of pathogens that cause fewer disease symptoms
on Fe-deficient plants than on Fe-sufficient plants is greater than known so far. Subsequently,
we show that decreased susceptibility in Fe-deficient conditions requires functional plant
hormone signaling. In these conditions, plants seem to develop a Fe deficiency-induced
resistance that is based on priming of the immune response. WCS417-mediated ISR requires
activation of Fe deficiency response genes and is also based on priming of the immune response
(Zamioudis et al., 2015). Therefore, we subsequently investigated whether the activation of
these two resistances is based on the same root-specific molecular mechanism. This turned
out not to be the case. Instead, any disruption of Fe homeostasis appears to result in increased
plant resistance.

Materials and methods

Plant material and growth conditions. Wild-type Arabidopsis thaliana accession Columbia-0
(Col-0), mutants myb72-2 (Van der Ent et al., 2008), bglu42 (Van der Ent et al., 2008; Zamioudis
etal.,, 2014), frd1-1 (Robinson et al., 1999), opt3-2 (Zhai et al., 2014), ein2-1 (Guzman and Ecker,
1990), and sid2-1 (Wildermuth et al., 2001), and the BGLU42 overexpressing line oxBGLU42
(Zamioudis et al., 2014) were grown in hydroponic culture as described in Trapet et al. (2016),
with minor modifications. Briefly, vapor-phase sterilized seeds were stratified at 4°C in half-
strength modified Hoagland medium supplemented with 0.2% agar, with full-strength standard
Hoagland medium (referred to as +Fe medium) containing 0.2 mM Ca(NO,),, 0.5 mM KNO,, 0.25
mM KH_PO,, 0.2 mM MgSO,, 70 uM H,BO,, 14 uM MnCl,, 1.0 uM ZnSO,, 0.5 pM CuSO,, 10 uM
NaCl, 0.2 uM Na,MoO,, and 50 uM FeNaEDTA. After 4 days, seeds were sown on seed holders
filled with 10-fold diluted +Fe medium supplemented with 0.65 % agar, and placed on top of
hydroponic bins (Araponics, Liege, Belgium). The bins were filled with +Fe medium and placed
in short-day growth conditions (21-22°C, 14-h night, 10-h day). A transparent lid was put on the
bins for the first 10 days to maintain the high humidity necessary for proper seed germination.
The hydroponic growth medium was renewed weekly from 2 weeks onwards. After 3 weeks, the
plants were rearranged from a high-density set-up (35 plants per bin) to a low-density set-up
(18 plants per bin) in which the liquid medium was aerated. The Fe-deficiency response mutant
frd1-1, which carries a mutation in the FRO2 gene (Robinson et al., 1999), was cultivated in +Fe
medium supplemented to a final concentration of 300 uM FeNaEDTA, as it is not viable in +Fe
medium containing 50 pM FeNaEDTA. The Fe-deficiency treatment was performed after 25-32
days of growth on Fe-sufficient medium, dependent on the experiment and as specified below.
To this end, the liquid medium in the hydroponic bins was replaced with either +Fe medium (50
UM Fe, or 300 uM for frd1-1) or medium without added FeNaEDTA (referred to as -Fe medium).

65




Chapter 4| Iron homeostasis and plant immunity

In order to limit transfer of adhering Fe from the +Fe medium to the -Fe medium, roots were
rinsed in -Fe medium before transfer to either fresh -Fe or + Fe medium.

Bioassays. Cultivation of the pathogens, preparation of the pathogen inocula, inoculation of
the plants, and measurements of disease severity were carried out as described by Van Wees et
al. (2013), with some minor modifications. Pathogen inoculation was performed 3 days after the
final transfer of the plants to +Fe or -Fe medium.

Botrytis cinerea strain B05.10 (Van Kan et al., 2017) was cultivated on half-strength potato-
dextrose agar (PDA) plates for 10 days at 22°C (16-h night, 8-h day). Spores were harvested
in half-strength potato dextrose broth (PBD), filtered through gauze and resuspended to an
inoculum containing 5*10° spores/ml. Hydroponically-grown plants were inoculated when they
were 5 weeks old by applying a 5-pl droplet of the B. cinerea inoculum onto five mature leaves
per plant. The bins containing the inoculated plants were kept in closed trays to ensure high
humidity for optimal pathogen development. Inoculated leaves were harvested, and pictures
were taken at 3 days post inoculation (dpi). Lesion area was measured using the publicly
available image analysis program ImageJ (version 1.51n).

Pseudomonas syringae pv. tomato DC3000 (Kunkel et al., 1993) was cultivated overnight on
KB agar plates at 28°C. Subsequently, bacteria were collected in 10 mM MgSO, and washed
twice by 5 min centrifugation at 5000 g. The bacteria were then resuspended to a density of
2.5%107 colony forming units (cfu)/ml (0D, , = 0.025) in 10 mM MgSO,amended with 0.02% (v/v)
Silwet L-77. Five-week-old plants were inoculated by dipping their rosette into the bacterial
suspension for 3 s. The bins containing the inoculated plants were kept in closed trays to ensure
high humidity. After 3 days, bacterial growth was determined in two leaf discs harvested from
two different leaves per infected plant. The two leaf discs per plant were pooled and lysed using
beads in 500 pl of 10 mM MgSO,. Serial dilutions were plated on KB agar containing 25 mg/ml
rifampicin to determine in planta bacterial growth.

Hyaloperonospora arabidopsidis isolate Noco2 (Lapin et al, 2012) was maintained on
susceptible Arabidopsis mutant eds1 plants as described (van Damme et al., 2009). Spores were
obtained from these plants by washing infected seedlings in demi-water. The spore suspension
was filtered through Miracloth and the final concentration was adjusted to 1*10° spores/ml.
Four-week-old plants were sprayed with the H. arabidopsidis inoculum and kept in closed trays
to ensure high humidity. To facilitate development of the H. arabidopsidis infection, the trays
were placed in growth conditions optimal for H. arabidopsidis development (16°C, short day:
15-h night, 9-h day). Two weeks after inoculation, plants were weighed and collected in a 50-ml
conical tube containing 3 ml demi water. After vigorous shaking, the number of H. arabidopsidis
spores in the suspension was estimated using a Biirker counting chamber. In addition to spore
counting, H. arabidopsidis disease severity was assessed by visualizing hyphal growth using
trypan blue staining. Fourteen days after inoculation six leaves were harvested from three
plants per treatment . The leaves were boiled for 2 — 10 min in 1 ml trypan blue solution (1:1:1:1
lactic acid : glycerol : phenol : water and 25 % (m:v) trypan blue). After incubating for 1 h at room
temperature, the solution was replaced by chloral hydrate for destaining overnight. Hyphal
growth in the leaves, visible as strong blue coloration, was inspected using light microscopy.

Hormone treatment. Hormonal treatments were performed as described previously by Van
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Wees et al. (2013) on 4-week-old plants, 3 days after the transfer to either +Fe or -Fe medium.
In brief, 4-week-old plants were treated with methyl JA (MeJA) or SA by dipping the leaves
for 4 s into a solution containing 0.015% (v/v) Silwet L-77 (Van Meeuwen Chemicals, Weesp,
Netherlands), 0.1% EtOH and either 1 mM SA (Mallinckrodt Baker, Dublin, Ireland) or 100 uM
MeJA (Serva, Brunschwig Chemie, Basel, Switzerland). Mock treatments were dipped into a
solution containing 0.0015% (v/v) Silwet L-77 and 0.1% EtOH. Plants were then placed back in
the hydroponic bins. Shoots were harvested and immediately frozen in liquid nitrogen at 6, 12
and 24 h after hormonal treatment. Tissues were stored at -80°C until RNA isolation.

RNA isolation and gene expression measurement by RT-qPCR. RNA was isolated from
tissue samples using the protocol described by ORate-Sanchez and Vicente-Carbajosa (2008).
DNase | (Thermo Fisher Scientific, Waltham, USA) treatment was applied to RNA samples
according to the manufacturer’s instruction. RNA samples were reverse transcribed to cDNA
using RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific), again according to
the manufacturer’s instruction. Quantitative reverse transcription polymerase chain reaction
was performed in technical duplicates on the cDNA using Power SYBR green PCR master mix
(Applied Biosystems, Waltham, USA) to visualize double-stranded DNA and primers against the
genes of interest (Table S1). The cycle threshold (Ct) was determined using the ViiA 7 Real-Time
PCR system (Applied Biosystems). Gene expression data were normalized to the gene PP2AA3
(At1g13320) (Czechowski et al., 2005), the AACt values were used for statistical analyses, the
relative gene expression (22%) was plotted. The gene-specific primers used are listed in Table
S1, which is part of the Online Supplementary Material and can be found here: https://cp.sync.
com/dl/60fe897a0#fqt4xv25-em3ineic-y792dq3h-grydpq97.

Fe content measurement. Four-week-old Col-0 and opt3-2 plants were transferred to +Fe or
-Fe medium. Shoots were harvested for Fe content measurement at 3 and 7 days after transfer.
The samples were dried and mineralized as described by Trapet et al. (2016). Fe content was
subsequently measured by inductively coupled plasma-atomic emission spectroscopy (iCAP
6000 Series, Thermo Fisher Scientific).

Results

Fe deficiency confers enhanced resistance against pathogens with different life styles

Fe deficiency has been shown to decrease Arabidopsis susceptibility to necrotrophic leaf
pathogens (Kieu et al., 2012; Trapet et al., 2016). To study this phenomenon, we obtained Fe-
deficient and Fe-sufficient plants by growing 4-week-old wild-type Arabiopdis Col-0 plants with
their roots in Fe-sufficient or Fe-deficient liquid Hoagland medium for up to 7 days (Figure 1A).
Plants grown in Fe-deficient medium developed typical signs of Fe deficiency: reduction of
plant growth (Figure 1B), chlorosis (Figure 1C), reduction in chlorophyll content (Figure 1D), and
activation of the Fe deficiency response master regulatory gene FIT (Figure 1E).

To test the effect of Fe deficiency on disease susceptibility, leaves of Fe-sufficient and Fe-
deficient Col-0 plants were inoculated with the necrotrophic fungus B. cinerea, the obligate
biotrophic oomycete H. arabidopsidis, or the hemibiotrophic bacterium P. syringae pv. tomato
DC3000 according to the inoculation scheme depicted in Figure 2A. Figure 2B-D show that
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Fe-starved Col-0 plants showed significantly fewer disease symptoms than Fe-sufficient Col-0
plants. Thus, Fe deficiency decreases plant susceptibility to pathogens with diverse life styles.

Previously, we demonstrated that overexpression of the Fe deficiency-responsive gene
BGLU42 in oxBGLU42 plants is associated with enhanced resistance against B. cinerea, P. syringae
pv. tomato DC3000, and H. arabidopsidis (Zamioudis et al., 2014). For all three pathogens, the
level of disease symptoms in Fe-sufficient oxBGLU42 plants was the same as in Fe-starved Col-0
plants and was not further increased under Fe starvation (Figure 2B-D).

Fe deficiency-induced resistance requires a functional plant immune system

Plant hormones influence the activation of both the Fe deficiency response and plant immune
responses. For example, ET activates both the Fe deficiency response (Lucena et al., 2015; Garcia
et al., 2018) and plant defenses against necrotrophic pathogens (Broekgaarden et al., 2015).
Likewise, SA is required for plant immunity against (hemi)biotrophic pathogens and functions
upstream of ET to activate the Fe deficiency response (Broekgaarden et al., 2015; Shen et al.,
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Figure 2 Effect of Fe deficient medium on plant susceptibility. A) Schematic representation of the exper-
imental design, carried out in a hydroponics system. Plants initially grown with their roots in liquid medium
containing Fe (+Fe) were transferred to a fresh +Fe medium or a medium without Fe (-Fe) 3 d before path-
ogen inoculations. Inoculations with Botrytis cinerea and Pseudomonas syringae pv tomato DC3000 were
performed on 35-day-old plants, inoculation with Hyaloperonospora arabidopsidis on 28-day-old plants.
Disease severity was evaluated 3 or 14 days later, as indicated. Levels of disease severity of +Fe and -Fe Col-0
and oxBGLU42 plants after inoculation with B. cinerea, represented as the mean lesion area per leaf calcu-
lated from five inoculated leaves per plant (B), P. syringae pv tomato DC3000, represented as the number of
colony forming units (cfu) per cm?leaf (C). and H. arabidopsidis, as the number of spores per gram of fresh
weight (D). H. arabidopsidis disease severity was additionally visualized by trypan blue staining. Different
letters indicate statistically significant differences (two-way ANOVA/Tukey HSD test, P < 0.05,n =4 - 8).
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2016; Zhang and Li, 2019). To test whether plant hormones are also involved in Fe deficiency-
reduced susceptibility, we evaluated Fe deficiency-reduced susceptibility in the hormone
signaling mutants ein2-1 and sid2-1. The ein2-1 mutant is affected in ET signaling, which is
required for the resistance against necrotrophs (Broekgaarden et al., 2015). We therefore tested
the resistance of this mutant against the necrotrophic B. cinerea. We found that Fe starvation
significantly decreased disease symptoms in Col-0, but not in the ein2-1 mutant (Figure 3A). The
sid2-1 mutant is affected in SA signaling, which is required for the plant defense against (hemi)
biotrophs (Pieterse et al., 2012). Fe deficiency-reduced susceptibility against the biotroph H.
arabidopsidis is absent in this mutant (Figure 3B). These results show that functional ET and SA
response pathways are required for Fe deficiency-reduced susceptibility against B. cinerea and
H. arabidopsidis, respectively. Therefore, the reduced disease symptoms seem to be based on
increased plant resistance.

Hormone-regulated induced resistances are often based on defense priming, a state in which
plants do not show constitutive activation of the immune response, but are conditioned to
react faster and stronger to attack by pathogens or insects (Martinez-Medina et al., 2016).
Defense priming may therefore explain the broad-spectrum characteristic of Fe deficiency-
induced resistance. To test this, we mimicked biotrophic or necrotrophic infections by spraying
the leaves with SA or MeJA, respectively, and subsequently monitored the expression of the SA-
responsive marker gene PR-1 and the JA-responsive marker gene VSP2 the over time. The mock-
treated plants in both Fe-sufficient and Fe-deficient conditions did not increase the expression
of either marker gene, indicating that Fe deficiency does not directly activate these plant
defense responses. Exogenous application of SA induced the expression of PR-1 in both Fe-
sufficient and Fe-deficient Col-0 plants (Figure 3C). Although the level of SA-induced PR-1 gene
expression was higher in Fe-starved plants at 6 h after SA application, at later timepoints SA-
induced PR-7 mRNA levels were lower than in Fe-sufficient plants. Possibly, the SA-dependent
defense response is activated faster in Fe-starved plants, resulting in the observed enhanced
level of Hpa resistance in Fe-starved plants. MeJA induced the expression of VSP2 in both Fe-
sufficient and Fe-deficient Col-0 plants. There was a reproducible trend for a higher induction
of this gene in Fe-deficient plants at all time points tested (Figure 3D). This suggests that Fe-
deficient plants are primed for enhanced JA-dependent defenses.

Fe deficiency-induced resistance does not require the ISR regulators MYB72 and BGLU42
Fe deficiency-induced resistance and WCS417-mediated ISR are effective against the same
three pathogens and both seem to be based on priming of the immune response. Therefore, we
hypothesized that these two resistances are regulated by the same signaling pathway. To test
this, we studied Fe deficiency-induced resistance against B. cinerea in the ISR mutants myb72-2
and bglu42. Figure 4 shows that myb72-2 and bglu42 grown on Fe-sufficient medium displayed
a similar level of disease resistance as wild-type Col-0, confirming previous findings (Van der
Ent et al., 2008; Zamioudis et al., 2014). When grown on Fe-deficient medium, both ISR mutants
mounted an Fe deficiency-induced resistance that was as strong as the Fe deficiency-induced
resistance observed in Col-0. These results indicate that, in contrast to rhizobacteria-ISR, Fe
deficiency-induced resistance does not require MYB72 and BGLU42.
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Figure 3 Fe deficiency-reduced susceptibility in hormone mutants. A) Disease severity in Col-0 and
ein2-1 plants grown with their roots in medium containing Fe (+Fe) or medium without Fe (-Fe), at 3 days af-
ter inoculation with Botrytis cinerea. The disease ratings are expressed as the mean lesion area from five in-
oculated leaves per plant (n = 5-13). Representative pictures of the inoculated leaves are shown. B) Disease
severity in +Fe and -Fe Col-0 and sid2-1 plants at 14 days after inoculation with Hyaloperonospora arabi-
dopsidis. Disease severity is expressed as the number of spores per gram of fresh weight. Representative
pictures of hyphal growth, visualized by trypan blue staining, are shown (all taken with the same magnifica-
tion). Different letters indicate statistically significant differences (two-way ANOVA/Tukey HSD method, P <
0.05, n=5-20). RT-qPCR analysis of PR-1 (C) and VSP2 (D) gene expression in the shoots of four-week-old +Fe
and -Fe Col-0 plants treated with salicylic acid (SA), methyl jasmonate (MeJA) or a mock treatment (Mock).
Gene expression levels were normalized to that of the constitutively expressed gene PP2AA3 (At1g13320).
Fold changes in gene expression levels relative to the average of the control plants are plotted. Error bars
represent standard errors of the mean. Per timepoint, different letters indicate statistically significant differ-
ences between treatments per timepoint (one-way ANOVA/Tukey HSD method, P < 0.05; n = 4).
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Figure 4 Fe deficiency-induced resistance in mutants unable to mount ISR. Disease severity on Col-0
and myb72-2 (A) or bglu42 (B) plants grown with their roots in liquid medium containing Fe (+Fe) or not con-
taining Fe (-Fe) at 3 days after inoculation with Botrytis cinerea. Boxplots show the distribution of the mean
lesion area per plant, calculated from the lesion area of five inoculated leaves. Pictures show representative
disease phenotypes. Different letters indicate statistically significant differences (two-way ANOVA/Tukey
HSD method, P < 0.05, n = 5-12).

Enhanced disease resistance is associated with misregulation of Fe homeostasis

As Fe deficiency results in increased plant resistance (Figure 3), we wondered what the
effect would be of other changes in Fe homeostasis on plant immunity. To test this, we
studied resistance against B. cinerea in two mutants with a disturbed Fe uptake response:
the leaf Fe status shoot-to-root signaling mutant opt3-2, and the FRO2-deficient mutant
frd1-1. The opt3-2 mutant displays a constitutively active Fe deficiency response in the root,
while over-accumulating Fe in the shoot (Zhai et al., 2014; Garcia et al., 2018). The frd1-1 mutant,
in contrast, is deficient in taking up Fe from the root environment via Strategy | and typically has
a low Fe content throughout the plant (Yi and Guerinot, 1996; Robinson et al., 1999). Indeed,
in our set-up, opt3-2 has higher Fe levels in the shoot compared to wild-type plants (Figure
5A), while the frd7-1 mutant required Fe supplementation in the growth medium to prevent
severe chlorosis. Both the opt3-2 and the frd71-1 mutant displayed a constitutively enhanced
resistance against B. cinerea on both Fe-sufficient and Fe-deficient medium (Figure 5B-C). As
both the mutants and Fe-starved Col-0 plants have a disturbed regulation of Fe homeostasis,
we hypothesize that a misregulation of Fe homeostasis results in plant hormone changes that
induce resistance.
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Figure 5 Fe deficiency-induced resistance in plants mutated in genes involved in Fe homeostasis. A)
Fe content in the shoot of five-week-old Col-0 and opt3-2 plants grown for 7 days with their roots in medi-
um containing Fe (+Fe) or medium not containing Fe (-Fe). Levels of disease severity after inoculation with
Botrytis cinerea in +Fe and -Fe Col-0 plants and opt3-2 (B) or frd1-1 mutants (C) at 3 days after inoculation.
The disease ratings are expressed as the mean lesion area per leaf calculated from five inoculated leaves per
plant. Different letters indicate statistically significant differences (two-way ANOVA/Tukey HSD method, P <
0.05, n = 4-5 for the Fe content, 6 - 17 for the disease tests).

Discussion

Fe starvation is harmful to plants as Fe functions as an enzyme co-factor in many cellular
processes. Fe excess also has negative consequences, as it leads to oxidative stress (Briat et
al., 2010; Wu et al., 2017; Kobayashi et al., 2019). Maintaining stable Fe content is therefore a
major determinant of plant performance and plant health (Guerinot and Ying, 1994; Balk and
Schaedler, 2014; Connorton et al., 2017). However, evidence is emerging that the effects of Fe
availability on plant health are not only due to the necessity for plants to maintain a stable
Fe content. First, Fe status of the plant can affect plant defense mechanisms that are based
on exposure of the pathogen to an excess of Fe or, conversely, on withholding Fe from the
pathogen (Segond et al., 2009; Hsiao et al., 2017). Second, molecular mechanisms controlling
Fe homeostasis can, possibly inadvertently, affect pathogens. For example, Fe starvation results
in the secretion of Fe-chelating coumarins that have antimicrobial properties (Lee et al., 2014;
Gutiérrez-Barranquero et al., 2015; Stringlis et al., 2018a). Finally, Fe starvation is associated
with decreased disease severity upon necrotrophic pathogen attack (Kieu et al., 2012), but it is
unclear how this reduced susceptibility is established.

In this chapter, we show that Fe deficiency also reduces susceptibility to the hemibiotrophic
bacterial pathogen P. syringae pv. tomato DC3000 and the biotrophic oomycete H. arabidopsidis
(Figure 2). Next, we show that the Fe deficiency-induced resistance is dependent on SA- and
JA-dependent defense signaling and is probably associated with priming of the plant immune
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system (Figure 3). As both a mutant with an excess of Fe in its shoot and a mutant suffering
from Fe starvation show resistance levels comparable to those in Fe-starved Col-0 plants (Figure
5), we propose that a mis-regulation of Fe homeostasis might be sufficient for the onset of
resistance.

BGLU42 and MYB72 do not confer induced resistance via misregulation of Fe homeostasis
Our results show that the level of Fe deficiency-induced resistance is similar to the level of
resistance displayed by oxBGLU42 (Figure 2) (Zamioudis et al., 2014). BGLU42 is required for
rhizobacteria-mediated ISR and is involved in the production and secretion of Fe-chelating
coumarins in response to Fe starvation (Van der Ent et al., 2008; Zamioudis et al., 2014; Stringlis
etal., 2018a). Moreover, we show that Fe deficiency-induced resistance against B. cinerea and H.
arabidopsidis is absent in the ET response mutant ein2-1 and the SA-biosynthesis mutant sid2-
1, respectively (Figure 3). (Pieterse et al., 2014). WCS417-mediated ISR also requires functional
signaling of plant defense hormones (Pieterse et al, 2014). These results suggest similar
mechanisms for ISR and Fe deficiency-induced resistance. However, subsequent experiments
indicated that the resistances induced by beneficial rhizobacteria and by Fe starvation differ at
least in the activation pathways, as the ISR-defective myb72 and bglu42 mutants still display Fe
deficiency-induced resistance (Figure 4).

Finally, we show that opt3-2 and frd1-1 mutants are constitutively as resistant as Fe-starved
Col-0 plants (Figure 5). This suggests that misregulation of Fe homeostasis per se results in
increased resistance. This constitutive resistance to B. cinerea is not observed in myb72 and the
bglu42 mutants. Thus, the hypothesis that mis-regulation of Fe homeostasis induces resistance
only holds up if, in contrast to the frd1-17 and the opt3-2 mutants, myb72 and bglu42 do not suffer
from Fe mis-regulation under Fe-sufficient conditions. Indeed, myb72 shows no Fe-starved
phenotype on Fe-sufficient soil (Palmer et al., 2013) and Stringlis et al., (2018a) have shown that
the exudation patterns of myb72 and bglu42 in Fe-sufficient conditions does not vary strongly
from that of Fe-sufficient Col-0 plants. Hence, this information points to a scenario in which
MYB72 and BGLU42 do not confer disease resistance upon root colonization to WCS417 by
changing Fe homeostasis, corroborating our finding that Fe deficiency-induced resistance and
ISR are regulated via different mechanisms.

Plants might have evolved to perceive misregulation of Fe homeostasis as a stress signal
to prime the immune system

Plants have elaborate mechanisms to cope with abiotic and biotic stress and have developed
mechanisms to induce systemic resistance upon the perception of a stress signal (Pieterse et
al., 2012; Conrath et al., 2015). Interestingly, Fe is involved in several of these forms of systemic
resistance. Beneficial rhizobacteria-mediated ISR is dependent on the activation of genes
involved in the Fe deficiency response (Van der Ent et al., 2008; Zamioudis et al., 2014) and BABA
is known to activate a transient Fe deficiency response when priming the plant for enhanced
defense against a broad spectrum of stresses (Koen et al., 2014; Conrath et al., 2015). In this
chapter, we have shown that Fe deficiency also leads to systemic resistance against pathogens
with various lifestyles.

We propose that, due the ubiquitous need of Fe for plants and pathogens, plants might
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have evolved to prime the plant immune system upon perception of any disturbance of Fe
homeostasis. This is in line with experiments that showed that microbe-produced siderophores
activate plant immunity, possibly through a disruption of the Fe homeostasis (van Loon et al.,
2008; Aznar et al., 2014). Future research will be directed towards increasing our understanding
of how Fe deficiency interacts with the plant immune system and how this contributes to plant
performance and survival in both natural and agricultural settings.
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Abstract

Plants are sessile organisms and can thus not move away from harmful environmental changes.
Instead, they evolved complex molecular signaling pathways to deal with environmental stress.
Examples include the iron (Fe) deficiency response, which is activated upon Fe limitation and
enhances Fe uptake, and the complex signaling networks that result in defense responses upon
pathogen attack. So far, these signaling pathways have mostly been studied by identifying
changes in messenger RNA (mRNA) levels to identify biological processes that are activated or
repressed in response to a stress. However, there is increasing scientific evidence that mRNA
levels are not necessarily correlated with protein levels, in part because post-transcriptional
regulation reduces or enhances recruitment of specific mRNA molecules to ribosomes.
Ribosome-bound mRNA molecule levels are therefore postulated to correlate better with
protein levels. In this chapter, we describe the isolation of the translatome, i.e. the fraction
of the mRNA pool which is bound to ribosomes, from control and Fe-deficient Arabidopsis
thaliana plant roots using a method known as translating ribosome affinity purification (TRAP).
Preliminary analyses comparing the translatome to the transcriptome at 6, 12, 24 and 48 h after
Fe deficiency suggest that translational control results in selective ribosomal recruitment of
only part of the mRNA molecules that are up-regulated in the transcriptome in response to Fe
deficiency. In addition, we pave the way for translatome studies on the Arabidopsis response to
soil micro-organisms by conducting a successful trial TRAP experiment with Arabidopsis roots
exposed to the beneficial rhizobacterium Pseudomonas simiae WCS417 and by generating
novel TRAP plant lines.
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Introduction

Iron (Fe) is an essential micronutrient for plants. Unfortunately, it is predominantly presentin soil
in its insoluble form, which plants cannot take up (Guerinot and Ying, 1994; Balk and Schaedler,
2014). Because of this low bioavailability, Fe is a limiting factor for biomass and seed yield in
several crops (Briat et al., 2015). To increase Fe uptake in Fe-deficient conditions, plants have
evolved sophisticated Fe-uptake strategies. The model plant Arabidopsis thaliana (Arabidopsis)
uses the so-called Strategy | Fe uptake response that consists of the reduction of ferric Fe (Fe3*)
to ferrous Fe (Fe?*) by FERRIC REDUCTASE OXIDASE2 (FRO2) and subsequent Fe uptake through
the IRON-REGULATED TRANSPORTERT (IRT1) (R6mheld, 1987; Robinson et al., 1999; Vert et al.,
2002). One of the master regulators of this strategy is FER-LIKE IRON DEFICIENCY INDUCED
TRANSCRIPTION FACTOR (FIT) (Colangelo and Guerinot, 2004). Apart from the genes known
to be involved in Strategy I, many other genes are differentially regulated upon Fe deficiency
in Arabidopsis. In sterile conditions on plant nutritive medium, more than 1,000 genes are
differentially expressed in the Arabidopsis roots 24 hours after transfer to Fe-deficient medium
(Dinneny et al., 2008). After five weeks of Fe deficiency in a hydroponics system, close to 5,000
genes are differentially regulated (Forieri et al., 2017).

While the analysis of the transcriptome changes provides insight into molecular mechanisms
governing the Arabidopsis response to stress, there is increasing scientific evidence for and
awareness of the fact that transcriptional changes do not necessarily lead to changes at the
protein level, because messenger RNA (mRNA) molecules are not always translated. Instead,
they can end up stored or degraded, depending on the RNA-binding proteins that bind the
mMRNA molecule (Bailey-Serres et al., 2009). Indeed, a study performing both proteomic and
transcriptomic analyses of the Arabidopsis response to Fe deficiency showed that only 13% of
the protein abundance changes in the root after three days of Fe deficiency was accompanied
by a similar change in transcript abundance of the encoding mRNA (Pan et al., 2015). A thorough
understanding of the Arabidopsis response to Fe deficiency therefore requires studying post-
transcriptional processes (Pan et al., 2015).

One way to study such processes is by comparing the transcriptome, i.e. all mMRNA molecules
present in the cell, to the translatome, i.e. the subset of mMRNA molecules bound to ribosomes.
Ribosome-bound mRNA can be specifically extracted by ribosome pull-downs using translating
ribosome affinity purification (TRAP) (Zanetti et al., 2005). TRAP on oxygen deprived plants
showed that these plants reduce the amount of ribosome-bound mRNA molecules for about
70% of all cellular mRNAs, while less than a quarter of the cellular mRNAs is affected in total
RNA levels. This repression of the ribosome-bound mRNA levels is quickly reversed upon
reoxygenation and is thought to function as a mechanism to save energy and facilitate the
transition to anaerobic metabolism (Branco-Price et al., 2008). Like hypoxia, exposing plants to
darkness in the middle of the day, a procedure commonly referred to as unanticipated darkness,
reduces the amount of ribosome-bound mMRNA more than the total mRNA population, with a
striking 10-fold difference. Most of these mRNAs return to their original ribosome-bound levels
by ten minutes of re-illumination. mRNAs that are translationally but not transcriptionally
repressed in the dark are enriched for proteins involved in translation and photosynthesis
(Juntawong and Bailey-Serres, 2012). These examples show that translational control allows
plants to rapidly finetune their biological processes in response to environmental stimuli.

Translational regulation is also crucial for plant responses to biotic stimuli. Upon interaction of
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the legume Medicago truncatula with the symbiotic rhizobacterium Sinorhizobium meliloti, the
MRNA levels of several genes required for the symbiosis between both species are upregulated
in plant ribosomes, but not or only slightly in the transcriptome (Reynoso et al., 2013). Likewise,
Arabidopsis increases ribosome-bound mRNA levels, but not total mRNA levels of several
genes in response to the Pseudomonas syringae effector AvrRpm1. These genes are required for
plant defense, indicating that effector-triggered immunity induces and depends on a strong
translational response (Meteignier et al., 2017). Selective recruitment of mRNA to the ribosomes
upon interaction with a pathogen can also be disadvantageous to a plant. Genes encoding
peptidase inhibitors have lower ribosome-bound versus total mMRNA ratios in leaves inoculated
with the Turnip mosaic virus than in control leaves. Possibly, the virus interferes with translation
of the plant peptidase inhibitors to prevent interference with the peptidases it needs for the
generation of its proteins (Moeller et al., 2012). Together, these results show that studying the
translational response of plants can uncover novel components determining the outcome of
cross-kingdom interactions.

Inthis chapter, we describe atimecourse analysis using TRAP to study changes in the ribosome-
bound mRNA pool versus changes in the total mRNA pool upon Fe deficiency. Preliminary data
analysis shows that while the translatome and the transcriptome are different, the effect of Fe
deficiency on both mRNA pools is similar. The major differences observed are due to genes
being differentially expressed in the transcriptome, but not in the translatome. These results
suggest that translational regulation forms an extra layer of control that selectively recruits the
mRNA molecules of a specific subset of the Fe deficiency-responsive genes to the ribosomes.

Besides our study on the Arabidopsis root response to Fe deficiency, we paved the way for
TRAP studies studying the Arabidopsis response to colonization by pathogenic and beneficial
microbes. To this end, we conducted a trial experiment in which we isolated the transcriptome
and the translatome from plants exposed to the beneficial rhizobacterium Pseudomonas simiae
WCS417. We show that it is possible to measure bacteria-induced translational changes in
whole roots and in cortical cells specifically. Finally, we expanded the currently available TRAP
line repertoire with TRAP lines for the root epidermis. These plant lines will be instrumental for
future experiments studying the cell type-specific response to microbes and might uncover
novel processes that are affected in the translatome specifically.

Materials and methods

TRAP to study the Arabidopsis response to Fe deficiency

Plant material and growth conditions. Col-0 seeds transformed with the Cauliflower mosaic
virus 355 promotor (p355) driving the expression of FLAG-GFP-RPL18 (355:His FLAG-GFP-RPL18)
were sterilized by a 3-h exposure to the gas emitted by 100 ml bleach combined with 3.2 ml
37% hydrochloric acid (Van Wees et al., 2013). The sterilized seeds were sown on modified
Hoagland medium (Hoagland and Arnon, 1938) (5 mM KNO,, 2 mM MgSO, 2 mM Ca(NO,),,
2.5 mM KH,PO,, 70 uM H,BO,, 14 uM MnCl,, 1 mM ZnSO,, 0.5 mM CuSO,, 10 uM NaCl, 0.2 pM
Na,MoO,, 50 uM Fe-EDTA, 1% sucrose, 0.05% 2-ethanesulfonic acid (MES), 1% plant agar, pH
5.7), hereafter referred to as +Fe medium. Twenty seeds were sown on each plate on top of a
nylon mesh (Nitex Cat 03-100/44, Sefar) (Dinneny et al., 2008). Plates were sealed with a double
layer of Parafilm and the seeds stratified in the dark at 4°C for a minimum of 2 nights. They were
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then placed vertically in short-day conditions (14-h night, 10-h day; 21°C) for nine days. On the
ninth day, the plates were placed in long-day conditions (8-h night, 16-h day, 21°C). On the
twelfth day after putting the seeds into the short-day conditions, the plants were transferred
on their nylon mesh onto either new control Hoagland plates or onto Hoagland plates without
Fe-EDTA. Plates were wrapped in Parafilm before being returned to the growth chamber. Shoots
and roots were separated by cutting with a carbon steel surgical blade at 6, 12, 24 or 48 hours
after transfer. Roots from four plates (approximately 80 plants in total) were combined into one
Eppendorf tube and frozen in liquid nitrogen. They were then stored at -80°C until further use.

Confocal microscopy. 35S:His FLAG-GFP-RPL18 plants were grown as described above on
control Hoagland medium. After seven days of growth, half of the plants was transferred to
new control Hoagland medium, while the other half was transferred to Hoagland medium
without Fe-EDTA. Three days after transfer, GFP expression was visualized in the roots using
an LSM700 confocal microscope (Zeiss) with a 488-nm argon laser and ZEN imaging software.
GFP-fluorescence was detected at a wavelength of 500-550 nm and propidium iodide, a cell
wall marker, at 570-620 nm.

Translating Ribosome Affinity Purification (TRAP). TRAP was performed as described
previously, with minor modifications (Mustroph et al., 2009). In short, washed Dynabeads
Protein G (ThermoFisher Scientific) were coupled to monoclonal ANTI-FLAG® M2 antibody
produced in mouse (Sigma) by incubating in a binding buffer (0.2 M Tris pH 9.0, 0.2 M KCl, 0.025
M EGTA, 0.035 M MgCl,, 0.02% polyoxyethylene sorbitan monolaurate 20 (Tween-20)) for 1 h.

In the meantime, frozen root samples from two Eppendorf tubes were combined and
lysed in liquid nitrogen with a mortar and pestle. The lysed samples were suspended in a
polysome extraction buffer (0.2 M Tris pH 9.0, 0.2 M KCl, 0.025 M EGTA, 0.035 M MgCl, 1 %
polyoxyethylene(23)lauryl ether (Brij-35), 1 % triton X-100, 1 % octylphenyl-polyethylene
glycol (Igepal CA 630), 1 % Tween 20, 1 % polyoxyethylene 10 tridecyl ether (PTE), 5 mM
dithiothreitol (DTT), T mM phenylmethylsulfonyl fluoride (PMSF), 100 pug/ml cycloheximide,
50 pg/ml chloramphenicol). Subsequently, they were homogenized on ice. The homogenized
samples were centrifuged at 16.000 g, at 4°C for 15 min. The supernatant was filtered through
autoclaved Miracloth to give the clarified extract. A volume of 0.25 ml of the non-filtered sample
was collected separately and kept on ice.

The clarified extract was incubated with the antibody-bound beads for 2 h at 4°C. The beads
were washed six times at 4°C by putting the tubes next to a magnet, removing the supernatant,
adding washing buffer (0.2 M Tris pH 9.0, 0.2 M KCl, 0.025 M EGTA, 0.035 M MgCl,, 5 mM DTT,
1 mM PMSF, 100 pg / ml cycloheximide, 50 pg/ml chloramphenicol) and leaving for gentle
agitation for 5 min. After the final wash, all the supernatant was removed. Subsequently,
warm lysis/binding buffer (LBB; 100 mM Tris-HCI, 1 M lithium chloride, 10 mM EDTA, 1% SDS,
5 mM dithiothreitol and antifoam A) was added to both the beads (the TRAP samples) and
the non-filtered samples that were kept on ice (the total samples). The tubes were vortexed at
room temperature for 5 minutes and then left at room temperature for a further 10 minutes.
Afterwards, the samples were spun down for 10 min and the supernatants transferred to fresh
tubes. Samples were stored at -80°C until further processing.

RNA library generation. RNA was isolated and libraries generated with an adapted version of a
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previously described protocol (Townsley et al., 2015). Briefly, first the polyadenylated mRNA was
isolated. Biotin-linked oligo-dT primers were added to the samples while streptavidin beads
were washed with LBB. Subsequently, 10 pl of the beads were added to each of the samples
and left to bind under gentle agitation for 10 min at room temperature. The beads were washed
using a 96-well magnetic separator and 200 pl of three subsequent washing buffers (WBA: 10
mM Tris-HCl, 150 mM lithium-chloride, 1T mM EDTA, 0.1% SDS; WBB: 10 mM Tris-HCl, 150 mM
lithium-chloride, 1 mM EDTA; LSB: 20 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA). RNA was eluted
and separated from the beads in 10 pul 10 mM Tris-HCI pH 9 containing 1T mM -mercaptoethanol
and heating to 80°C. These steps were performed twice.

Subsequently, RNA was fragmented and primed for cDNA synthesis by adding 1.5 pl 5x RT
buffer and 0.5 pl random primers to 8 ul of the sample and heating to 94°C for 1.5 min before
cooling down to 4°C for 5 min. The first strand of the cDNA was synthesized as described using
RevertAid H minus Reverse Transcriptase (Thermo Scientific, #EP0451) (Townsley et al., 2015).
The second strand was synthesized by adding 1.5 ul H,O, 0.4 ul 25 mM dNTPs, 1 ul Polymerase |
(Thermo Scientific, #£EP0042), 0.1 ul RNase H (New England Biolabs, #M02975), 0.4 ul End Repair
Enzyme Mix (New England Biolabs Inc, #£6051AA), 0.2 pl Taq polymerase (New England Biolabs
Inc, #M0273L), 1.4 pl End Repair Buffer and placing it in a thermocycler with the following
program: 16°C 20 min, 20°C 20 min, 72°C 20 min, 4°C forever.

Fragments of 350 bp were selected by mixing in 30 ul AMPure XP beads (Beckman Coulter,
#A63881) and leaving the mix to stand for five minutes. Beads were then washed twice with
300 pl 80% ethanol on a 96-well magnetic tray. After the second wash all ethanol was removed
and the beads were left to air-dry. Once the beads were dry, 3 ul of annealed 1 uM universal
adapters was added. Universal adapters were synthesized as follows: a solution of 1 uM PE1-lig
CACTCT TTC CCT ACA CGA CGCTCT TCC GAT CT and 1 uM IL-lig P-GAT CGG AAG AGC ACA CGT
CTG AAC TCC AGT CAC were annealed by running the following program: 94°C 1 min, 94°C 10
sec, followed by 60x 10 sec in which the temperature drops by 1°C in each step, 20°C 1 min,
4°C forever. The adapters were ligated to the DNA by adding 1.75 pl H,0, 5 pl 2x Rapid Ligation
Buffer and 0.25 pl T4 DNA ligase (Rapid) (Enzymatics, #L6030-HC-L) to each sample. After 15
minutes at room temperature, 10 pl 50 mM EDTA and 25 ul AMPure XP Beads Resuspension
Buffer (15% PEG 8000, 2.5 M NaCl) were added. After 5 min incubation the beads were washed
twice with 200 pl 80% ethanol as described above. Once dry, beads were resuspended in 21 pl
Tris-HCI, mixed well, left to stand 1 min and then placed in the magnetic tray. Subsequently, 20
ul of the supernatant, containing the adapterized cDNA, was transferred to new tubes.

PCR enrichment was performed as described (Townsley et al., 2015): 2 pl 5X Phusion HF
Buffer, 1.3 ul H,0, 0.5 pl 2 uM PE1 primer (PE1 5'-AAT GAT ACG GCG ACC ACC GAG ATC TAC
ACT CTT TCC CTA CAC GAC GCT CTT CCG ATCT-3'), 0.5 pl 8 uM each S1 + S2 primers (S1 5'-AAT
GATACGGCGACCACCGA-3), S2 5'-CAAGCAGAAGACGGCATACGA-3'), 0.1 pl 25 mM dNTPs, and
0.1 pl Phusion Polymerase (Thermo scientific, #F-530L) were combined with 0.5 pl of a 2 uM
uniquely-indexed barcode (Table S1: barcode sequence per sample). Of the sample, 4.5 pl was
added to the mix and placed in a thermocycle with the following program: 98°C 30 sec, (98°C 10
sec, 65°C 30 sec, 72°C 30 sec) 15 cycles, 72°C 5 min, 10°C forever. Of each library, 2 pl was run on
a 1% agarose gel at 100 volts for 20 min to check fragment size. Library samples were cleaned
and size-selected with 110% AMPure beads (8.8 ul beads for 8 ul sample) and washed with 80%
ethanol twice before eluting in 10 pl 10 mM Tris-HCI.
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Libraries were quantified using SYBR green and a plate reader. Briefly, 198 ul (samples), 199
pl (standard) or 200 pl (blanks) 10 mM Tris HCl with 1x SYBR green was added to the wells of a
white, flat bottom 96-well plate. Nothing further was added to the blank wells. One pl of the
standards was added to the standard wells, in triplicate. Two pl of the library samples was added
to the sample wells. Fluorescence was measured in a spectrophotometer with excitation 485/20,
emission 528/20 and gain 35. The average of the blank values was subtracted from all values.
The slope of the concentration versus the measured value was calculated using the standards.
This slope was used to calculate the DNA concentrations in the library samples. Finally, the
amount of each sample needed to get a final 100-ul suspension with a concentration of 12 nM,
equally divided over the libraries, was calculated and mixed. The pooled libraries were cleaned
and selected twice more with 80% AMPure XP beads. The libraries were suspended in MQ and
sent for sequencing on two lanes of the lllumina NextSeq500 (Utrecht Sequencing Facility,
Utrecht, The Netherlands) with 1 x 75-bp single-end and high-output configuration, yielding
between 4.4 and 16.3 million (M) reads per sample in total (mean 10.8 M reads).

Data analysis. The reads generated by lllumina sequencing were pseudoaligned to the
AtRTD2v2 database (Zhang et al., 2017) using Kallisto (v0.45.0) with 100 bootstraps and default
settings (Bray et al., 2016). Between 3.1 M and 13.6 M reads, with an average of 76% of the
reads, were aligned to the reference transcriptome per sample. The resulting transcript counts
were subsequently summarized to the gene level with tximport (v1.2.0) (Soneson et al., 2015).
Only genes with more than two counts per million (com) in at least three samples were kept
for the remaining analysis. The counts per gene of the remaining samples and genes were used
to generate a digital gene expression list (DGE list) in EdgeR (v3.16.5) (Robinson et al., 2010). A
generalized linear model (glm) was fit using a negative binomial model and quasi-likelihood
(QL) dispersion estimated from the deviance with the gImQLFit function in EdgeR. Differentially
expressed genes were then determined by comparing the Fe-starved and control samples per
time point with the gImQLFTest (FDR < 0.1; -2 < log,FC > 2). GO term analysis was performed in
R based on the genome wide annotation for Arabidopsis within org.At.tair.db (Carlson M, 2018)
with the program GOstats (Falcon and Gentleman, 2007).

TRAP to study the Arabidopsis response to P. simiae WCS417

Plant material and growth conditions. Col-0 transformed with the Cauliflower mosaic virus

35S promotor (p35S) or the root cortex-specific promotor of an endopeptidase (pPEP) driving the
expression of FLAG-GFP-RPL18 were sterilized and sown on plates as described above. Stratified
seeds were placed vertically in short-day conditions (14-h night, 10-h day; 21°C). Pseudomonas
simiae WCS417 was added after five days of plant growth as described before (Zamioudis et
al., 2015). Briefly, WCS417 was streaked from a frozen glycerol stock onto solid King's B (KB;
(King et al., 1954)) medium and grown at 28°C overnight. On the following day, the fifth day
after putting the plants in short day conditions, WCS417 was resuspended and washed in 10
mM MgSO, twice. Ten ul of a final bacterial suspension with an OD, , of 0.01 (containing 8 * 10*
bacteria) was added to each root of half of the plants. Plates were wrapped in Parafilm before
being returned to the growth chamber. After 48 hours of bacterial exposure, roots were cut with
a carbon steel surgical blade. Roots from five to ten plates (200 to 400 plants) were combined
into one Eppendorf tube and frozen in liquid nitrogen. Roots were stored at -80°C until use.
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Generating two TRAP epidermis-specific vectors and transforming them into
Agrobacterium tumefaciens. TRAP lines with the FLAG-epitope tagged ribosomal protein
18 (RPL18) (His ,FLAG-GFP-RPL18) behind epidermis-specific promotors were generated as
described previously for TRAP lines with other promotors (Mustroph et al., 2009). Briefly, the
2,400-bp COBLY (AT5G49270) promotor was amplified from Arabidopsis accession Col-0 gDNA
using the primers COBL9F 5-CAC CAATAATGT GGC CAG ATC CGT AGATCT-3"and COBL9R 5'-TGT
GTCTTT CTC CAG AGA AAA GTT AAG-3'(Brady et al., 2007b). The amplified promotor was inserted
into a pENTR™/D-TOPO vector with the pENTR™/D-TOPO cloning kit (Life Technologies) and
transformed into chemically competent One Shot TOP10 Escherichia coli cells (Thermo Scientific)
by heat shock for vector amplification. After amplification the entry vector was isolated and the
promotor transferred by LR reaction from the entry vector into the destination vector: the TRAP
vector containing GFP, the FLAG-epitope tagged RPL18 and kanamycin resistance (Mustroph
et al., 2009). The COBL9-containing destination vector was subsequently amplified in One Shot
TOP10 E. coli cells. In addition to the COBL9-containing destination vector, a TRAP vector in
which the His FLAG-GFP-RPL18 is driven by pWER (WEREWOLF, AT5G14750) was amplified in
One Shot TOP10 E. coli cells. The promotor sequences in the isolated vectors were verified by
sequencing (Macrogen). Verified vectors were electroporated into Agrobacterium tumefaciens
(Agrobacterium), strain AGL1. Glycerol stocks were made and stored at -80°C until use.

Transformation of Arabidopsis with the TRAP vector-containing Agrobacterium.
Arabidopsis was transformed using a transformation protocol based on published work
(Clough and Bent, 1998). Briefly, the first bolts of seven-week old wild-type Col-0 plants were
clipped to induce the formation of many secondary bolts. On the same day, the Agrobacteria
containing the TRAP vectors were streaked on Lysogeny broth (LB) selective plates containing
carbenicillin, rifampicin and spectinomycin and put at 28°C. Two days later, the transformed
bacterial transformants were replated onto new plates. Five days after clipping the plants, an
Agrobacterium transformant suspension was prepared in 120 ml 5% sucrose, 0.05% Silwet L-77
and 30 ml LB medium. The plants’ flowers were dipped into this bacterial suspension for 10 s,
left to dry and put into the suspension again for another 10 s. Plants were then placed back in
a long-day growth room (8-h night, 16-h day, 21°C). The plants were fully covered with plastics
for one night to increase humidity. Three, seven and ten days later the dipping procedure was
repeated. Three weeks after the final dip the seeds were harvested.

Selection of T1 and T2 seeds transformed with a TRAP vector and fluorescence validation
in control, Fe-deficient and bacteria-treated plants. Gas-sterilized seeds were sown on
Hoagland plates containing 50 pg kanamycin/ml. The seeds were stratified in the dark at 4°C for
two nights and placed in the growth room. Green and healthy plants were selected from among
the non-resistant small yellow plants after ten to eleven days. About 1% of the obtained T1
seeds was resistant to kanamycin, the antibiotic against which a resistance gene was present in
the introduced construct. The resistant T1 plants were transferred to plates without antibiotics
to recuperate and then put on soil to generate seeds. Seeds harvested from the T1 plants, the
T2 seeds, were again sown on plates containing kanamycin. All T2 pWER:His6FLAG-GFP-RPL18
plants were resistant to the antibiotic, as expected for heterozygous seeds. About 10% of the
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T2 pCOBL9:His6FLAG-GFP-RPL18 were not resistant, with non-resistant plants among the seed
batches obtained from each of the three T1 plants. Resistant seven-day-old T2 plants were
transferred to control or Fe-deficient Hoagland plates without antibiotics. Half of the plants
on control plates were treated with 10 ul of a WCS417 suspension in 10 mM MgSO, with an
OD,,, value of 0.01. Ten-day-old plants were imaged with a confocal microscope (Zeiss) and ZEN
software. Root cell walls were visualized by mounting plants in 10 uM propidium iodide (PI).
Gain (master) was set to 650 for PI, digital offset to 0 and digital gain to 1.5. Gain (master) was

set to 800 for GFP, digital offset to 0 and digital gain to 1.1.

Data accessibility Analysis scripts and the supplementary tables are part of the Online
Supplementary Material and can be found here: https://cp.sync.com/dl/60fe897a0#fqt4xv25-
em3ineic-y792dqg3h-qrydpg97.

Results

TRAP to study the Arabidopsis response to Fe deficiency

Expression patterns are affected by RNA type, time of the day and Fe deficiency

Changes in the Arabidopsis root proteome in response to Fe deficiency can only partly
be explained by transcriptome changes (Pan et al., 2015). This suggests that there are post-
transcriptional processes that influence protein production and activity. These processes can
be studied more closely by comparing the transcriptome, i.e. all the mRNA present in the cell,
to the translatome, i.e. all the ribosome-bound mRNA. We isolated the transcriptome and the
translatome from plant lines expressing the ribosomal protein L18 (RPL18) with a FLAG-tag
behind the constitutively active 35S promotor (p35S:FLAG-GFP-RPL18) (Figure 1A). Ribosomes,
and with them the ribosome-bound mRNA, were isolated from the roots of these plants using
ANTI-FLAG-coated magnetic beads after 6, 12, 24 and 48 h of Fe deficiency (Figure 1B) (Zanetti
et al., 2005; Mustroph et al., 2009). Total mRNA was isolated from the same samples before
ribosome extraction. The time points were chosen based on previous studies that observed
the first Fe deficiency-related changes after 6 h of Fe deficiency and the major transcriptional
changes in Arabidopsis roots after 24 h (Dinneny et al., 2008; Buckhout et al., 2009).

After processing the RNA-seq data, we performed multidimensional scaling on the normalized
gene expression levels to study the global similarities and dissimilarities among the samples
(Figure 2A-B). The samples cluster first by transcriptome versus translatome (PERMANOVA; P,
ype = 0-001). Analysis of the genes expressed more in all transcriptomes versus all translatomes
shows enrichment of 36 biological process gene ontology (GO) terms (Table S2). The most
significant ones are related to translation, RNA modification and DNA-templated transcription.
Interestingly, all six genes in the GO term ‘ribosome assembly’ (GO:0042255) are enriched in
this mRNA pool, as are all five genes in rTRNA transport’ (GO:0051029). In the translatome, close
to 1,000 GO terms are enriched (Table S3). The most significant among these are related to
carbohydrate -, oxoacid - and organic acid metabolic processes.

The samples subsequently cluster by the time point of harvest (PERMANOVA; Ptimepoin[= 0.001).
The clustering pattern suggests an influence of the circadian clock, rather than the time after
transfer, as the Fe deficiency treatment does not seem to affect the clustering pattern and the
6 h time point, harvested in the afternoon, clusters closer to the 24 h and 48 h timepoints,
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A 35S:His ,FLAG-GFP-RPL18
Control Fe deficient

B 1: Plant growth and treatment 2: Root harvest 3:TRAP
6,12,
35S:His ,FLAG-GFP-RPL18 24,48 h
Arabidopsis seeds —>

L

\J
12d /

7
—> +Fe medium

6,12,

f ) 24,48 h
/ Nylon mesh — >

+Fe medium
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7 Magnetic beads
-Fe medium with ANTI-FLAG
antibodies

Magnet

Figure 1 Experimental set-up to isolate total and ribosome-bound mRNA from control and Fe-defi-
cient 355:His FLAG-GFP-RPL18 plants. A) Roots of 10-day-old seedlings transformed with 35S:His FLAG-
GFP-RPL18, grown on sterile Hoagland medium with Fe (+Fe medium), or without added Fe (-Fe medium)
for the last 3 days. Red shows cell walls as stained by Propidium lodide (Pl). Green shows green fluores-
cent protein (GFP). B) Schematic of the experimental design. Sterilized 35S:His FLAG-GFP-RPL18 Arabidopsis
seeds were sown on Hoagland medium on a nylon mesh. Plants were grown on +Fe medium for 12 days,
of which 9 in short-day conditions and the final 3 in long-day conditions. On the twelfth day, all plants
were transferred on their mesh to either +Fe or -Fe medium. After 6, 12, 24 or 48 h, roots were cut from the
shoot and frozen in liquid nitrogen. Frozen root tissue from 140-160 plants was used per replicate to isolate
RNA bound to ribosomes with Translating Ribosome Affinity Purification (TRAP). Total RNA samples were
collected from the same samples.

harvested at noon, than the 12 h timepoint, which was harvested at night. We studied the
circadian clock marker genes CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and CHLOROPHYLL A/B-
BINDING PROTEIN (CAB), known to be induced in the morning, and EARLY FLOWERING 4 (ELF4),
known to be expressed most strongly 12 h after dawn (Doyle et al., 2002). In line with the
known expression patterns, CCAT and CAB are expressed highly in samples harvested at noon,
whereas EARLY FLOWERING 4 (ELF4) is expressed highest in the 6 h sample, which was harvested
approximately 12 h after the start of the day (Figure 2C).

Finally, we observe non-significant clustering of our samples based on the transfer to Fe-
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Figure 2 A timecourse analysis of the transcriptome and translatome of control and Fe-deficient
plants. A) Schematic of the experimental design. 12-day-old plants grown on Hoagland medium (+Fe
medium) were transferred to new +Fe medium or to Hoagland medium without Fe (-Fe medium). Roots
were harvested 6, 12, 24 or 48 h later. B) MDS plot of the normalized and filtered gene counts of all
samples. C) Normalized expression of CCAT, CAB, and ELF4in the transcriptome (open circles for +Fe and open
triangles for -Fe) and translatome (filled circles for +Fe and filled triangles for -Fe) at 6, 12, 24 and 48 hours
after transfer. The 6 h and 12 h samples were harvested in the afternoon and evening (‘pm’), the 24 h and
48 h samples were harvested at noon. D) Normalized expression of FIT, IRT1, FRO2, MYB72, BGLU42, and FER1
in the transcriptome (open shapes) and translatome (filled shapes) at 6, 12, 24 and 48 hours after transfer to
+Fe (dotted line) or -Fe (solid line) medium.
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deficient or control medium (P, = 0.46). To verify whether the Fe deficiency treatment
was successful, we checked the expression of several genes known to be up-regulated as part
the Arabidopsis Fe deficiency response, namely FIT, IRT1, FRO2, MYB72 and B-GLUCOSIDASE 42
(BGLU42) (Robinson et al., 1999; Vert et al., 2002; Colangelo and Guerinot, 2004; Zamioudis et
al., 2014), in addition to the expression of FERRITINT (FER1), which is known to be inversely
correlated with Fe content (Briat et al., 1999). As expected, FIT, IRT1, FRO2, MYB72 and BGLU42
are activated by Fe deficiency, whereas FERT is repressed (Figure 2D; Table S2). The genes are
similarly affected in both mRNA pools. This is in line with a previous study in which all these
genes except MYB72 were among the genes affected similarly in the transcriptome and the
proteome of Fe-deficient plants (Pan et al., 2015).

Translational regulation restricts translational changes to a subset of the induced genes

Subsequently, we determined the differentially expressed genes (DEGs; FDR < 0.1) in response
to Fe starvation per time point in the transcriptome and the translatome separately. More than
twice as many genes are affected in the transcriptome compared to the translatome. In both
mMRNA pools, the number of DEGs increases with the time after harvest (Figure 3A; Table S4-5).

Subsequently, we checked the overlap between the DEGs in the transcriptome and the
translatome, again per time point. As expected from the greater number of DEGs in the
transcriptome, we find many genes that are differentially expressed in the transcriptome only
(Figure 3B, orange). The majority of the translatome changes are shared with the transcriptome
(Figure 3B, black), with only a few genes affected in the translatome only (Figure 3B, blue).
The number of genes affected in only the translatome seems to be greater in the first two
time points. This might mean that changes in the translatome occur before changes in the
transcriptome. Alternatively, changes that occur early might be more likely to be smaller and
less stable and therefore have a higher chance to be lost to noise in the total mRNA pool.

Translational control has been proposed to allow for a faster response of a plant to an
environmental stress. To analyze whether gene-specific translational changes precede changes
in the transcription, we subsequently analyzed the overlap between DEGs over the mRNA pools
over the different time points. We find only four up- and three down-regulated genes that are
induced at an earlier time point in the translatome than in the transcriptome (Figure 3B, pink).
Thus, our data suggest that rather than a quicker or stronger response of the translatome,
translational control selectively recruits genes among the genes that are up-regulated in the
transcriptome.

Figure 3 Comparison of the transcriptome and translatome changes in response to Fe deficiency.
A) The number of differentially expressed genes (DEGs) in response to Fe deficiency in the transcriptome
and translatome. B) Scatterplot of the translatome versus the transcriptome log fold change (log,FC) in
response to Fe deficiency of the genes that were DE at 6, 12, 24 and 48 h after transfer. Genes DE in both
MRNA pools are depicted in black, genes DE in only the transcriptome are colored orange, genes DE only in
the translatome are blue. B) UpSet plots showing the overlap of the up-regulated (left) and down-regulated
(right) DEGs (FDR < 0.1) across the translatome and the transcription and across time points. Black bars
represent genes that are DE in both mRNA pools at at least one time point. Pink bars represent genes that
are DE in both mRNA pools, at an earlier time point in the translatome than in the transcriptome. Orange
bars represent genes that are only DE in the transcriptome, blue bars represent genes that are only DE in
the translatome.
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Fe-related processes are affected in both mRNA pools

To gain insight into the biological processes affected by Fe deficiency in both mRNA pools, we
performed gene ontology (GO) term enrichment analysis on the lists of DEGs. Only gene lists
with > 20 DEGs were analyzed. Thus, none of the gene lists obtained at 6 h were analyzed, nor
were the down-regulated gene lists from the translatome. In both mRNA pools, responses to
Fe starvation and cellular responses to Fe ion, nitric oxide and oxidative stress are enriched in
the up-regulated genes (Table S6-511). lon transport and responses to Fe ion starvation and
reactive oxygen species are enriched among the down-regulated genes in the transcriptome
(Table S12-S14).

By comparing the DEGs in the two mRNA pools, we showed that there are more changes in
the transcriptome than in the translatome (Figure 3). To determine the biological significance
of this difference, we determined which biological processes are enriched in the genes that
are affected in the transcriptome only. At 12 h after treatment, responses to nitric oxide and
Fe ion transport are enriched among the genes up-regulated in the transcriptome only (Table
S15), at 24 h coumarin biosynthetic process is the most enriched biological process (Table S16)
and at 48 h the responses to reactive oxygen species and to Fe ions (Table S17). Only at 48 h
more than 20 genes were down-regulated in the transcriptome only. These genes are related
to the cellular response to Fe ion starvation and ion transport (Table S18). Further research
will need to determine which genes underlie the enrichment of these processes and how the
transcription versus translation changes affect the plant-bacterium interaction.

Studying the Arabidopsis root translatome response to a beneficial rhizobacterium

Cell type-specific TRAP on WCS417-exposed samples

Biologically significant changes in the translatome that could not be traced back to changes
in the transcriptome have been identified in Arabidopsis in response to several biotic stresses
(Moeller et al., 2012; Reynoso et al., 2013; Meteignier et al., 2017). To investigate whether such
changes also occur in response to pathogenic and mutualistic soil bacteria, we set up TRAP with
plants exposed to the beneficial rhizobacterium WCS417.

We isolated total and ribosome-bound mRNA from control and WCS417-treated plant roots
transformed with 355:GFP-FLAG-RPL18, thus expressing FLAG-tagged ribosomes in all cells, and
from plants expressing similarly tagged ribosomes in cortical cells only using the cortex-specific
pPEP promotor with pPEP:GFP-FLAG-RPL18 (Mustroph et al., 2009). Quantitative RT-PCR (qRT-
PCR) confirmed highest expression of PEP in the ribosome-bound mRNA pool obtained from
PpPEP:GFP-FLAG-RPL18 lines, whereas the trichoblast-specific GPl-anchored protein-encoding
COBL9 (Brady et al., 2007a; b) was not enriched in this pool (Figure 4A). Thus, the cell type-
specific isolation of the mRNA of bacteria-exposed plants was successful.

Subsequently, we checked induction of the known WCS417-inducible genes MYB72 and
BGLU42 (Van der Ent et al., 2008; Zamioudis et al., 2014, 2015). Of these two, BGLU42 is known to
be induced in response to WCS417 in the cortex and trichoblasts specifically (Zamioudis et al.,
2014). MYB72 is strongly upregulated in response to WCS417 in both ribosome-bound mRNA
pools. A less clear, but similar trend is seen for BGLU42. Up-regulation of both genes is less
clear in the total mMRNA pools (Figure 4B). While no definite conclusions can be drawn from this
experiment because of the low sample number, these results suggest that translational control
adds an extra, yet uninvestigated layer to the Arabidopsis response to WCS417.
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Figure 4 TRAP on roots colonized by WCS417 shows WCS417-induced activation of MYB72 and
BGLU42. gRT-PCR analysis of the expression of the cell-type specific genes PEP (cortex) and COBL9 (root
hair epidermis) (A) and of the WCS-inducible genes MYB72 and BGLU42 (B) in the total mMRNA and the ri-
bosome-bound mRNA pool obtained from 7-day-old plants transformed with either p35S:GFP-FLAG-RPL18
or pPEP:GFP-FLAG-RPL18 after 2 days of exposure to WCS417 (pink) or no bacteria (grey). Gene expression
levels were normalized to that of the constitutively expressed gene PP2AA3 (At1g13320). Plotted are fold
changes in gene expression levels relative to the p35S line without bacteria (n = 1-2).
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Generation of two novel epidermis-specific TRAP lines

One of the interesting observations in the cell type-specific gene expression data obtained
in Chapter 2 is the specialization of the trichoblasts and atrichoblasts and, consequently,
their differential response to WCS417. To study this difference in more detail, we generated
TRAP lines in which FLAG-RPL18 expression is driven by the promotor of WEREWOLF (WER),
specific for atrichoblasts, or COBL9, specific for trichoblasts (Chapter 2). Confocal microscopy
of transformed plants showed no fluorescence in the pCOBL9:His FLAG-GFP-RPL18 T2 plants.
Additional transformants should be studied microscopically to identify plants with correct GFP
expression patterns. Fluorescence patterns in the pWER:His FLAG-GFP-RPL18 plants were as
expected and were not visibly affected by Fe deficiency or WCS417 treatment (Figure 5).

+Fe +Fe -Fe +Fe, WCS417
Col-0 Arabidopsis WER , :His FLAG-GFP-RPL18

Figure 5 Arabidopsis Col-0 transformed with WER , :His FLAG-GFP-RPL18B expresses green fluores-
cent protein in atrichoblasts independent of the presence of Fe or WCS417. A) Root of a wild-type
10-day-old Col-0 seedling grown on sterile Hoagland with Fe (+Fe). B) Roots of 10-day-old seedlings trans-
formed with WERM:HISEFLAG—GFP—RPL78B that were grown on sterile Hoagland with Fe (+Fe), sterile Hoag-
land without Fe (-Fe) or on +Fe with WCS417 for the last 3 days. Red shows cell walls as stained by propidi-
um iodide (Pl). Green shows green fluorescent protein (GFP). Representative images are shown.
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Discussion

Transcriptome sequencing is currently the status quo when studying biological systems.
However, there is increasing scientific evidence that changes in mRNA levels do not always
correlate with changes in protein levels. This is in part due to post-transcriptional modifications
of the mRNA molecules, which can result in reduced recruitment to ribosomes, mRNA
degradation or storage of the mRNA molecules (Bailey-Serres et al., 2009; Liu et al., 2016). A
better idea of proteome changes can therefore be obtained by sequencing only the mRNA
molecules that are bound to ribosomes. The isolation of specifically these mRNA molecules
from Arabidopsis roots is possible using translating ribosome affinity purification (TRAP)
(Zanetti et al., 2005). Studies using TRAP have shown that Arabidopsis responds to hypoxia and
unanticipated darkness by reducing the number of ribosome-bound copies of certain mRNA
molecules, without concurrent changes in the total number of copies present (Branco-Price
et al., 2008; Juntawong and Bailey-Serres, 2012). The authors speculate that this translational
control might be a means of plants to rapidly adapt to the changed environmental conditions.

Arabidopsis has been suggested to also exert translational control over its response to Fe
deficiency, as the transcriptome changes upon Fe deficiency do not to correlate with the
protein changes (Pan et al., 2015). Fe is an essential element for plants as it is required for many
fundamental cellular processes, such as DNA replication and photosynthesis (Balk and Schaedler,
2014).To deal with Fe limitation, Arabidopsis makes use of the Strategy | Fe deficiency response,
which revolves around the reduction of ferrous Fe (Fe**) to ferric Fe (Fe?*) that can more readily
be taken up by the plant (Walker and Connolly, 2008; Palmer and Guerinot, 2009; Darbani et al.,
2013). In this chapter, we studied the changes in both the transcriptome and the translatome
Arabidopsis roots exposed to Fe deficiency (Figure 1).

Translational control results in selective recruitment of Fe deficiency-responsive mRNA
molecules to the ribosomes
The previous study uncovering the difference in transcriptome versus proteome changes
in response to Fe deficiency showed that 22 genes are similarly regulated in both the
transcriptome and proteome of Fe-deficient plants (Pan et al., 2015). We confirm this finding
for several of these genes, demonstrating that the expression of the Fe storage gene FERT is
reduced and the expression of multiple key genes involved in the Fe deficiency response is
induced in both the transcriptome and the translatome of the Arabidopsis root in response to
Fe deficiency (Figure 2). Also in line with previous studies (Dinneny et al., 2008), we find a strong
increase in the number of DEGs from 6 h up to 24 h after Fe deficiency (Figure 3A). This time-
dependency is observed in both the transcriptome and the translatome. The number of DEGs in
the translatome is considerably lower than in the transcriptome and few genes are differentially
expressed in the translatome only (Figure 3B-C). These data indicate that translational control in
response to Fe deficiency results in the selective ribosomal recruitment of a subset of the mRNA
molecules encoded by Fe deficiency-responsive genes. Possibly, this allows plants to finetune
their response to the exact environmental conditions at hand.

An analysis of the biological processes enriched in the up-regulated gene lists shows a
strong signature for the response to Fe starvation. In addition, we show strong enrichment of
the cellular response to nitric oxide. This is in line with previous studies showing activation of
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the Arabidopsis Fe deficiency response upon nitric oxide accumulation downstream of auxin
(Meiser et al., 2011; Romera et al., 2011). We observe up-regulation of MYB72 and BGLU42, both
of which are involved in coumarin biosynthesis, in both the transcriptome and the translatome
at 24 h (Zamioudis et al., 2014; Stringlis et al., 2018a). However, coumarin biosynthesis is
enriched in the list of genes up-regulated in the transcriptome only. Many coumarins exist,
with different properties (Tsai and Schmidt, 2017; Stringlis et al., 2019). Possibly, translational
control allows the plant to select the biosynthesis of those coumarins best suited for the current
environmental conditions.

Analyzing translational control of the Arabidopsis response to rhizobacteria

In addition to whole root translatome profiling, TRAP can be used to study cell type-specific
translatome changes (Mustroph et al., 2009). We show successful isolation of cortical cell-
specific ribosome-bound mRNA from roots exposed to the beneficial rhizobacterium WCS417
(Figure 4). Cell type-specific sequencing of the translatome of WCS417-treated roots would
be interesting as a follow-up on the experiment described in Chapter 2 for two reasons. First,
studying the translatome instead of the transcriptome might uncover biological processes that
are regulated at the translational instead of, or in addition to, the transcriptional level in a cell-
type specific manner. Translational control has been shown to be potentially significant for
the outcome of the Arabidopsis response to the Pseudomonas syringae effector AvrRpm1 and
the Turnip mosaic virus (Moeller et al., 2012; Meteignier et al., 2017). Second, the fluorescence-
activated cell sorting (FACS) procedure described in Chapter 2 involved a protoplasting step.
This step has several drawbacks, including the risk of continued exposure to bacteria and
bacteria-derived cell fragments. In the case of TRAP, cryopreserved tissue is used to extract
ribosomes and ribosome-bound mRNA, and protoplasting is not required. Thus, there is no risk
for direct contact between bacteria and plant cells during the protoplasting and sorting phases,
as is the case with FACS.

TRAP lines are available with which ribosome-bound mRNA can be isolated from cortical,
endodermal and vasculature cells (Mustroph et al., 2009). However, no lines had yet been
described for the isolation of ribosome-bound mRNA from trichoblasts and atrichoblasts.
The newly generated TRAP lines in which FLAG-RPL18 is expressed in the trichoblasts and
atrichoblasts specifically (Figure 5) will be essential for our own experimental plans to study
the response of Arabidopsis to WCS417, and for other groups interested in epidermis-specific
biological processes.
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The importance of the plant’s hidden half

The world’s population is growing, and with it the demand for food is increasing as well. High-
yielding crop varieties that require little to no synthetic pesticides or fertilizers are fundamental
to sustainably producing sufficient food to meet this growing demand. For many decades,
efforts to produce such crops focused solely on improving aboveground plant properties.
However, it has become clear that the hidden, underground, half of plants is at least as
important for plant health and productivity (Rogers and Benfey, 2015; Koevoets et al., 2016; Li et
al., 2016; Shahzad and Amtmann, 2017). Plant roots are responsible for taking up nutrients and
water from soil and respond to limited availability of these resources by changing their spatial
arrangement to ensure optimal resource uptake (Gilroy and Jones, 2000; Miiller and Schmidt,
2004; Vishwanath et al., 2015; Barberon et al., 2016; Salazar-Henao et al., 2016; Barberon, 2017).
Studying root system architecture and responses of roots to environmental changes might
therefore uncover mechanisms that can be exploited to produce crops that have the optimal
root system architecture given the nutrient and water availability in their surroundings (Rogers
and Benfey, 2015; Koevoets et al., 2016; Li et al., 2016; Shahzad and Amtmann, 2017).

In addition to taking up nutrients and water, plant roots interact with billions diverse
soil micro-organisms. Rape, sorghum, red clover and the model plant Arabidopsis thaliana
(Arabidopsis) have all been shown to grow less when grown on sterile soil compared to when
they are grown on soil containing micro-organisms (Rroco et al., 2003; Jin et al., 2006; Carvalhais
et al., 2013). Thus, plants depend on the micro-organisms in and around their roots, the root
microbiome, for optimal growth. Among the micro-organisms in the root microbiome are plant
growth-promoting rhizobacteria (PGPR). In addition to increasing plant growth, some PGPR
increase plant resistance to disease (Lugtenberg and Kamilova, 2009). A well-studied example
of a PGPR is Pseudomonas simiae WCS417 (WCS417). Root colonization by WCS417 stimulates
Arabidopsis shoot growth (Pieterse and van Loon, 1999), and induces resistance against a broad
range of pathogens in both Arabidopsis (Pieterse et al., 1996) and several crop species (Bakker
etal., 2007; Pieterse et al., 2014).

Arabidopsis changes the spatial arrangement of its roots in response to rhizobacteria

In response to root colonization by WCS417 and several other beneficial rhizobacteria,
Arabidopsis increases the formation of lateral roots and root hairs (Vacheron et al., 2013;
Zamioudis et al., 2013; Verbon and Liberman, 2016). The formation of these protrusions from
the root is initiated by different Arabidopsis root cell types. Root hairs are formed by epidermal
cells overlying two cortical cells, the so-called trichoblasts (Gilroy and Jones, 2000; Schiefelbein,
2000; Ryan et al., 2001). Lateral roots originate in the pericycle, the cell layer in the vasculature
neigboring the endodermis. These roots need to pass through the endodermis, cortex and
epidermis to emerge from the primary root (Figure 1A) (Malamy and Benfey, 1997; Méller et al.,
2017; Otvds and Benkové, 2017; Du and Scheres, 2018).

The increased formation of lateral roots and root hairs in response to colonization by WCS417
suggeststhattherootrespondstoWCS417 byinducing cell type-specific transcriptional changes.
We studied such changes in Chapter 2 by performing fluorescence-activated cell sorting (FACS)
of control and WCS417-colonized Arabidopsis roots followed by RNA sequencing. We identified
the highest numbers of differentially expressed genes in the cortex and endodermis. Previous
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wall biosynthesis, possibly to accomo-
date lateral roots

Increased
suberization

research has shown that the increased number of root hairs observed in WCS417-colonized
roots is due to an increased number of cortical cells (Zamioudis et al., 2013). Regarding the
increase in lateral root number, we show that the cortex and endodermis reduce the expression
of genes involved in cell wall biosynthesis and induce the expression of genes involved in cell
wall disassembly in response to WCS417 (Figure 1B). Recently, it was shown that cell volume
loss in the cortex and endodermis is essential for lateral root emergence and lateral root
initiation (Stoeckle et al., 2018; Vermeer et al., 2014). The reduced activation of genes involved
in cell wall biosynthesis that we observe in our data might contribute to this morphological
change. Thus, transcriptional changes in the cortex and endodermis might orchestrate the
increase in both root hairs and lateral roots in response to WCS417. In addition to reduced cell
wall biosynthesis, we show that the endodermis increases the expression of genes involved in
suberin biosynthesis (Figure 1B). Suberin is a hydrophobic polymer that is deposited between
the cell wall and plasma membrane of differentiated endodermal cells. This extra layer prevents
free movement of nutrients and water into and out of the central cylinder of the root (Geldner,
2013; Barberon, 2017).

Hypothetically speaking, the observed changes in response to WCS417 could be a response
to the successful establishment of a mutually beneficial association. Plants are known to affect
the root microbiome composition via their root exudates, resulting in different microbiomes on
the roots of different plant species (Berg and Smalla, 2009; Bulgarelli et al., 2013; Philippot et
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al., 2013). In addition, plants can selectively modify the microbiome composition in response
to environmental changes. In the case of downy mildew-infected Arabidopsis plants, the
composition of the root microbiome is changed in favor of micro-organisms that decrease
plant disease symptoms caused by the pathogen, while simultaneously promoting plant
growth (Berendsen et al., 2018). Likewise, plants grown in iron (Fe)-deficient conditions attract
micro-organisms that mediate increased Fe uptake by the plant (Jin et al., 2006; Stringlis et
al., 2018a). Possibly, plants also respond to beneficial rhizobacteria by changing features that
attract or repel other micro-organisms. As suberin prevents free movement of nutrients and
water into and out of the endodermis (Geldner, 2013; Barberon, 2017), increased suberin
deposition might allow a plant to restrict the amount of nutrients leaving the root. As attraction
of beneficial micro-organisms would be less of a priority after establishment of a beneficial
interaction, this would save energy that can be directed to growth or disease resistance instead.
An increase in lateral root number might also be an evolutionarily advantageous response to
root colonization by a beneficial rhizobacterium, as it increases the area that can be colonized
by said rhizobacterium. However, the opposite hypothesis could also be true: as we show that
defense responses are induced by WCS417, suberization and lateral root formation might be
induced as part of these defense responses. Indeed, suberin deposition has been hypothesized
to be involved in restricting microbial access to the central cylinder (Geldner, 2013; Vishwanath
etal., 2015).The increase in lateral roots, in the meantime, might be initiated to prevent possible
nutrient shortages due to competition for nutrient with the colonizing micro-organisms.

Finally, the root architectural changes observed upon root colonization by WCS417 might be
induced by changes in nutrient availability or plant nutrient usage, as both suberization and
lateral root number are affected by nutrient availability (Barberon et al., 2016; Shahzad and
Amtmann, 2017). Indeed, WCS417 induces the Fe deficiency response in Arabidopsis (Verhagen
et al., 2004; Van der Ent et al., 2008; Zamioudis et al., 2014), suggesting that it affects either Fe
availability or Fe usage in the plant. Further research with beneficial and pathogenic soil micro-
organisms will have to show whether suberin deposition is indeed increased by WCS417 and
other micro-organisms, and how the increased suberin deposition and lateral root formation
affect plant nutrient status and plant immunity, and vice versa.

Nutrient uptake is specific to trichoblasts

The Fe deficiency response is a set of molecular changes that allow for increased Fe uptake by
the plant (Romheld, 1987; Verbon et al., 2017). This response is fundamental to plant health,
as Fe is an essential nutrient (Balk and Schaedler, 2014) and the bioavailability of Fe in the soil
is often limited (Palmer et al., 2013; Tsai and Schmidt, 2017). In Arabidopsis, the Fe deficiency
response includes upregulation of FERRIC REDUCTASE OXIDASE 2 (FRO2) and IRON REGULATED
TRANSPORTER 1 (IRT1) downstream of the major Fe deficiency response regulator FER-LIKE IRON
DEFICIENCY TRANSCRIPTION FACTOR (FIT) (Colangelo and Guerinot, 2004). FRO2 reduces Fe
in the soil to its ferrous form (Fe?*) (Robinson et al., 1999), which can be taken up into the root
through IRT1 (Vert et al., 2002). The amount of Fe available for reduction by FRO2 is increased
via the root-mediated secretion of protons and of phenolic compounds such as coumarins,
which results in Fe solubilization (Santi and Schmidt, 2009; Fourcroy et al., 2016; Tsai and
Schmidt, 2017; Stringlis et al., 2018a). The 3-glucosidase-encoding gene BGLU42 is among the
genes responsible for the modification of coumarins before their secretion into the rhizosphere

100



(Zamioudis et al., 2014; Stringlis et al., 2018a).

Interestingly, both BGLU42 and IRT1 are induced in specifically the trichoblasts, and to a lesser
extent the cortex, upon activation of the Fe deficiency response (Vert et al., 2002; Zamioudis et
al., 2014). The trichoblast-specific expression pattern of genes involved in nutrient uptake could
explain why trichoblasts are essential for nutrient uptake (Tanaka et al., 2014). In Chapter 2, we
show that not only BGLU42 and IRT1, but the majority of genes involved in the response to Fe
starvation is activated specifically in the trichoblasts.

These data raise the question as to why not all epidermal cells form root hairs. In line
with previous research (Lan et al., 2013), we show that RNA modification and processing are
performed preferentially in atrichoblasts. In addition, we find higher defense gene expression
in these cells in control conditions. As the epidermis is the outermost layer of the Arabidopsis
root, it forms the first line of defense. We therefore speculate that the differentiation into
trichoblasts and atrichoblasts in the epidermis allows plants to physically separate nutrient
uptake and defense processes to ensure that both processes can take place simultaneously.

Increased Fe uptake is required for a beneficial interaction of WCS417 with Arabidopsis

The Fe deficiency response is activated in response to root colonization by WCS417. In Chapter
3 we show that increased Fe uptake is essential for the maintenance of plant health upon
exposure to WCS417, as WCS417-mediated growth induction in Fe-limited conditions results in
severe plant chlorosis. As we have shown in Chapter 2 that the majority of the genes involved
in Fe uptake are active in root hairs specifically, the increased Fe uptake in response to WCS417
might be achieved by a combined effect of the activation of the Fe deficiency response and the
increase in root hair number (Zamioudis et al., 2013).

These results do not yet explain in response to what signal the Fe deficiency response is
activated. To identify such a signal, we first confirmed previous findings that the shoot is
required for the activation of the Fe deficiency response upon root colonization by WCS417
(Zamioudis et al., 2013). Subsequently, we checked what is known about the activation of the
Fe deficiency response in Fe-limiting conditions. In such conditions, the activation of the Fe
deficiency response is dependent on leaf Fe status signaling to the root (Zhai et al., 2014; Grillet
et al., 2018; Khan et al., 2018). Possibly, WCS417-mediated growth induction results in a shoot
Fe shortage that leads to the induction of the Fe deficiency response. We tested this hypothesis
by supplying the shoots of WCS417-treated plants with Fe. Our results show that shoot Fe
supplementation does not prevent the activation of the Fe deficiency response, suggesting
that the Fe deficiency response is not activated in response to a shoot Fe shortage. Instead,
we hypothesize that the Fe deficiency response is induced in response to a growth promotion
signal in the shoot. As Fe is required for many fundamental cellular processes, this would be
evolutionarily advantageous compared to a mechanism where the response is activated only
after an Fe shortage. Our data on the stable Fe content in the more rapidly growing shoots of
WCS417-treated plants are in line with this hypothesis.

WCS417-mediated resistance is different from Fe deficiency-induced resistance

In Chapter 3 we have shown that activation of the Fe deficiency response upon root
colonization by WCS417 is probably essential to prevent chlorosis in the more rapidly growing
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plant. Previously, the activation of the Fe deficiency response was already shown to be essential
for another beneficial effect of WCS417: the induction of systemic resistance (ISR). ISR was
discovered in 1991, when two groups showed that root colonization by PGPR can increase
shoot resistance to pathogen attack (Van Peer et al., 1991; Wei et al., 1991). WCS417 was among
the first PGPR for which beneficial rhizobacteria-mediated ISR was demonstrated that year (Van
Peer et al., 1991). Ever since, it has served as a model PGPR for studies on ISR (Berendsen et al.,
2015) and was shown to induce resistance in Arabidopsis and several crop species (Van Peer et
al, 1991; Leeman et al., 1995; Duijff et al., 1998). The WCS417-mediated induced resistance is
characterized by a stronger and fasterimmune response upon pathogen attack, a phenomenon
known as priming (Pieterse et al., 1996, 2014). Several years ago, WCS417-mediated ISR was
shown to be dependent on the activation of at least two genes that are induced as part of the Fe
deficiency response: MYB72 and BGLU42 (Van der Ent et al., 2008; Zamioudis et al., 2014, 2015).
In fact, over-expression of BGLU42 is sufficient to induce resistance in Arabidopsis (Zamioudis
etal., 2014).

Interestingly, Fe deficiency by itself is known to decrease plant susceptibility to several
pathogens (Kieu et al., 2012; Hsiao et al., 2017; Verbon et al., 2017). We studied the molecular
mechanisms of Fe deficiency-reduced susceptibility and its similarities to WCS417-induced
resistance in Chapter 4. First, we show that Fe-deficient Arabidopsis plants become less diseased
upon attack by the necrotroph Botrytis cinerea, the biotroph Hyaloperonospora arabidopsidis
and the hemibiotrophic bacterium P. syringae pv. tomato DC3000 than Fe-sufficient plants.
The Arabidopsis immune response to (hemi)biotrophic pathogen attack involves the defense
hormone salicylic acid (SA), whereas the response again necrotrophic pathogen attack
requires the defense hormones jasmonic acid (JA) and ethylene (ET) (Berendsen et al., 2012;
Broekgaarden et al., 2015). We show Fe deficiency does not induce resistance against B. cinerea
and H. arabidopsidis in an ET response mutant and an SA biosynthesis mutant, respectively.
Thus, Fe deficiency seemt to induce a plant-mediated increase in resistance. Subsequently, we
studied the activation of defense genes downstream of these hormones in Fe-sufficient versus
Fe-deficient plants. Our data show that the defense genes are not induced by Fe deficiency
when there are no pathogens present. However, upon attack, there are trends for stronger or
faster expression of these genes in Fe-deficient plants. These results suggest that Fe deficiency-
induced resistance is based on priming of the immune response.

As both WCS417-mediated ISR and Fe deficiency-induced resistance seem to be based on
priming of the immune system and WCS417-mediated resistance requires the Fe-deficiency
genes MYB72 and BGLU42, we wondered whether Fe deficiency-induced resistance and WCS417-
mediated ISR are activated by the same root-specific signaling pathways. We tested this using
the ISR-defective myb72 and bglu42 mutants. We show that while these mutants cannot mount
increased resistance in response to WCS417, they do mount resistance in response to Fe
deficiency. Thus, ISR and Fe deficiency-induced resistance must, at least partly, be regulated
in a different manner. Finally, we show increased resistance in mutants with either a higher
or a lower Fe content compared to wild-type plants. This suggests that any disturbance in Fe
homeostasis results in increased plant resistance. This further corroborates that Fe deficiency-
induced resistance is different from WCS417-mediated ISR, as we show in Chapter 3 that the Fe
content of Arabidopsis is not affected by WCS417. In addition, it confirms that the pathways
regulating iron homeostasis and plant immunity are tightly linked.
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Studying the Arabidopsis response at a different level

In chapter 2, we studied the effect of WCS417 on gene transcription in specific cell types.
In chapters 3 and 4 we studied the link between WCS417 and Fe deficiency, a link that was
uncovered previously by studying gene transcription changes in the whole root. While
transcriptome changes give insight into the molecular processes affected in plant roots,
they do not always correlate with changes in protein production. For example, only 13% of
the protein abundance changes in Fe-deficient Arabidopsis roots is accompanied by a similar
change in transcript abundance of the encoding messenger RNA (mRNA) (Pan et al., 2015). Part
of this discrepancy is due to post-transcriptional modifications of mRNA molecules that lead to
differential mRNA translation (Bailey-Serres et al., 2009).

Splicing is a post-transcriptional modification in which introns are removed from the mRNA
strand and the adjacent exons are joined together. Alternative splicing is defined as the splicing
of one gene in different ways. In Arabidopsis, alternative splicing has been shown for 42 - 61%
of the genes (Filichkin et al., 2010; Marquez et al., 2012). Alternative splicing can result in stable
versus unstable mRNA products, or in mRNA products with different localization patterns
or function. Patterns of alternative splicing are affected by environmental changes, such as
high temperature, high salinity, elevated zinc levels and treatment with ABA, indicating that
alternative splicing is an additional means on top of gene transcription changes to adapt to the
environment (Shangetal., 2017; Laloum et al., 2018). An example of the biological significance of
environment-dependent alternative splicing is the splicing of FLOWERING LOCUS M (FLM) into
either FLM-B or FLM-6. The ratio of FLM-f versus FLM-6 decreases with increasing temperature.
As FLM- binds DNA, whereas FLM-5 does not, the changed ratio might release the repression
of the transcription of floral activator genes by FLM-3, resulting in flowering (Shang et al., 2017).

In addition to alternative splicing upon environmental stress, differential alternative splicing is
also observed between Arabidopsis cell types (Lan et al., 2013). Conceivably, alternative splicing
adds another tuning layer to the genetic and molecular mechanisms driving Arabidopsis root
cell differentiation. It will therefore be of interest to study cell type-specific alternative splicing
patterns and the effect of WCS on these patterns using the gene expression dataset generated
in Chapter 2. Preliminary analyses in this direction indicate that Arabidopsis indeed responds to
WCS417 root colonization with differential alternative splicing in the different cell layers.

In chapter 5 we took a different approach to study the effect of post-transcriptional
modifications. In this chapter, we set up translating ribosome affinity purification (TRAP), a
procedure that allows for the isolation and sequencing of ribosome-bound mRNA molecules.
Although the translation of these molecules could still be stalled inside the ribosomes,
ribosome-bound mRNA profiles are believed to be better correlated with protein levels than
total mRNA profiles (Zanetti et al., 2005; Mustroph et al., 2009). Previous studies using TRAP
have shown that translational regulation is important for effective Arabidopsis responses to
sudden darkness, hypoxia and pathogenic bacteria (Branco-Price et al., 2008; Juntawong and
Bailey-Serres, 2012; Meteignier et al., 2017). We used TRAP to compare the transcriptome, i.e. all
mRNA molecules in a cell, and the translatome, i.e. all mRNA molecules bound to ribosomes,
of Fe-deficient and Fe-sufficient plants. Preliminary data analysis indicates that more genes
are differentially expressed in the transcriptome than in the translatome in response to Fe
deficiency. This suggests that translational regulation recruits only a subset of the mRNA
molecules that are up-regulated at the transcriptional level to the ribosomes, thereby adding
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an additional level of regulation to the plant’s response to the environment. In addition, we add
to the currently available TRAP line repertoire (Mustroph et al., 2009) by constructing TRAP lines
specific to the epidermal Arabidopsis root cell types.

Concluding remarks

Plants have the amazing ability to use sunlight, carbon dioxide and soil-borne macro- and
micronutrients to produce almost all the nutrients that we humans require. While at first
glance this seems to be a solitary endeavor, a more detailed analysis reveals that this is not
the case; plants interact with billions of micro-organisms on and in their root to increase
plant growth and health. While there is evidence that plants can “eat” micro-organisms, in a
process termed microbivory (Paungfoo-Lonhienne et al., 2010, 2013, White et al., 2018, 2019),
the majority of plant-microbe interactions is believed to depend on symbiotic or mutualistic
relationships. In this thesis, we show that a mutualistic interaction between plant roots and
beneficial rhizobacteria impacts plant nutrition in several, possibly connected, ways (Figure 2).
In Chapter 2, we identify transcriptional changes that underlie changes in the Arabidopsis root
system architecture in response to WCS417.The changes in the spatial arrangement of the roots
increase the capacity of the roots to explore the soil and could consequently result in increased
nutrient uptake. In addition, we find increased activity of the suberin biosynthesis pathway
in the root. Increased suberin biosynthesis might prevent excessive leaching of nutrients into
the rhizosphere or restrict entry of micro-organisms into the central cylinder. In Chapter 3,
we show that increased Fe uptake in response to WCS417 is required for the establishment
of an interaction that is beneficial to the plant. The increased Fe uptake is probably partly
mediated by the activation of the Fe deficiency response and partly by the changes in root
system architecture as found in Chapter 2. How the Fe deficiency response is activated remains
uncertain, but we hypothesize that it is activated in response to a growth signal originating
from the aboveground parts of the plant. In Chapter 4 we show that the decreased susceptibility
of Fe-starved plants to several pathogens is dependent on a functional immune system. Like
WCS417-mediated ISR This Fe deficiency-induced resistance is similar to WCS417-mediated
ISR as it is possibly based on priming of the immune response. Moreover, WCS417-mediated
ISR is known to require the activation of several genes involved in the Fe deficiency response.
However, we show in Chapter 4 that Fe deficiency-induced resistance is not activated by the
same root-specific signaling pathways as WCS417-mediated resistance.

For hundreds of years, plant root traits were not considered when selecting the ‘best’ crops
for crop advancement. By now, the importance of the hidden half of plants has become clear:
root traits are crucial for both optimal nutrient and water uptake and the establishment of
beneficial interactions with soil-borne micro-organisms. In this thesis, we present results
on transcriptional processes regulating root architectural changes, and on the effects of Fe
availability in and around plants on their interaction with both beneficial rhizobacteria and
pathogens. Nailing down the Arabidopsis root response to beneficial rhizobacteria through
continued research will contribute to harnessing root traits to optimize the uptake of resources
by crop plants and to successfully applying beneficial rhizobacteria in the field to increase crop
growth and resistance against disease. Together, these advancements will enhance crop yield
while limiting the use of synthetic pesticides and fertilizers, thereby ensuring sufficient food
production for the growing world population.
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Figure 2 Induction of the iron deficiency response and root architecture changes in response to
WCS417 allows for increased plant growth and resistance without a decrease in plant Fe content.
Based on the results presented in this thesis we hypothesize that the root activates the Fe deficiency re-
sponse upon perception of a shoot-derived growth promotion signal to prevent an Fe shortage accom-
panying the WCS417-mediated increase in plant growth. Activation of MYB72 and BGLU42 is required for
the WCS417-mediated induction of systemic resistance. This is not the case for Fe deficiency-induced re-
sistance, even though it also seems to be based on priming of the plant immune response. In addition,
Arabidopsis changes its root system architecture in response to WCS417. These changes might be induced
in response to the beneficial association, as part of a defense response or in response to nutrient changes.
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Nederlandse samenvatting

Goedaardige bacterién op plantenwortels

Op, in en rondom plantenwortels leven miljarden micro-organismen. Sommige van deze
bodembacterién en -schimmels beinviloeden de plant negatief; ze kapen belangrijke
voedingsstoffen weg of maken de plant ziek. Andere micro-organismen beinvioeden de plant
juist positief. Zo kunnen ze extra voedingsstoffen beschikbaar maken, de plant weerbaarder
maken tegen ziekteverwekkers of het aantal ziekteverwekkende micro-organismen rondom de
wortels verminderen door met ze te concurreren voor voedingsstoffen en ruimte.

De bacterie Pseudomonas simiae WCS417 is een voorbeeld van zo'n goedaardig micro-
organisme. Wanneer deze bacterie zich vestigt op de wortel van het zandraketje — in de
plantenwetenschap beter bekend als Arabidopsis thaliana — wordt de plant groter en is de plant
weerbaarder tegen ziekteverwekkers. In dit proefschrift onderzoek ik op welke wijze WCS417
deze positieve invloed op de plant uitoefent.

Veranderingen in de wortelstructuur

Naast de verhoogde weerbaarheid en de versterkte groei, reageert de plant op WCS417 met de
vorming van extra zijwortels (Figuur TA). Zijwortels vergroten het worteloppervlak, waardoor
er meer oppervlak is waarover voedingsstoffen kunnen worden opgenomen én er meer ruimte
is voor WCS417 om zich te vestigen. Zijwortels worden gevormd door cellen in het binnenste
van de wortel, het vasculaire weefsel. Deze cellen zijn omgeven door drie andere cellagen: de
endodermis, de cortex en tenslotte de epidermis (Figuur 1B). De zijwortels moeten deze cella-
gen passeren voordat zij uit de wortel tevoorschijn komen. Onderzoek van andere onderzoeks-
groepen heeft aangetoond dat de cellen in de endodermis en de cortex moeten krimpen om
zo ruimte te maken om de uitgroei van zijwortels mogelijk te maken. Hoe de cellen in staat zijn
om te krimpen was nog niet duidelijk.

A Controleplant Plant met WCS417 B
op de wortel Niet wortelhaar-
vormende epidermis

Wortelhaar-
vormende epidermis

N
Cortex /
Zijwortel o -
Hoofdwortel i
Endodermis Vasculair
{ weefsel

Figuur 1 De plant Arabidopsis thaliana vormt meer zijwortels als de bodembacterie WCS417 zich ves-
tigt op de wortel. A) Schematische weergave van een plant zonder WCS417 op de wortel (links) en een
plant met WCS417 op de wortel (rechts). B) Schematische dwarsdoorsnede van de plantenwortel, waarin
de verschillende celtypen gelabeld zijn.
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Om te begrijpen hoe de plant de wortelstructuur verandert, hebben we in hoofdstuk 2
gekeken hoe de verschillende wortelceltypen reageren op de vestiging van WCS417 op de wor-
tel. We laten zien dat de endodermis en de cortex genen activeren die de celwanden rond deze
cellen afbreken. Mogelijk zorgt deze afbraak ervoor dat de cellen kunnen krimpen om de zijwor-
tels door te laten. Daarnaast laten we zien dat cellen in de endodermis in reactie op WCS417
genen activeren die betrokken zijn bij het produceren van een wasachtige laag om deze cellen
heen. Deze laag is ondoordringbaar voor voedingsstoffen en water en voorkomt daardoor dat
deze weglekken uit het binnenste deel van de wortel. Wellicht voorkomt deze laag ook dat micro-
organismen de wortel binnendringen.

Tenslotte identificeren we activiteit van genen die een al langer bekend fenomeen verklaren.
De buitenste cellaag van de wortel, de epidermis, bestaat uit wortelhaar-vormende cellen en
niet-wortelhaar-vormende cellen. Het was al bekend dat specifiek de wortelhaar-vormende cel-
len belangrijk zijn voor de opname van voedingsstoffen. Wij laten zien dat genen die betrokken
zijn bij de opname van voedingsstoffen specifiek in die wortelhaar-vormende cellen en niet in
de niet-wortelhaar-vormende cellen actief zijn.

De activatie van ijzeropname

Uit onderzoek van mijn voorgangers in het lab is gebleken dat de wortel op WCS417 reageert
door processen die tot ijzeropname leiden te activeren. In hoofdstuk 3 onderzoeken we waar-
om de plant de ijzeropname activeert in reactie op WCS417. Eerst bevestigen we eerdere
onderzoeksresultaten: namelijk dat de activatie van de ijzeropname in reactie op WCS417 niet
meer plaatsvindt als de bovengrondse delen van de plant worden weggesneden. Dit geeft aan
dat er een signaal uit de bovengrondse delen van de plant nodig is om de ijzeropname te
activeren. Wellicht leidt de door WCS417 versterkte groei tot een ijzertekort in de bovengrond-
se delen van de plant. De hypothese die we daarom hebben getest is of een ijzertekort in de
bovengrondse delen van de plant leidt tot de verhoogde ijzeropname in de wortel in reactie op
WCS417. Uit onze experimenten blijkt dat toediening van ijzer op de bovengrondse delen van
de plant tegelijkertijd met de toediening van WCS417 op de wortel de activatie van de ijzerop-
name niet voorkomt. Onze hypothese was dus niet juist.

Onze huidige hypothese is dat de plant de ijzeropname verhoogt in reactie op een boven-
gronds groeisignaal in plaats van een bovengronds ijzertekort om zo een eventueel ijzertekort
voor te zijn. Deze hypothese wordt ondersteund door onze data waaruit blijkt dat de ijzer-
concentratie in de plant niet vermindert in reactie op WCS417. In plaats daarvan neemt de
hoeveelheid ijzer gelijkmatig toe met de vorming van nieuw bladmateriaal. Vanuit evolutionair
oogpunt is dit voordelig voor de plant: aangezien ijzer essentieel is voor veel processen in de
plant, is het gunstig om ijzertekorten te voorkomen in plaats van te genezen.

Het induceren van verhoogde weerbaarheid

In hoofdstuk 4 gaan we verder waar we in hoofdstuk 3 gebleven waren: de activatie van ijzer-
opname in reactie op WCS417. We kijken naar het effect hiervan op de verhoogde weerbaarheid
van planten metWCS417.Zoalsin deintroductieis vermeld, wordt een plant met WCS417 minder
snel ziek na aanvallen van ziekteverwekkers. Eerder onderzoek heeft aangetoond dat enkele ge-
nen die worden geactiveerd in reactie op WCS417 en leiden tot verhoogde ijzeropname, name-
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lijk de genen MYB72 en BGLU42, essentieel zijn voor de verhoogde weerbaarheid van planten
met WCS417. Daarnaast weten we dat hoewel een omgeving met weinig ijzer ervoor zorgt dat
planten minder hard groeien, zo'n omgeving ook leidt tot verminderde ziekteverschijnselen.
Het is echter nog niet duidelijk hoe ijzertekort leidt tot verlaagde vatbaarheid voor ziekten.

lJzer is niet alleen een essentiéle voedingsstof voor planten, maar ook voor de meeste andere
organismen. Wij hebben daarom getest of een plant met een ijzertekort minder ziek wordt
omdat er weinig ijzer beschikbaar is voor de aanvallende ziekteverwekker. Dit blijkt niet het
geval te zijn. In plaats daarvan tonen we aan dat de verhoogde weerbaarheid van een plant
met ijzertekort afhankelijk is van de verdedigingshormonen van de plant.

Een omgeving met weinig ijzer leidt, net als blootstelling aan WCS417, tot activatie van ijzer-
opname en dus tot activatie van MYB72 en BGLU42. We hebben daarom getest of deze genen
ook essentieel zijn voor de verhoogde weerbaarheid na een ijzertekort. Als dat het geval is,
zijn beide vormen van verhoogde weerbaarheid wellicht gebaseerd op hetzelfde mechanisme
en is de activatie van de ijzeropname op zichzelf genoeg om resistentie te induceren. Om dit
te testen, gebruikten we gemuteerde planten waarin de genen MYB72 en BGLU42 niet meer
werkzaam zijn. We laten zien dat deze planten geen verhoogde resistentie vertonen nadat
WCS417 zich vestigt op hun wortels, maar wel na ijzertekort. Hiermee tonen we aan dat de twee
vormen van verhoogde weerbaarheid niet door dezelfde genen gereguleerd worden.

Het opzetten van een nieuwe techniek

In het laatste experimentele hoofdstuk, hoofdstuk 5, beschrijven we de opzet van een relatief
nieuwe experimentele techniek die ons in staat stelt om op een ander niveau naar de effecten
van WCS417 en ijzertekort op de plantenwortel te kijken. In hoofdstuk 2 tot en met 4 keken we
naar de activiteit van genen. De activatie van een gen ligt aan de basis van de productie van
een eiwit. Echter, instructies van actieve genen leiden niet altijd tot de vorming van eiwitten.
In plaats daarvan worden de instructies soms afgebroken of tijdelijk opgeslagen. De activiteit
van genen correleert daarom niet altijd met de productie van eiwitten en de activiteit van de
biologische processen die door de eiwitten uitgevoerd worden. Met de nieuwe techniek
kunnen we bestuderen welke instructies daadwerkelijk worden gebruikt om eiwitten te
produceren. We laten zien dat deze methode werkt met zowel planten blootgesteld
aan WCS417 als met planten blootgesteld aan een ijzertekort. Uit de eerste resultaten
kunnen we opmaken dat in reactie op ijzertekort een verandering in de activiteit van een gen
inderdaadnietaltijdresulteertineenveranderingvanhetgebruikvandeinstructieomeeneiwitte
maken. De plant reguleert zijn reactie dus niet alleen door de activiteit van genen te reguleren.
Verder onderzoek zal moeten uitwijzen wat dit betekent voor de reactie van de plant op het
ijzertekort.

Van kennis naar voedselzekerheid

De resultaten in dit proefschrift vergroten onze kennis over het effect van de goedaardige
bacterie WCS417 op Arabidopsis. Zo identificeren we in hoofdstuk 2 veranderingen in
genactiviteit in de endodermis en de cortex die wellicht aan de basis liggen van de verhoogde
zijwortelvorming in planten met WCS417. Daarnaast vinden we aanwijzingen voor een tot
zover onbekende reactie van de wortel op WCS417: de verhoogde productie van de wasach-
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tige laag rondom endodermis cellen. Het was al bekend dat de plantenwortel in reactie op
WCS417 de ijzeropname activeert. Naar aanleiding van de data gepresenteerd in hoofdstuk 3
hypothetiseren we dat de ijzeropname geactiveerd wordt in reactie op een groeisignaal in de
bovengrondse delen van de plant. In hoofdstuk 4 laten we zien dat de verhoogde weerbaar-
heid van planten met WCS417 niet geactiveerd wordt door hetzelfde proces als de verhoogde
weerbaarheid van planten met een ijzertekort. Tenslotte laten we in hoofdstuk 5 zien dat we
succesvol een nieuwe techniek hebben opgezet waarmee we op een ander niveau de reactie
van plantenwortels op veranderingen in hun omgeving kunnen bestuderen.

Behalve nieuwe inzichten, leveren deze data weer veel nieuwe vragen op: wat is het effect
van de wasachtige laag op de interactie van planten met micro-organismen? Door wat voor
signaal wordt groei gecommuniceerd tussen de wortels en de bovengrondse delen van de
plant? Hoe leiden een ijzertekort en WCS417 tot verhoogde weerbaarheid van de plant? Verder
onderzoek is nodig om deze en andere nieuwe vragen te beantwoorden.

De hier gepresenteerde data en data van mogelijk vervolgonderzoek kunnen bijdragen
aan het vergroten van de voedselzekerheid. Kennis over de regulatie van de wortelstructuur
stelt ons in staat om gewassen te selecteren met de meest optimale wortelstructuur voor een
bepaalde regio. Kennis over de effecten van goedaardige bacterién, op zijn beurt, kan
bijdragen aan het gebruik van deze bacterién in het veld als natuurlijke groei- en resistentie-
bevorderaars. Op deze manier kan kennis uit het laboratorium bijdragen aan het realiseren van
hogere voedselopbrengsten met een verminderde hoeveelheid synthetische meststoffen en
pesticiden.
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