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SUMMARY IN ENGLISH

Ralstonia solanacearum is one of the world’s most devastating bacterial pathogens of
plants. This soil-borne bacterium is the causative agent of bacterial wilt on more than 450
plant species, and it causes severe devastation on Solanaceous crops like tomato. R.
solanacearum gains access to the root system through wounds and lateral root emerging
sites and then moves to the root vasculature, where it multiplies in the xylem and later
spreads vertically within the xylem sap and horizontally between vessels and to the
surrounding tissues. To date, the most reliable management strategy to control R.
solanacearum has been the use of genetic resistance. In tomato, among the best resistance
sources is the resistant cultivar Hawaii 7996 (H7996), which is commonly used as a
rootstock in commercial tomato cultivation. This resistant cultivar has evolved effective
defense mechanisms to prevent vessel colonization or movement between vessels once

vascular colonization has occurred.

Recent reports show that the root xylem vascular cylinder acts as a predominant tissue for
mounting an efficient defense response against vascular invaders, restricting onward
movement of the pathogen to the aerial tissue. However, the mechanisms regulating this
form of resistance remain elusive. Unravelling the mechanisms through which the plants
block or slow down pathogen progression at the root xylem vasculature can be vital in the
development of resistant cultivars by biotechnological interventions. Hence, in this thesis
we attempted to shed light on the defense responses acting at the root xylem vasculature
that effectively restrict colonization by the vascular bacterial pathogen R. solanacerum in

tomato.

Comparative histopathological studies in resistant and susceptible tomato lines indicated
that a ferulate vascular reinforcement, culminating into a ferulo-suberin zone, may act as a
strong physico-chemical barrier against R. solanacearum invasion (Chapter 1). This
phenolic- aliphatic barrier reinforces the walls of xylem vascular tissue in H7996 and may

restrict movement of the bacterium from the xylem vessel lumen to the surrounding xylem



parenchyma cells and nearby vessels and inter-cellular spaces. Compositional changes in
walls were studied using spectroscopy, which showed strong accumulation of suberin-
compatible metabolites specifically in roots of resistant H7996, upon infection of R.
solanacearum (Chapter 2). Differences in the polymerization state of lignin in roots were
observed after infection between resistant and susceptible tomato. H7996 contained a
higher proportion of G-type lignin, which is more resistant to degradation, whereas
susceptible Marmande contained more S-type lignin, which is more prone to degradation.
Expression of genes from the suberin fatty acid biosynthetic pathway was significantly
upregulated in the taproot xylem vascular tissue of H7996 infected plants compared to the
mock controls or susceptible tomato (Chapter 3). This indicates that upregulation of these
genes is a specific response of resistant H7996 plants that takes place in suberizing
vasculature upon R. solanacearum infection. Further, induction of Proggyr::GUS was
observed in taproot xylem vasculature of infected H7996 plants, as well as in tissues
known to deposit suberin such as epidermis, exodermis and tissues undergoing wound

healing.

Implications of overexpressing genes from pathway of suberin and the associated soluble
phenolics synthesis, were evaluated in susceptible tomato background. Overexpression of
suberin feruloyl transferase (FHT), which catalyzes the formation feruloyl esters showed
limited restriction against R. solanacearum. In contrast, overexpression of tyramine N-
hydroxycinnamoyltransferase (THT 1-3), responsible for synthesis of hydroxycinnamic
acid amides (HCAA\) such as feruloyl tyramine resulted in an increase of resistance against
R. solanacearum with disease progressing remarkably slower in this line compared to wild
type plants. Accumulation of such soluble aminated phenolics may act as a chemical
barrier initially acting as phytoalexin but could also act as physical barrier if cross-linked
to the lignin-like poly-aromatic domain of suberin. Hence, our data show that genes
responsible for synthesis of HCAA can be used for metabolic engineering resistance

against R. solanacearum.



RESUM EN CATALA

Ralstonia solanacearum és un dels patogens bacterians de plantes més devastadors del
mon. Aquest bacteri és I'agent causant del marciment bacteria en més de 450 especies
de plantes i causa una devastacio severa en cultius de solanacies com la tomaquera. R.
solanacearum accedeix a sistema radicular a través de ferides i llocs d'emergencia
d'arrels laterals i després es desplaca fins a la vasculatura radicular, on es multiplica al
xilema i després es dissemina verticalment a través del xilema i horitzontalment entre
els vasos i els teixits circumdants. Fins ara, I'estratégia de maneig més fiable per
controlar R. solanacearum ha estat I's de resisténcia genetica. En tomaquet, entre les
millors fonts de resistencia es troba el conrear resistent Hawaii 7996 (H7996), que s'usa
comunament com a patrd en el cultiu comercial de tomaquet. Aquesta varietat resistent
ha desenvolupat mecanismes de defensa efectius per prevenir la colonitzacié de vasos o

el moviment entre vasos un cop que ha passat la colonitzacié vascular.

Publicacions recents mostren que el cilindre vascular del xilema de I'arrel actua com a
teixit predominant per muntar una resposta de defensa eficag contra els invasors
vasculars, restringint l'avan¢g del patogen cap al teixit aeri. No obstant aixo0, els
mecanismes que regulen aquesta forma de resisténcia segueixen sent desconeguts en
gran manera. Desentranyar els mecanismes a través dels quals les plantes bloquegen o
alenteixen la progressié de patogens en la vasculatura del xilema de I'arrel pot ser vital
en el desenvolupament de varietats resistents mitjancant intervencions biotecnologiques.
Per tant, en aquesta tesi intentem aprofundir en les respostes de defensa que actuen en la
vasculatura del xilema de l'arrel que restringeixen efectivament la colonitzacio pel

patogen bacteria vascular R. solanacerum en tomaquet.

Els estudis histopatologics comparatius en linies de tomaquet resistents i susceptibles
indiquen que un reforg vascular compost de ferulats, que culmina en la formaci6 d'una
zona ferulo-suberinica que pot actuar com una forta barrera fisico-quimica contra la
invasio de R. solanacearum (Capitol 1). Aquesta barrera fenolic-alifatica reforca les
parets del teixit vascular del xilema en H7996 i pot restringir el moviment del bacteri

des de I’interior del vas del xilema cap al xilema circumdant, cel-lules de I'parénquima,



vasos propers i espais intercel-lulars. Els canvis de composicié en les parets es van
estudiar mitjancant espectroscopia, la qual cosa va mostrar una intensa acumulacio de
metabolits compatibles amb la suberina especificament en les arrels de H7996 resistent,
despres de la infeccid de R. solanacearum (Capitol 2). Es van observar diferéncies en
I'estat de polimeritzacid de la lignina en les arrels després de la infeccid entre tomaquet
resistent i susceptible. L'H7996 contenia una major proporcid de lignina de tipus G, que
és mes resistent a la degradacio, mentre que Marmande susceptible contenia més lignina
de tipus S, que és més propensa a degradar-se. L'expressio de gens de la via biosintética
d'acids grassos de la suberina es va incrementar significativament en el teixit vascular
de I'xilema de Il'arrel primaria de les plantes infectades amb H7996 en comparacié amb
els controls o el tomaquet susceptible (Capitol 3). Aixo indica que la regulacio positiva
d'aquests gens és una resposta especifica de plantes H7996 resistents que té lloc a la
vasculatura suberizada després de la infeccié per R. solanacearum. A més, es va
observar induccié de ProSIFHT::GUS en la vasculatura del xilema de I'arrel principal
de les plantes H7996 infectades, aixi com en teixits que se sap que dipositen suberina

com ara epidermis, exodermis i teixits que experimenten cicatritzacié de ferides.

Es van avaluar les implicacions de la sobreexpressio de gens de la via de biosintesi de la
suberina i de la sintesi de fenolics solubles associats, en varietats de tomaquet
susceptible. La sobreexpressio de suberin feruloil transferasa (FHT), que catalitza la
formacio de feruloil ésters, va mostrar una restriccio limitada contra R. solanacearum.
Per contra, la sobreexpressié del tiramina N-hidroxicinamoiltransferasa (THT 1-3),
responsable de la sintesi de amides d'acid hidroxicinamic (HCAA) com la feruloil
tiramina, va donar com a resultat un augment molt marcat de la resistencia contra R.
solanacearum i la malaltia va progressar notablement més lentament en aquesta linia en
comparacié amb les plantes de tipus salvatge. L'acumulacié d'aquests compostos
fenolics aminats solubles pot actuar com una barrera quimica que actua inicialment com
fitoalexina, perd també podria actuar com una barrera fisica si s'associés amb el domini
poliaromatic de la suberina. Per tant, les nostres dades mostren que I'augment controlat
dels gens responsables de la sintesi de HCAA es pot utilitzar com a estratégia
d'enginyeria metabolica per augmentar la resisténcia contra R. solanacearum a

tomaquera.
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Abstract

Xylem vascular wilt pathogens cause devastating diseases in plants. Proliferation of these pathogens in the xylem
causes massive disruption of water and mineral transport, resulting in severe wilting and death of the infected plants.
Upon reaching the xylem vascular tissue, these pathogens multiply profusely, spreading vertically within the xylem
sap, and horizontally between vessels and to the surrounding tissues. Plant resistance to these pathogens is very
complex. One of the most effective defense responses in resistant plants is the formation of physico-chemical bar-
riers in the xylem tissue. Vertical spread within the vessel lumen is restricted by structural barriers, namely, tyloses
and gels. Horizontal spread to the apoplast and surrounding healthy vessels and tissues is prevented by vascular
coating of the colonized vessels with lignin and suberin. Both vertical and horizontal barriers compartmentalize the
pathogen at the infection site and contribute to their elimination. Induction of these defenses are tightly coordinated,
both temporally and spatially, to avoid detrimental consequences such as cavitation and embolism. We discuss cur-
rent knowledge on mechanisms underlying plant-inducible structural barriers against major xylem-colonizing patho-
gens. This knowledge may be applied to engineer metabolic pathways of vascular coating compounds in specific
cells, to produce plants resistant towards xylem colonizers.

Keywords: Gels, inducible defenses, lignin, physico-chemical barriers, plant-pathogen interactions, structural defenses, suberin,
tyloses, vascular pathogens, wilt

Introduction

The plant immune system has been shaped by hundreds of
millions of years of interactions with microbial pathogens that
are constantly trying to evade or overcome host plant defense
reactions. Pathogens that colonize the xylem - a vital compo-
nent for transporting water and minerals from the roots to the
aerial parts - are particularly pernicious, causing major destruc-
tion in numerous host plants worldwide (Yadeta and Thomma,

2013). Despite the xylem being nutritionally poor in com-
parison with other plant tissues, a select group of pathogens
comprising a few genera of bacteria, fungi and oomycetes, have
evolved to target this plant tissue as a niche for colonization.
Proliferation of these wilt pathogens causes massive disrup-
tion in the xylem vessels through the production of toxins,
exopolysaccharides, hyphal mass, conidia and other pathogen

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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propagules that cause destruction as well as physical occlusion
of xylem elements, resulting in severe wilting and plant death
(Zaini et al., 2018).

Invasion strategies used by vascular wilt pathogens

Vascular plant pathogens utilize diverse strategies to get ac-
cess into the vessels. Vascular wilt pathogenic fungi (Fusarium
oxysporum, Verticillium albo-atrum, Verticiullium dahliae, Ceratocystis
fimbriata, Ophiostoma novo-ulmi), oomycetes (Pythium spp) or
the soil-borne bacterium Ralstonia solanacearum invade plant
roots and advance inter- or intracellularly through the root
cortex to reach the xylem, where they proliferate and spread
systemically to aerial plant parts (Bae et al., 2015). In order to
get access into the vasculature, these pathogens generally target
root extremities and the junction between primary and lateral
roots where the epidermal barrier may be compromised, and
the endodermis as well as Casparian strip are either not fully
differentiated or reoriented by outgrowth of lateral roots (Vasse
et al., 1995; Alvarez et al., 2010).

In contrast to these root invaders, many vascular bacteria,
such as Xylella fastidiosa, are directly inoculated into the xylem
by insect vectors that feed on the plant host (Wang et al., 2017).
Furthermore, a few species of vascular bacteria reach the xylem
tissues via natural plant openings in the aerial parts of the
plant, such as leaf hydathodes (Xanthomonas oryzae pv. Oryzae;
Pradhan et al., 2012), flower nectarthodes (Erwinia amylovora;
Buban et al., 2003) or stem lenticels (Pseudomonas syringae pv.
actinidiae; Renzi et al., 2012). These bacteria multiply in inter-
cellular spaces before eventually colonizing the xylem vessels.
Moreover, there are vascular wilt pathogens which are trans-
mitted through graft-infected rootstock/scion, as has been
reported for the fungus Ceratocystis fagacearum on oak trees
(Blaedow and Juzwik, 2010), or the bacterium X. fastidiosa
on pecan (Sanderlin and Melanson, 2006). Another method
of infection of vascular wilt pathogens occurs through the
use of infected mother plants as a source for clonal propa-
gation. This affects many plant species cultivated in nurseries,
such as strawberry plants infected with Fusarium oxysporum
f. sp. fragariae (Pastrana et al., 2019), olive plants infected with
V. dahliae (Morello et al., 2016), and it is also common in grape-
vine mother plants that can harbor various vascular wilt fungi
(Gramaje et al., 2018).

Immunity against vascular wilt pathogens

Plants are protected against pathogens by a well-orchestrated
immune system (Jones and Dangl, 2006). Pattern-triggered im-
munity (PTI) is initiated upon recognition of conserved mi-
crobial features at the plasma membrane by pattern-recognition
receptors (PRRs) in the plant. Effector-triggered immunity
(ETI) is activated by recognition of pathogen-secreted ef-
fectors via intracellular nucleotide-binding leucine-rich repeat

proteins (NLRs). ETI is commonly known as a stronger im-
mune response, while PTI offers durable and broad-spectrum
resistance (Katagiri and Tsuda, 2010). Yet, these two layers of
immunity operate synergistically, converging on several down-
stream responses including the oxidative burst, activation of
kinase signaling cascades, expression of defense-related genes
and accumulation of physico-chemical barriers (Thomma et al.,
2011; Ngou et al., 2020, Preprint;Yuan et al., 2020, Preprint).

Although PTI and ETI function in the interactions of
plants with vascular pathogens, there are very few cases
where these processes have been analyzed specifically in the
xylem and surrounding tissues of infected plants. Several re-
cent studies have shown that PTI can be triggered in plants
by treatment or over-expression of conserved molecular pat-
terns present in wilt pathogens. For example, an extracellular
polysaccharide from the wilt bacterium R. solanacearum has
been shown to act as a PTI elicitor in resistant tomato, leading
to induced expression of defense response genes (Milling
et al., 2011; Prakasha et al., 2017). Furthermore, in Nicotiana
benthamiana and tomato, PTI is triggered upon perception
of the COLD SHOCK PROTEIN 22 (csp22) peptide from
R. solanacearum by the PRR COLD SHOCK PROTEIN
RECEPTOR (CORE; Wang et al., 2016). In accordance,
treatment of tomato with csp22 conferred increased resistance
to R. solanacearum in tomato plants. Additionally, transgenic
Arabidopsis thaliana plants expressing the tomato csp22 receptor
(SICORE) gained the ability to respond to csp22 and were
more resistant to R. solanacearum infection (Wei et al., 2018).
Similarly, V. dahliae, possesses two cellulose-degrading glyco-
side hydrolase family 12 (GH12) proteins, namely VJEG1 and
VAEG3, which in N. benthamiana are recognized by the PRR
complexes LRR-RLP (Leucine Rich Repeat-Receptor-
Like Protein)/SOBIR1/BAK1 (SUPPRESSOR OF BAKI1-
INTERACTING RECEPTOR-LIKE KINASE  1-1/
BRASSINOSTEROID-INSENSITIVE 1-ASSOCIATED
RECEPTOR KINASE) and LRR-RLKs (Receptor-Like
Kinase)/BAK1, respectively, thereby triggering PTI responses
(Gui et al., 2017).

Concomitantly, some bacterial wilt pathogens have evolved
modifications in the sequences of their conserved patterns, so
that they are no longer recognizable by cognate PRRs. This
occurs in X. fastidiosa, which contains a lipopolysaccharide
featuring a masking motif that evades recognition by grape-
vine (Rapicavoli et al., 2018), or flagellin from R. solanacearum,
with a polymorphic sequence that avoids perception by many
host plants (Wei et al., 2020).

An interesting emerging concept is that roots may be rela-
tively insensitive to most conserved molecular patterns, which
may prevent mounting defense responses against commensal
organisms in an environment such as the soil, full of microbes.
Underlying this phenomenon, it has been recently shown that
root PTI is only activated upon local tissue damage (Zhou
et al., 2020). This work convincingly shows how localized cell
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death upregulates PRR expression in the neighboring cells,
leading to restricted responsiveness to conserved molecular
patterns of root invaders (Zhou et al., 2020).

ETI responses against vascular pathogens have also been
documented in the literature. For instance, in the interaction
between tomato and the vascular wilt fungus F. oxysporum f. sp.
lycopersici, several R protein-effector pairs have been identi-
fied. The NLR 12 perceives the Avr2 effector; I, a receptor-like
protein with an extracellular LRR domain (LRR-RLP) per-
ceives Avrl; and 13, a S-receptor-like kinase (SRLK) perceives
Avr3 (Houterman et al., 2009; Catanzariti et al., 2015, 2017).
Interestingly, the 12 gene is primarily expressed in the xylem
vascular tissue, probably partly explaining why the fungus
reaches the vasculature before being contained in an incom-
patible interaction (van der Does et al., 2019; Mes et al., 2000).
Similarly, effector AvrFom2 from F. oxysporum f. sp. melonis is
perceived by the NLR Fom-2 in melon (Joobeur et al., 2004).
On the other hand, the effector Avel from V. albo-atrum induces
resistance in several plant species, mediated by the receptor-like
protein Vel (de Jonge et al., 2012; Song et al., 2018).

With respect to bacterial vascular wilt pathogens, the
RRS1-R/RPS4 (Resistance to Ralstonia solanacearum 1-
Recessive/ Resistant to Pseudomonas syringae 4) NLR pairin
Arabidopsis mediates immunity against R. solanacearum
carrying the PopP2 effector (Deslandes et al., 2002; Le Roux
et al., 2015; Sarris et al., 2015). The rice LRR-RLK protein
Xa2l confers broad-spectrum immunity to X. oryzae pv.
oryzae, mediated through recognition of the small protein
Ax21 (Park and Ronald, 2012). In addition, the rice NLR
Xol recognizes the transcription activator-like effector Tal2H
from X. oryzae pvs. oryzicola and oryzae (Triplett et al., 2016).
Similarly, the NLR Bs4 in tomato perceives the avirulence
protein AvrBs4 from Xanthomonas campestris pv. vesicatoria
(Schornack et al., 2004). Furthermore, the Arabidopsis NLR
ZAR1 (HOPZ-ACTIVATED RESISTANCE 1) recognizes
the X. campestris effector AvrAC/XopAC by forming a com-
plex with PBL2 (PROBABLE SERINE/THREONINE-
PROTEIN KINASE 2), which acts as a decoy, and RKS1
(RESISTANCE-RELATED kinase 1), a pseudokinase (Wang
et al., 2015).

Besides individual examples of R genes, quantitative traits
have been shown to underscore immunity against xylem
colonizers in many different hosts. Stable resistance towards
R. solanacearum in tomato is controlled by two major quan-
titative trait loci (QTLs), namely Bwr-6 and Bwr-12, located
in chromosomes six and twelve, respectively, and three minor
QTLs, Bwr-3, Bwr-4 and Bwr-8 (Thoquet et al., 1996; Mangin
et al., 1999; Wang et al., 2000, 2013; Carmeille et al., 2006).
Some of these loci have been shown to be strain and/or
environment-specific, and involve an extremely complex gen-
etic basis of resistance. Similarly, QTLs for Fusarium wilt re-
sistance have been mapped in several hosts such as chickpea
(Sabbavarapu et al., 2013), cotton (Ulloa et al., 2013;Wang et al.,

2018), and watermelon (Lambel et al., 2014). QTLs termed
RESISTANCE TO FUSARIUM (RFO1-RFO7) have been
identified in Arabidopsis that provide broad spectrum im-
munity to multiple formae speciales of F. oxysporum (Chen et al.,
2014). RFO1 was found to encode a wall-associated kinase-
like kinase 22 (WAKL22) and RFO2 encodes a receptor-like
protein (Diener and Ausubel, 2005). Likewise, resistance to
Verticillium correlates with mapping of QTLs in several hosts
such as strawberry (Antanaviciute et al., 2015) and cotton
(Palanga et al., 2017). A major QTL conferring resistance to
X. fastidiosa was identified in a Vitis arizonica linkage map and
named as ‘Pierce’s disease resistance 1° (PdR1), which has been
introgressed into commercial cultivars (Krivanek et al., 2006).
However, the majority of available QTL mapping data for wilt
resistance traits lack resolution. This may be partly due to the
high sensitivity of wilt development to temperature variation,
and also due to the fact that wilt resistance comprises a complex
array of multilayered mechanisms involving the coordinated
action of different plant tissues or cell types (Bani et al., 2018).
Importantly, this extremely complex polygenic and quantita-
tive resistance underscores the structural physico-chemical de-
fense mechanisms induced by vascular pathogens in resistant
plants.

Inducible structural barriers to restrict the spread of
vascular wilt pathogens

Inducible structural barriers formed at and around the vas-
culature upon colonization constitute one of the most im-
portant defense components against wilt diseases. If a pathogen
manages to reach the xylem, this transport system becomes an
excellent channel of inoculum dissemination throughout the
plant.As a consequence, plants have evolved effective structural
defense mechanisms to prevent vessel colonization or move-
ment between vessels once vascular colonization has occurred
(Beckman and Roberts, 1995) Timely formation of these
physico-chemical vascular barriers early upon pathogen per-
ception can lead to confinement of the vascular pathogen at
the infected vessel, avoiding the spread of wilt diseases (Robb
et al., 2007; Zaini et al., 2018; Planas-Marqués et al., 2019).
Some of these structural reinforcements induced by patho-
gens were already reported in classic botanical studies in the
19th century (Zimmermann, 1979). Moreover, during the
1980s and 1990s, they were intensely studied from anatomical
and biochemical points of view, as they were recognized as
important components of defense reactions (Newcombe and
Robb, 1988; Nicholson, 1992; Niemann, 1994). In trees, the
sequential response to confine fungal pathogen progression or
tissue damage at the site of infection or injury was initially
explained by the CODIT model (compartmentalization of
decay in trees; Shigo and Marx, 1977). The model described
four “walls” or barriers pre-formed or formed in response to
wounding, that restrict pathogen colonization. In particular,
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wall 1 defined vessel plugging structures formed as a response
to vascular wilt pathogen invasion.
However, most of the research in the field of plant-pathogen
interactions started refocusing during the 1990s when
Arabidopsis gained momentum as a model species. This led
to the identification of striking similarities between plant and
animal immune systems, the type 111 secretion system in bac-
teria being discovered, and avr-R gene pairs being identified
as a corollary of Flor’s gene-for-gene model (Nishimura and
Dangl, 2010). We now think it is time to revisit the role of
inducible structural defenses in plant-pathogen interactions.
These defenses are extremely important to block progression of
the devastating vascular pathogens, and we are far from under-
standing how these types of defense mechanisms are controlled.
In this review, we summarize how inducible vascular struc-
tures compartmentalize the vascular wilt pathogens leading
to resistance. For this, we classify inducible structural barriers
using a bi-dimensional perspective. We define a vertical and a
horizontal component of resistance as those structures that re-
strict the vertical and horizontal movement of the pathogen,
respectively, within the xylem vascular tissue (Fig. 1, Table 1).
Furthermore, we review current knowledge on mechanisms
underlying plant-inducible structural defenses against major
xylem-colonizing pathogens, highlighting their correlation
with biochemical changes and genetic interactions. Finally, we
discuss future perspectives in the study of inducible vascular
structural defenses, taking into account recent technological ad-
vances and how this may be translated into increasing resistance
to vascular wilt pathogens in the field. Such physico-chemical
defense responses are key traits desired for effective manage-
ment of vascular wilt pathogens (Ferreira et al., 2017).

Vertical restriction of vascular colonization

Once they reach the xylem, different lumen occlusions con-
stitute vertical barriers to the anti-gravitational movement of
vascular pathogens.Vascular occlusion is an effective means of
slowing down vertical progression of the pathogen, or even
confining it to the infection site, preventing systemic infection.
The most prominent of these occlusions are tyloses and gels,
which we will review in this section, focusing on the aspects
related to plant defense. As an important defense strategy
by vascular pathogens, mechanisms to evade or subvert ver-
tical occlusions and secure colonization have evolved on the
pathogen side, as part of the evolutionary arms race. Inhibition
of vertical occlusions has been reported for various wilt fungi,
although the mechanisms for this virulence mechanism are
not fully understood (Beckman and Roberts, 1995; Pouzoulet
et al., 2017).

Formation of tyloses

Tyloses (singular tylosis) are balloon-like overgrowths of the
protoplast of adjacent living parenchyma cells that protrude

into xylem vessels through its pits (Fig. 1; Bonsen and Kucera,
1990). Tyloses are considered inducible defense structures
against xylem intruders because their formation can prevent
spreading of the pathogen and also protect healthy parts of the
plant by blocking the infected vessels (Ledniewska et al., 2017).
However, formation of tyloses is not only linked to pathogen
attack, as they can be induced by several other environmental
stimuli, such as pruning, wounding, flooding and frost (Davison
and Tay, 1985; Cochard and Tyree, 1990; Sun et al., 2007; De
Micco et al., 2016). The process of tylosis formation is tightly
controlled and has certain commonalities with regular cell
enlargement (Bishop and Cooper, 1984). Hormones such as
auxin, ethylene and jasmonate seem to have a prominent role
in the formation of these structures (Vander Molen et al., 1987;
Ledniewska et al., 2017).

The formation of tyloses in response to pathogen attack
has been extensively reported (Table 1; Cooper and Williams,
2004; Sun et al., 2013; Ferreira et al., 2017; Rioux et al., 2018).
Restricted formation of tyloses has been observed and specif-
ically induced in the infected vessels of resistant tomato and
potato varieties, effectively restricting R. solanacearum to the
infected vascular bundles (Grimault et al., 1994; Ferreira et al.,
2017). Such specific induction was not observed in suscep-
tible tomato cultivars infected with R. solanacearum, where the
formation of tyloses appeared delayed and less focused, with
numerous non-colonized vessels occluded by tyloses, and
pathogen growth unrestricted (Grimault et al., 1994). Tylosis
formation in resistant tomato cultivars has also been observed
upon inoculation with the pathogenic fungus F. oxysporum
f. sp. lycopersici and V. albo-atrum (Hutson and Smith, 1980).
Similarly, in a banana cultivar resistant to race 1 of F. oxysporum
f. sp. cubense, tylosis initially appeared as early as within two
days post-inoculation in the lumen of xylem vessels of the root
(Vander Molen et al., 1987).

In addition to acting as structural barriers, tyloses can act
as storage organs of antimicrobial compounds. Although they
are predominantly composed of pectic substances (Rioux
et al., 1998; Eynck et al., 2009), fungicidal compounds such as
elemental sulfur have been detected in tyloses of tomato lines
resistant to V. albo-atrum, which was thought to inhibit spore
germination (Williams et al., 2002). In addition, a fully devel-
oped tylosis also develops a lignified and/or suberized cell wall,
which may protect the exposed cell from the xylem pathogen
(Pouzoulet et al., 2013).

However, the formation of tyloses is not always linked to
resistance. For instance, a tomato variety susceptible to V. albo-
atrum formed a few miniature tyloses in response to infec-
tion that the fungal hyphae were able to easily surpass within
the vessel (Tjamos and Smith, 1975). More important than
the quantity or frequency of tyloses formed, the successful re-
striction of a vascular pathogen depends on synchronization
and specificity of tylose production to pathogen-colonized
vessels (Bishop and Cooper, 1984). Sun et al., (2013) reported
tyloses as the predominant type of occlusion that formed in
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Xylem
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Tracheid (T)
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Fig. 1. The two dimensions of plant physico-chemical barriers induced against xylem vascular wilt pathogens. To counter invasion by
xylem vascular wilt pathogens, resistant plants induce two-dimensional physico-chemical defenses that restrict vertical and horizontal movement of
the pathogen. Vertical spread within the vessel lumen is mainly restricted by tyloses and gels (left). In contrast, horizontal spread of the pathogen to

surrounding healthy vessels is prevented by reinforcement of the walls of colonized vessels (V) and the surrounding xylem parenchyma (XP) and tracheids
(T), through vascular coating with mainly lignin and suberin (shown as a green color in the diagram). Synchronized formation of vertical and horizontal
barriers early after pathogen invasion results in compartmentalization of the pathogen inoculum at the site of infection, thereby preventing wilt, and
constitute a major component of resistance. To visualize tyloses and vascular coating (panels below), tomato root cross-sections were obtained after

R. solanacearum soil soak inoculation, and fixed in 70% ethanol. For tyloses, cross-sections were stained with 0.1% toluidine blue and observed using

a Leica DM6B-Z microscope under bright field conditions, and images were recorded through a MC190-HD-0518131623 camera. To visualize phenolic
vascular coating, the cross-sections were illuminated by UV using a Leica DM6B-Z microscope, and the auto-florescence emitted from phenolic deposits

was observed using a HC PL FLUOTAR objective. Images were captured using a Leica-DFC9000GT-VSC07341 camera. In the left panel, the arrow
points towards R. solanacearum-induced formation of tyloses inside vessel lumen, which appear pink to violet color upon staining with 0.1% toluidine
blue. In the right panel, the arrow points towards R. solanacearum-induced auto-fluorescence emitted from phenolics, deposited in the walls of vessels

and the surrounding tracheids and parenchyma cells. Scale bar=120 pm.

grapevines with differing resistance to X. fastidiosa. Excessive
tylosis formation in response to X. fastidiosa infection in the
susceptible grapevine cultivar led to heavy blockage of vessels
and development of wilting symptoms, and did not signifi-
cantly affect pathogen spread. In contrast, in resistant grape-
vines, tylosis development was specific and mainly limited to
a few internodes close to the point of inoculation, impacting
less of the vessels and indicating that timing and localization

are key (Sun et al., 2013). Interestingly, the anatomy of xylem
vessels also plays a role in augmenting pathogen compartmen-
talization by tyloses. Cultivars of grapevine having larger vessel
size are known to be susceptible to vascular wilt pathogens
such as X. fastidiosa, Eutypa lata, Phaeoacremonium aleophilum,
Phaeomoniella chlamydospora, Diplodia seriata, and Neofusicoccum
parvum (Pouzoulet et al., 2017, 2019, 2020; Deyett et al., 2019).
Likewise, Dutch elm cultivars having larger vessel diameters
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Table 1. List of plant pathosystems in which (1) vertical or (ll) horizontal restriction of pathogen movement inside the plant has been

Verticillium albo-atrum

Hutson and Smith, 1980)

shown.
l. Vertical restriction
Structure Host Pathogen Reference
Tylose formation Banana Fusarium oxysporum f.sp. cubense (Vander Molen et al., 1987)
Butternut Ophiognomonia clavigignenti-juglandacearum (Rioux et al., 2018)
Cotton Fusarium oxysporum f. sp. vasinfectum (Shietal., 1991)
Cucurbits Fusarium oxysporum f. sp. melonis (Seo and Kim, 2017)
Elm Ophiostoma novo-ulmi (Plichta et al., 2016)
Grapevine Xylella fastidiosa (Sunetal., 2013)
Phaeomoniella chlamydospora (Pouzoulet et al., 2013)
Potato Rasltonia solanacearum (Ferreira etal., 2017)
Tomato Rasltonia solanacearum (Grimault et al., 1994)
Verticillium albo-atrum (Hutson and Smith, 1980)
Verticillium dahliae (Tjamos and Smith, 1975)
Fusarium oxysporum f. sp. lycopersici (Hutson and Smith, 1980)
Gel deposition Banana Fusarium oxysporum f.sp. cubense (Vander Molen et al., 1987)
Butternut Ophiognomonia clavigignenti-juglandacearum (Rioux et al., 2018)
Carnation Fusarium oxysporum f.sp. dianthi (Baayen and Elgersma, 1985)
Elm Ophiostoma novo-ulmi (Plichta et al., 2016)
Grapevine Xylella fastidiosa (Sunetal., 2013)
Pea Fusarium oxysporum f. sp. pisi (Bishop and Cooper, 1983)
Plane tree Ceratocystis fimbriata f. sp platani (Clérivet et al., 2000)
Tomato Rasltonia solanacearum (Grimault et al., 1994; Kim et al., 2016)
(
(

Horizontal restriction

Fusarium oxysporum f. sp. lycopersici

Ophiognomonia clavigignenti-juglandacearum

Structure Host Pathogen
Lignin deposition Banana Fusarium oxysporum f. sp. cubense
Cotton Verticillium dahliae
Dutch elm Ophiostoma novo-ulmi
Flax Fusarium oxysporum f. sp. lini
Oilseed rape Verticillium longisporum
Olive Xylella fastidiosa
Pepper Verticillium dahliae
Potato Rasltonia solanacearum
Tomato Verticillium dahliae
Rasltonia solanacearum
Suberin deposition Alfalfa Verticillium albo-atrum
Butternut
Dutch elm Ophiostoma novo-ulmi
Grapevine Phaeomoniella chlamydospora
Tomato Verticillium albo-atrum

Hutson and Smith, 1980)

Reference

(De Ascensao and Dubery, 2000)
(Xuetal.,2011;Buetal., 2014)
(Martin et al., 2007)
(Galindo-Gonzélez and Deyholos, 2016)
(Eynck et al., 2009)
(Sabella et al., 2018)
(Novo et al., 2017)
(Ferreira etal., 2017)
(Street etal., 1986; Hu et al., 2019)
(Ishihara et al., 2012; Ferreira et al., 2017)
(Newcombe and Robb, 1988)

(Rioux et al., 2018)

(Martin et al., 2008)

(Pouzoulet et al., 2013)

(Street et al., 1986; Robb et al., 1991)

are susceptible to Ophiostoma novo-ulmi (Pouzoulet et al., 2014;
Venturas et al., 2014). Across the grapevine genotypes, it has
been observed that the extent of P. chlamydospora compart-
mentalization is a function of the diameter of the host xylem
vessels. Genotypes with increased number of xylem vessels
above 100 um in diameter resulted in increased infection of
host tissue (Pouzoulet et al., 2020). Though numerous tyloses
are formed in large vessels of susceptible grapevine cultivars in
response to the wilt pathogen P. chlamydospora, the compart-
mentalization process is not as efficient as in narrow diameter
vessels, due to the presence of large escape routes (Pouzoulet
et al., 2017).

Deposition of gels

Deposition of electrodense material corresponding to gels or
gums in the lumen of the xylem vessels is another feature com-
monly observed during xylem invasion by vascular pathogens,
and acts as one of the multiple factors that contribute to in-
duced structural defense (Vander Molen et al., 1977). Besides
its role in immunity, these occluding structures also form in re-
sponse to other stimuli such as wounding or aging (Ratnayake
et al., 2013).

Gels are commonly secreted by xylem parenchyma cells and
they are transported across pit membranes into vessel elements
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(Fig. 1; Bishop and Cooper, 1984). Tyloses have also been ob-
served to secrete gels into the lumen of vessels, thereby multi-
plying the clogging effect (Bonsen and Kucera, 1990; Rioux
et al., 1998). Gels appear fibrillar, forming thin networks of
varying electron density that ultimately fill and clog the vessel
lumen (Sun et al., 2008). Gels initially appear as translucent
fibres arising from several places along lateral walls of vessels,
and later form a continuous layer with wavy edges toward the
vessel lumen. Subsequently, gels turn yellow and are inter-
spersed with small particles, coinciding with vessel occlusions
(Sun et al., 2008). Although the main component of gels are
pectic substances such as partially esterified pectic polysac-
charides (Rioux et al., 1998; Clérivet et al., 2000), they may
also accumulate antimicrobial compounds such as elemental
sulfur and phytoalexins (Cooper and Williams, 2004; Sun et al.,
2008). Furthermore, these gels are strengthened by deposition
of lignin and other phenolic compounds, which make these
plugs strong physical barriers (Kpemoua et al., 1996; Rioux
et al., 1998).

Formation of vascular gels is considered an important part of
resistance towards several wilt diseases (Table 1). For example,
F. oxysporum f. sp. dianthi colonization is restricted due to the
formation of gels in the vascular lumen of carnation plants
(Baayen and Elgersma, 1985). Moreover, in most resistant culti-
vars these gels are often observed together with tyloses (Vander
Molen et al., 1987; Grimault et al., 1994). In banana plants re-
sistant to F. oxysporum f. sp cubense, formation of vascular oc-
clusions including both gels and tyloses have been observed
(Vander Molen et al., 1977). Gel formation in the xylem lumen
is also a trait of tomato cultivars resistant towards the vascular
bacterium R. solanacearum (Grimault et al., 1994). In other
cases, such as pea plants resistant to F. oxysporum f. sp. pisi, vas-
cular gels, but not tyloses, are observed after infection (Bishop
and Cooper, 1984).

Horizontal restriction of vascular colonization

The mechanisms mentioned above are part of host responses
that restrict vertical movement of vascular pathogens to
healthy regions of the host. In addition, resistant plants can
often develop a protective vascular coating upon invasion by
vascular pathogens, posing a horizontal barrier to further col-
onization of adjacent healthy tissues.Vascular coating involves
physico-chemical structural modifications in the cell walls of
xylem tissues that result in confinement of the pathogen to the
infected vessels (Figs 1, 2A).

Xylem pits are the primary routes of vessel-to-vessel and
vessel-to-parenchyma cell water transport. Pits are covered by
a pit membrane, which is impermeable to particulate matter
like bacteria and other pathogens (Choat et al., 2008). For a
pathogen to achieve successful horizontal transfer into ves-
sels, it has to either form openings in vessel walls or degrade
pit membranes, thereby reaching the adjacent parenchyma
cells and vessels (Nakaho et al., 2000). To avoid the breach by

pathogens, resistant plants with altered composition and struc-
ture of homogalacturonans (HGs) and xyloglucans (XyGs) in
pit membranes have evolved; however, these compounds are
potential targets of the pathogen’s cell wall degrading enzymes.
Grapevine genotypes resistant to X. fastidiosa lacked fucosylated
XyGs and weakly methylesterified HGs (ME-HGs), and con-
tained a small amount of heavily ME-HGs. In contrast, pit
membranes of susceptible genotypes all had substantial amounts
of fucosylated XyGs and weakly ME-HGs, but lacked heavily
ME-HGs (Sun et al., 2011).

In addition, reinforcement occurs at vessel walls, paren-
chyma cells and pit membranes, to confine the spread of vas-
cular pathogens. Ultra-microscopic studies showed that the
pit membranes, as well as vessels walls and parenchyma cells,
form a conspicuously thick coating in the form of an elec-
tron dense amorphous layer, as part of the defense response
against vascular pathogens (Street et al., 1986; Benhamou, 1995;
Daayf et al., 1997; Nakaho et al., 2000;Araujo et al., 2014). Such
reinforcement acts to limit the horizontal movement of the
pathogen from the protoxylem or the primary xylem to the
surrounding cells (Street et al., 1986; Benhamou, 1995; Daayf
et al., 1997; Nakaho et al., 2000; Araujo et al., 2014). Besides,
its deposition acts as a shield against pathogen-derived metab-
olites such as toxins and enzymes, and makes water and nutri-
ents inaccessible for pathogens, thereby impeding their growth
(Araujo et al., 2014).

Importantly, the timing of synthesis of the vascular coating
plays a crucial role in immunity. Even if vascular coating can
be observed in response to vascular pathogens in susceptible
plants, these structures form at late time points, compared with
their induction in resistant plants (Shi et al., 1991; Daayf et al.,
1997).The specific composition of vascular deposits varies de-
pending on the particular host-pathogen interaction. However,
phenolics are the most important compounds, as they act as
building blocks of the secondary cell wall, and they also have
direct antimicrobial activity (Eynck et al., 2009). Among the
phenolic polymers constituting vascular coating structures, the
principal players are lignin and suberin, described in further
detail below.We also outline the role of callose, a non-phenolic
compound that plays an important role in the formation of
horizontal vascular barriers in certain interactions.

Deposition of lignin

Lignin is a complex phenolic polymer that constitutes a
major component of secondary cell walls in vascular plants.
Lignin imparts strength to secondary cell walls, being depos-
ited in spaces between cellulose, hemicellulose and pectin
(Kang et al., 2019; Fig. 2A). The building blocks of the lignin
polymer are monolignols, synthesized from phenylalanine via
the phenylpropanoid pathway, where numerous enzymes are
involved (Fig. 2B). Monolignols are then transported from the
cytosol into the apoplast, where they are polymerized to lignin
units by the oxidative activities of laccases and peroxidases.
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Fig. 2. Lignin and suberin have a major role in vascular coating induced by xylem vascular wilt pathogens. A. Schematic structure of
reinforced cell walls of xylem vessels and parenchyma cells in resistant plants upon infection with xylem vascular wilt pathogens. B. The phenypropanoid
pathway provides precursors for both lignin and suberin biosynthesis. Phenylalanine, derived from the shikimate pathway, undergoes several enzymatic
reactions as part of the phenylproanoid pathway. The resulting precursors yield the monolignols p-coumaryl alcohol, coniferyl alcohol and sinapy!
alcohol, which are the building blocks of lignin. In parallel, the phenypropanoid metabolites feruloyl-CoA, caffeoyl-CoA, and p-coumaroyl-CoA bifurcate
into the suberin pathway. In the suberin pathway, these metabolites can be conjugated to aromatic amine compounds such as tyramine by the action

of THT, or can be linked to aliphatic compounds by the action of FHT, to yield suberin monomers. Lignin and suberin monomers are then transported

to the cell wall, where they are subsequently polymerized into the reinforcing matrices that constitute vascular coating structures. Abbreviations: PAL:
phenylalanine ammonia—lyase; C4H: cinnamate—4-hydroxylase; C3H: coumarate 3-hydroxylase; 4CL: 4—coumarate—CoA ligase; HCT: hydroxycinnamoyl—-
CoA shikimate/quinate hydroxycinnamoyl transferase; COMT: caffeic acid 3-O-methyltransferase; CCOMT: caffeoyl CoA 3-O-methyltransferase; CCR:
cinnamoyl CoA reductase; CAD: cinnamoyl alcohol dehydrogenase; PRX: peroxidase; CYP86A1: fatty acid cytochrome P450 oxidases; FAR: fatty acyl-
CoA reductase; TyDC: tyrosine decarboxylase; FHT: feruloyl transferase; THT: tyramine hydroxycinnamoyl transferase.

Lignin is a particularly important element in cell walls of
xylem tissue cells, not only because of its structural function,
but also because it facilitates water retention in vascular bun-
dles due to its hydrophobic nature. In addition, lignin is re-
sistant to biodegradation and acts as a potent structural barrier
against pathogens. Although lignin is an integral part of pre-
existing structural barriers in plants, its deposition can also be
induced in the xylem upon pathogen attack to form additional

reinforcements that further restrict pathogen colonization.This
inducible deposition of lignin as a vascular coating can be an
important component of resistance towards certain pathogens
(Table 1).

Restriction of pathogen colonization by lignin has been ele-
gantly shown using a non-vascular pathogen, the leaf-infecting
bacterium Pseudomonas syringae pv tomato (Pto) on Arabidopsis
thaliana (Lee et al., 2019). It was shown that infection with
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either virulent or avirulent strains of the pathogen induced
localized lignification at the site of pathogen attack. However,
lignin deposition was more conspicuous upon avirulent Pto
recognition, leading to confinement of the pathogen, and re-
stricting hypersensitive response cell death to the infection site.
In contrast, virulent strains could overcome induced lignifica-
tion, as the deposition in this case was milder, leading to unre-
stricted disease progression.

Interestingly, Casparian strip membrane domain proteins
(CASPs), were shown to be involved in pathogen-induced
lignin deposition (Lee et al., 2019). The Casparian strip acts
as a diffusion barrier that controls the uptake of water and
molecules from the soil into the water-conducting tissues, and
prevents the entry of pathogens and other harmful substances.
Both the Casparian strip and the above-mentioned pathogen-
induced lignification mechanism involve lignin-containing
structures that function as anti-pathogenic physical barriers,
serving parallel functions. In addition to lignin, suberin (dis-
cussed in detail later) is a chief component of the Casparian
strip (Doblas et al., 2017). Recent findings show that the
Casparian strip possesses a barrier surveillance pathway com-
prised of the receptor-like cytoplasmic kinase SCHENGEN1
and the LRR-RLK SCHENGENS3, hence bearing a striking
resemblance to signaling pathways for perception of pathogen-
associated molecular patterns (Alassimone et al., 2016; Fujita
et al., 2020). These receptors in the Casparian strip domain
interact with peptides (CASPARIAN STRIP INTEGRITY
FACTORS, CIF1/2) expressed in the stele, leading to
Casparian strip formation. This spatial separation of receptor
and ligand constitutes a surveillance system where interaction
stops after effective sealing by the strip, but any breach in
the barrier leads to re-interaction and further strengthening
(Doblas et al., 2017).

Lignin deposits seem to also play a crucial role in spa-
tial growth restriction of vascular pathogens. There are
several examples showing a pronounced transcriptional
upregulation of genes involved in lignin biosynthesis in
resistant plants following infection with various vascular
pathogens (Table 1).This occurs, for example, in cotton after
V. dahliae infection, flax after infection with F. oxysporum,
tomato after infection with R. solanacearum, or olive tree
after X. fastidiosa infection (Xu et al., 2011; Ishihara et al.,
2012; Galindo-Gonzalez and Deyholos, 2016; Sabella et al.,
2018). Furthermore, there are several examples showing
that resistance/tolerance to vascular pathogens is accom-
panied by an increase in lignin content and enhanced cell
wall lignification upon infection. This includes examples of
different pathosystems such as V. dahliae—pepper, O. novo-
ulmi—Ulmus minor, V. longisporum—rapeseed, F. oxysporum—
banana or tomato, and R. solanacearum—potato (Street et al.,
1986; De Ascensao and Dubery, 2000; Martin et al., 2005;
Martin et al., 2007; Eynck et al., 2009; Ferreira et al., 2017,
Novo et al., 2017).

Nevertheless, the mechanisms that orchestrate timely and
effective induction of lignin deposition in resistant plants
upon vascular colonization remain vastly unknown. Some
progress has been made using cotton plants infected with
V. dahliae. In this pathosystem, two proteins potentially regu-
lating V. dahliae-induced vascular lignin deposition have been
identified. GhUMCL, a copper-binding protein, is involved
in resistance mediated by lignin deposition and jasmonate
signaling (Zhu et al., 2018). GhUMC1 knock-down plants are
more susceptible to the pathogen, and lignin vascular coating
is drastically reduced. On the other hand, the proline-rich
protein GhHyPRP1 acts as a negative regulator of defense
against V. dahlia, and was shown to induce lignin deposition
(Zhu et al., 2018). In accordance, GhHyPRP1 knock-down
plants displayed more lignin deposition upon infection and
were more resistant to the pathogen. Interestingly, PevD1, a
V. dahliae secreted protein, has been shown to activate defenses
in cotton, triggering the expression of phenylpropanoid genes
and lignin accumulation (Bu et al., 2014). This may indicate
that PevD1 acts as an avirulence effector in cotton triggering
a defense reaction that includes lignin deposition in the vascu-
lature, which may lead to pathogen confinement into infected
vessels. It remains to be determined whether the differential
lignin deposition phenotypes observed in resistant cultivars is
a direct consequence of pathogen effector recognition via its
secreted effectors, and if so, to what degree the mechanisms are
conserved between different pathosystems. Moreover, the mo-
lecular players involved also need to be identified.

Deposition of suberin

Suberin is a heteropolymer that deposits as a poly-lamellar
structure between the plasma membrane and the cell wall,
forming a hydrophobic protective barrier (Fig. 2A). Suberin
is deposited in specialized tissues such as root and tuber epi-
dermis, root endodermis, and seed coats. In addition, suberin
is formed in response to several stresses such as wounding, salt
injury and pathogen attack (Dixon and Paiva, 1995; Bernards,
2002). Besides providing strength to the cell wall, suberin pre-
vents water loss and pathogen entry by sealing off the layer of
suberized cells.

Suberin consists of a polyphenolic and a polyaliphatic domain.
The polyphenolic domain is predominantly formed by esters
and amides of ferulic acid, as well as other hydroxycinnamic
acids, such as caffeic acid and p-coumaric acid (Negrel et al.,
1995; Lashbrooke et al., 2016; Woolfson et al., 2011; Woolfson,
2018). The aliphatic domain consists of a glycerol-based fatty
acid-derived polyester comprised primarily of w-hydroxyacids,
a, w-dicarboxylic acids, fatty alcohols, and small amounts of
hydroxycinnamic acids (mainly alkyl ferulates; Beisson et al.,
2012). Ferulic esters composed of ferulic acid esterified to
fatty acids are considered as one of the monomers of suberin
polymer (Negrel et al., 1995).
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Significant progress elucidating suberin biosynthesis has
been achieved in the last two decades using molecular gen-
etics approaches, especially in the model species A. thaliana and
in potato tuber periderm (Ranathunge et al., 2011). Suberin
shares the phenypropanoid pathway with lignin (Fig. 2B).This
pathway provides the precursors for its polyphenolic domain,
which are used by downstream suberin-specific enzymes such
as tyramine N-feruloyltransferase (THT) and feruloyl trasferase
(FHT; Fig. 2B; Serra et al., 2010; Woolfson, 2018; Woolfson
et al., 2011). Similarly, several genes involved in the aliphatic
metabolism of suberin have been described, such as fatty acid
cytochrome P450 oxidases (CYP86AL), fatty acyl-CoA re-
ductase (FARs), p-ketoacyl-CoA synthases (KCS2/Daisy and
KCS20), glycerol-3-phosphate acyltransferase5 (GPATS), as
well as ATP-BINDING CASSETTE G (ABCG) genes in-
volved in the delivery of suberin monomers to the site of su-
berization (ABCG2, ABCG6, and ABCG20; Beisson et al.,
2007; Hofer et al., 2008; Franke et al., 2009;Vishwanath et al.,
2013;Yadav et al., 2014). In addition, a few upstream regulators
of the suberin biosynthetic pathway have been identified in
A. thaliana, such as the MYB transcription factors MYB41,
MYB107 and SUBERMAN (MYB39; Kosma et al., 2014;
Gou et al., 2017; Cohen et al., 2020).

Suberin reinforcement in the xylem vascular tissue has been
long recognized as a potent barrier to colonization by patho-
gens (Robb et al., 1991).There are numerous studies reporting
that suberin deposition in the xylem tissue upon infection
contributes to resistance (Table 1). For example, vascular de-
posits have been observed after infection with V. albo-atrum
in resistant tomato and alfalfa (Street et al., 1986; Newcombe
and Robb, 1988; Rohb et al., 1991). Similarly, induction of su-
berin deposition is an important line of defense in Ulmus minor
against O. novo-ulmi (Martin et al., 2008). Interestingly, ex-
ogenous application of phenolic compounds further increased
resistance of trees to this pathogen through formation of
suberin-like compounds in xylem tissues (Martin et al., 2008).
Another example of xylem tissue suberization induced by a
vascular pathogen is provided by the histological characteriza-
tion of grapevine infection by the wilt fungus Phaeomoniella
chlamydospora (Pouzoulet et al., 2013, 2017). It was shown that
deposition of suberin in paravascular parenchyma cells is an
effective barrier against horizontal P. chlamydospora coloniza-
tion from one vessel to the adjacent vessel. Suberin was also
shown to form deposits in tyloses induced by infection with
this pathogen (Pouzoulet et al., 2013). Interestingly, inhibition
of tylose formation in grapevine by P. chlamydospora led to vas-
cular coating of surrounding parenchyma cells with phenolic
compounds, including suberin (Pouzoulet et al., 2017).This in-
dicates that sequential/superimposed defense mechanisms are
in place to restrict pathogen progression to the infection site,
once it has reached the vasculature.

Although suberin deposition seems to be an important com-
ponent of defense responses against vascular pathogens, very

little is known about its regulation. Similar to lignin, the effect-
iveness of vascular suberization as a structural barrier against
horizontal colonization by vascular pathogens largely depends
on the spatio-temporal control of its deposition, i.e. formation
of suberin deposits early after pathogen detection at the site
of vascular invasion. The phytohormones abscisic acid (ABA)
and ethylene have both been shown to regulate suberization
(Soliday et al., 1978; Cottle and Kolattukudy, 1982; Barberon
et al., 2016). Since these two hormones are involved in de-
fense against various vascular pathogens, a possibility exists that
pathogen-induced vascular suberization correlates with an in-
crease of hormone concentrations during immune responses.
However, the mechanistic links between these hormonal path-
ways and suberin biosynthesis during pathogen-triggered su-
berin vascular coating remain to be established.

Deposition of callose

Callose is a linear amorphous cell wall polysaccharide formed
by hundreds of glucose units linked by p-1,3 glucosidic bonds

(Stone, 2009). This homopolysaccharide is synthesized from
uridine diphosphate glucose by callose synthases (also known
as CalS or GSL for glucan synthase-like), large multisubunit
complexes at the plasma membrane (Ellinger and Voigt, 2014).
Callose is not a particularly abundant polymer in the cell wall,
but has very relevant regulatory roles in development, plasmo-
desmata function, as well as in immunity (Schneider et al.,
2016). Pathogen-induced callose deposition has been shown
to be localized to callosic papillae, providing structural defense
against various pathogens (Schneider et al., 2016). In addition,
callose can constitute a matrix for accumulation of antimicro-
bial compounds, thereby providing targeted delivery of chem-
ical defenses at the sites of pathogen attack (Luna et al., 2011).

In the vasculature, callose has also been shown to act as a

structural barrier against fungal wilt pathogens, restricting
their horizontal vessel-to-vessel movement. Tomato plants re-
sistant to F. oxysporum f. sp. lycopersici form callose deposits in
paravascular parenchyma cells and at pit membranes in response
to infection by this pathogen (Beckman et al., 1982; Mueller
and Beckman, 1988). In addition, application of the microbe-
associated molecular pattern chitosan, a derivative of chitin, re-
stricts colonization of F. oxysporum f.sp. lycopersici by inducing a
vascular coating composed of callose and phenolic compounds
(Benhamou et al., 1994). Furthermore, cotton roots infected
with V. dahliae showed reinforcement with callose deposits
(Daayf et al., 1997). In contrast, infection by the bacterial wilt
pathogen R. solanacearum caused deposition of callose in both
tolerant and susceptible potato plants, indicating that in this
interaction callose may not be as important for resistance to-
wards the pathogen (Ferreira et al., 2017). Additional research
is needed to clarify the precise role and regulation of callose
as a structural defense mechanism induced upon perception of
vascular wilt pathogens.
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Concluding remarks and future prospects

During the last few decades, much evidence has accumulated
showing the importance of physico-chemical barriers as a cru-
cial component of resistance towards xylem vascular patho-
gens. From all the research until now in this field, it becomes
clear that the localization and timing of formation of these
vascular structures is key for their effectiveness as barriers for
pathogen confinement. Resistant plants are able to form ver-
tical and horizontal barriers quickly upon pathogen invasion of
the vasculature, confining them to infected vessels and avoiding
spread to the rest of the plant. In susceptible plants, formation
of the same vascular structures is observed, but not targeted to
infected vessels, and later in time, once the pathogen has spread
throughout the plant they have no effect on disease progression.
However, the mechanisms regulating the spatial and temporal
formation of vascular structures leading to effective pathogen
confinement, and their precise composition, are old questions
that remain unanswered. In fact, it remains unclear as to how
vascular wilt pathogens are perceived at the vasculature, and
how this perception is transduced into timely and restricted
formation of structural defenses. Since effective mechanisms of
resistance are very much sought after in breeding programs, in
the coming years it will be important to make an effort to ad-
vance knowledge in this area, even though inducible structural
defenses are governed by complex polygenic traits.

Major technological advances in the last few years have
placed plant molecular biologists in a privileged position to
make significant advances. Of particularly relevance is the
CRISPR-Cas9 technology, which has proven extremely ef-
ficient for Solanaceous crops such as tomato, pepper and
eggplant, which are severely affected by wilt diseases caused
by xylem vascular pathogens (Hu et al., 2019; Li et al., 2019;
Wang et al., 2019). Importantly, an array of technologies have
emerged that allow the study of specific processes in a cell, or
in a tissue-specific manner. These techniques will become in-
strumental in the study of plant-pathogen interactions, which
constitute a localized phenomenon by its very nature. This is
particularly the case for colonization of vascular cells by vas-
cular pathogens, since the ability to confine the invading agent
is a key feature of resistant plants. With the advent of single-
cell technologies it will be possible to attain astonishing reso-
lution when investigating the processes occurring at infected
cells and surrounding areas. For instance, RNA sequencing
of laser-dissected areas or single cells allows profiling of the
transcriptomic landscape after infection at relevant sites. In
turn, this will allow the identification of marker genes associ-
ated with the formation of structural defenses and the subse-
quent generation of transgenic marker lines, to be able to track
relevant cells/tissues at early time points after infection for their
analysis. In addition, extremely sensitive analytical techniques
have been developed in recent years that allow the identifica-
tion and quantification of proteins, small molecules and me-
tabolites, and the interactions between them. This includes
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Raman spectroscopy or MALDI (matrix-assisted laser desorp-
tion ionization) spectrometry imaging, both of which can be
extremely useful in zonal responses such as structural resistance.
All this knowledge could lead in the future to the engineering
of metabolic pathways of vascular coating compounds in spe-
cific cells, to produce resistant plants against xylem colonizers.
With this article we hope to contribute towards raising
awareness of the importance of attaining a better understanding
of the structural physico-chemical barriers as a crucial compo-
nent of resistance towards xylem vascular pathogens. Disease
management through host resistance is the most efficient and
eco-friendly approach to control pathogens. However, a lot
has to be learnt about the complex genetic interactions which
govern induced structural resistance in various hosts, to be able
to deploy this trait in future cultivars and fight vascular patho-
gens, agents of the most devastating plant diseases in the field.
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INTRODUCTION

1.7 Background of the study

The soil borne vascular wilt pathogen Ralstonia solanacearum causes wilt disease in
more than 450 plant species (Sakthivel et al., 2016). The pathogen invades through
plant roots and advances inter-cellularly through the root cortex to reach the xylem,
where it proliferates and spreads systemically to aerial plant parts (Bae et al., 2015). In
order to get access into the vasculature, the pathogen generally target root extremities
and the junction between primary and lateral roots where the epidermal barrier may be
compromised, and the endodermis as well as casparian strip are either not fully
differentiated or reoriented by outgrowth of lateral roots (Alvarez et al., 2010). Hence,
colonization of the root xylem vasculature is critical, as in this particular tissue the
bacterium multiplies and moves vertically to the stem. However, plants have evolved
mechanisms in the roots to sense invading pathogens and mount a defense response
against this aggressor. Root resistance against soil borne vascular pathogens has been
identified in germplasms of several plant species, which are used as rootstocks for
grafting commercially important varieties (Caldwell et al., 2017; Chaves-Gomez et al.,
2020). The resistant tomato cultivar Hawaii 7996 (H7996) imposes severe restriction in
colonization by R. solanacearum at the root cortex and compartmentalizes the pathogen
at the xylem vasculature (Planas-Marques et al., 2019). Similarly, in incompatible
interactions of tomato with the phytopathogenic fungus Fusarium oxysporum f.sp.
lycopersici, the pathogen reaches the vasculature but its colonization is drastically

confined thereafter (van der Does et al., 2019).

Inducible structural barriers formed at and around the root vasculature upon
colonization constitute one of the most important defense components against R.
solanacearum (Ishihara et al., 2012). Plants have evolved effective structural defense
mechanisms to prevent vessel colonization or movement between vessels once vascular
colonization has occurred (Beckman and Roberts, 1995). During pathogen progression
through the root cortex and vasculature, cell walls stand as the first barrier of defense
against soil borne vascular pathogens (Novo et al., 2017; Kashyap et al., 2021) . R.
solanacearum induced reinforcements in secondary cell wall of vascular tissue act as a
potent barrier against colonization of the bacterium (Ferreira et al., 2017). Timely

formation of these physico-chemical vascular barriers early upon pathogen perception
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can lead to confinement of the vascular pathogen at the infected vessel, avoiding the
spread of wilt diseases (Robb et al., 2008; Zaini et al., 2018; Planas-Marqueés et al.,
2019). However, lack of in depth characterization on such vascular reinforcements act
as bottleneck in deploying these traits of interest for crop improvement. Hence, in this
thesis we attempted to characterize by comparative histological studies the key physico-
chemical barriers induced in tomato root xylem vascular defense against R.
solanacearum (Chpater 1). Changes in secondary wall components of root induced by
R. solanacearum infection were characterized by spectroscopic techniques (Chapter 2).
Further, differential transcript accumulation in resistant and susceptible tomato root
xylem vasculature was evaluated for the pathway genes of secondary wall polymers.
We also delve into the possibility of metabolic engineering resistance in susceptible
tomato against R. solanacearum, by conducting infection assays in overexpressing lines

of suberin and hydroxycinnamic acid amide pathway genes (Chapter 3).
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The main goals of this thesis are described below:

Objectives:

II.

Characterization of the xylem vascular wall reinforcements induced by
Ralstonia solanacearum infection in resistant Hawaii 7996 tomato

To characterize and compare histopathologically the responses of resistant and
susceptible tomato lines against Ralstonia solanacearum to identify key defense-
associated structural changes in the root vasculature.

To characterize root vascular wall modifications against Ralstonia solanacearum in

resistant tomato.

Exploring the suberin pathway for resistance against Ralstonia solanacearum
in tomato

To analyse differential expression of suberin poly-aromatic and aliphatic pathway
genes in the root vasculature of resistant and susceptible tomato upon Ralstonia
solanacearum infection.

To study the R. solanacearum induced suberization in xylem vascular tissue
spatiotemporally using reporter gene system.

To characterize the impact of overexpressing ligno-suberin pathway genes in
susceptible tomato background in relation to R. solanacearum colonization and

disease development.
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2. Structural modifications of root xylem vasculature as defense response
to Ralstonia solanacearum in tomato

2.1 Introduction

Plants have a robust multi-layered immune system to protect themselves from pathogens
(Jones and Dangl, 2006). The pre-existing barriers such as cuticle and epidermis present in
plants, act as a first line of defense to pathogens (Serrano et al., 2014; Falter et al., 2015).
Further, several physico-chemical barriers are formed de novo to prevent pathogenic
invasion, composition of which varies depending on the patho-system and tissue under
attack (Dixon and Paiva, 1995). Inducible physico-chemical barriers are particularly
important as a defense response to compartmentalize infection sites and prevent systemic
spread of vascular wilt pathogens, which are highly pernicious agents (Kashyap et al.,
2021). These wilt pathogens colonize the xylem vasculature and their unrestrained
multiplication may cause devastating diseases in plants (Potter et al., 2011; Scortichini,
2020).

The soil borne bacterial wilt pathogen Ralstonia solanacearum causes disease in more than
450 plant species and it is an aggressive pathogen of important crop species of Solanaceae
family such as tomato (Peeters et al., 2013). However, there are resistant accessions of
tomato which are known to strongly hinder this invasive strategy of R. solanacearum.
Among the different resistant germplasms of tomato, the cultivar Hawaii 7996 (H7996) is
the most effective natural source of resistance against R. solanacearum, proven to resist
various strains of the bacterium under different environmental conditions (Grimault et al.,
1994a; Nakaho et al., 2004). In this cultivar, resistance to R. solanacearum is a complex
polygenic trait involving two major quantitative trait loci (QTLs) located in chromosomes
12 and 6 (Bwr-12 and Bwr-6), accounting for 18-56% and 11-22% of the phenotypic
variation, respectively (Wang et al., 2013), and three minor loci (Bwr-3, Bwr-4, and Bwr-
8) (Thoquet et al., 1996; Mangin et al., 1999; Wang et al., 2000). This cultivar offers
severe restriction in root colonization, vertical movement from roots to shoots as well as
circular vascular bundle invasion, and radial apoplastic spread in the cortex (Planas-
Marques et al., 2019).
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In case of vascular wilt diseases, host xylem vascular tissue acts as an important
battleground for pathogens, consequences of which determine the outcome of the infection
(Yadeta and Thomma, 2013). To prevent the spread of pathogenic propagules, the xylem
vasculature of resistant plants undergoes intense structural and metabolic modifications. If
a pathogen manages to reach the xylem, this transport system becomes an excellent
channel of inoculum dissemination throughout the plant. Hence, the resistant plants form
vertical barriers such as tyloses and gels inside the vessel lumen, which is an effective
means of slowing down vertical progression of the pathogen, or even confining it to the
infection site, preventing systemic infection (VanderMolen et al., 1987; Rioux et al.,
2018). Further, for a successful vascular colonization the pathogen has to proliferate inside
vessel lumen and later move from xylem vessel lumen to the surrounding xylem
parenchyma cells and nearby vessels and intercellualr spaces by degeneration of vessel pit
membranes or by a breach in the walls (Nakaho et al., 2000; Digonnet et al., 2012). To
facilitate this process, the pathogen’s cell wall degrading enzymes come into play, which
are important pathogenicity determinants of wilt pathogens (Liu et al., 2005; Pérez-Donoso
et al., 2010; Lowe-Power et al., 2018). However, in resistant plants, this horizontal
movement of pathogens is restricted by reinforcing the walls of xylem vasculature
preventing pathogenic degradation (Street et al., 1986; Benhamou, 1995). Such
reinforcement acts to limit the horizontal movement of the pathogen from the colonized
vessel (Daayf et al., 1997). Besides, its deposition acts as a shield against pathogen-derived
metabolites such as toxins and enzymes, and makes water and nutrients inaccessible for

pathogens, thereby impeding their growth (Fig. 1) (Araujo et al., 2014).

A Infection

Root entry Vertical Circular Radial/apoplastic

Vessel wall

L

Xylem

vessel

Figure 1: Structural restriction of R. solanacearum colonization in resistant tomato. (A) Schematic

representation of the tissue levels where R. solanacearum (shown in green) undergoes colonization restriction
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in resistant tomato H7996. This cultivar offers severe restriction in root colonization, vertical movement from
roots to shoots as well as circular vascular bundle invasion, and radial apoplastic spread in the cortex. (B)
Tyloses and gels could act as a structural barrier in vertical movement of R. solanacearum in colonized
vessel and wall reinforcements may act in restricting horizontal movement of the pathogen. (A) Adapted

from Planas-Marqueés et al., (2019).

These vascular wall reinforcements seem to play an important role in confining R.
solanacearum at the xylem vascular bundles of resistant H7996. Ultra-microscopic studies
in quantitatively resistant tomato cultivars showed that the pit membranes, as well as
vessels walls and parenchyma cells, form a conspicuously thick coating in the form of an
electron dense amorphous layer, as part of the defense response against R. solanacearum
(Nakaho et al., 2000; Kim et al., 2016). However, the type of barriers involved in this
interaction remains mostly elusive. Understanding the underlying mechanisms of
restriction can give vital clues in management of the pathogen by biotechnological
interventions. In the current chapter, we discuss about a detailed histolopathological
investigation to identify the anatomical and physico-chemical modification in the
vasculature of H7996 after infection with R. solanacearum compared to a susceptible

cultivar Marmande.

2.2 Results & discussion

2.2.1 Resistant H7996 tomato restricts R. solanacearum colonization at
the root xylem vasculature

Inoculation assays with R. solanacearum GMI100 showed that resistant tomato cultivar
H7996 offered a high degree of resistance against R. solanacearum, thereby exhibiting
extremely mild symptoms upon infection as compared to susceptible tomato Marmande.
Soil soak inoculation of R. solanacearum GMI1000 resulted in wilting of most plants of
susceptible Marmande at 10 days post inoculation (10 dpi), while H7996 plants remained
mostly asymptomatic (Fig 2A). Progress of wilting was assayed in both cultivars by rating
plants daily on a O to 4 disease index scale where 0 = healthy and 4 =100% wilted (Planas-
Marques et al., 2019). At 12 dpi most Marmande plants were 100% wilted, whereas H7996
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plants were free from wilting showing occasionally yellowing on lowermost leaves (Fig
2B).

To unravel the mechanisms of colonization restriction and the patterns of invasion,
resistant tomato cultivar H7996 and susceptible cultivar Marmande were inoculated using
luminescent and fluorescent reporter strain R. solanacearum GMI1000 carrying a
PpsbA::LuxCDABE and PpsbA::GFPuv fusion, respectively (Cruz et al., 2014). These
reporter strains allow a direct and precise visualization of luminescent and fluorescent
bacterial cells in plant tissues by luminometry and microscopy (Ferreira et al., 2017).
Plants were inoculated through the roots by soil drench in both H7996 and Marmande and
analyzed for differences in colonization. Using the luminescent reporter strain, we
investigated the colonization pattern in the taproot of both the cultivars over time. The
luminescent readings obtained from taproot tissues were converted to colony forming units
per gram tissue (CFU g ') as described in Planas-Marqués et al., (2019). Bacterial load in
taproot rises from ~10° CFU g ' at 2DPI to 10® CFU g ! in Marmande at 12 DPI. In
contrast, bacterial load in taproot of H7996 remained at <10° CFU g ' at 12 DPI, showing
remarkable restriction in invasion (Fig 2C).
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Figure 2: Tomato cultivar H7996 shows high degree of resistance to R. solanacearum and restricts
colonization at the root. Susceptible (Marmande) and resistant (H7996) 5-week-old tomato plants were
root-inoculated with a R. solanacearum GMI1000 luciferase reporter strain at a concentration of ~1x10’
CFU/ml (A) At 12 days post inoculaion (DPI) most plants of Marmande show severe wilting symptom,
whereas H7996 remain mostly symptomless. (B) Progress of wilting was assayed in both cultivars by rating
plants daily on a O to 4 disease index scale where 0 = healthy and 4 =100% wilted. (C) The level of in planta
colonization by R. solanacearum was calculated as colony forming units per gram of fresh taproot tissue
(CFU-g ") at the indicated days post-infection (dpi). Data presented are of a representative experiment with

n=10 plants for each time point each cultivar out of a total of 3 experiments. Asterisks indicate statistically
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significant difference between Marmande and H7996 in a paired Student’s t-test (** p-value of p < 0.01 and
*** p-value of p < 0.001)

To spatially determine the colonization restriction pattern of R. solanacearum in root tissue
of H7996, we infected H7996 plants alongside Marmande with the strain constitutively
expressing GFPuv and observed the cross-sections of the taproot with a fluorescence
stereomicroscope. It was observed that H7996 imposes severe restriction in movement of
the bacterium within the xylem vascular ring. H7996 confined bacterial multiplication to
isolated regions of vascular tissue and in many cases restricted to one xylem pole of the
vascular ring. The pathogen upon reaching the vasculature, remains confined to the vessel
lumen and its movement from vessel to vessel, to surrounding parenchyma cells and
apoplast is severely restricted (Fig 3B). In contrast, the bacteria multiplied intensively in
Marmande, filling the xylem vessels as well as surrounding parenchyma cells and
apoplastic spaces at 9 DPI (Fig 3A). These observations corroborated our previous study
where we identified four distinct spatiotemporal phases where resistant tomato cultivar
H7996 is able to restrict the bacterium in planta (Planas-Marqués et al., 2019). The
pathogen was observed to encounter severe restriction in root colonization, vertical
movement from roots to shoots as well as circular vascular bundle invasion, and radial

apoplastic spread in the cortex.

MARMANDE (S) H7996 (R)

Figure 3: Resistant H7996 tomato restricts R. solanacearum colonization at the root xylem vasculature.
Susceptible (Marmande) and resistant (H7996) 5-week-old tomato plants were root-inoculated with a R.
solanacearum GMI1000 GFP reporter strain at a concentration of ~1x10° CFU/ml. (A) Microscopic
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observation showed that in Marmande at 9 dpi bacteria multiplied intensively filling the xylem vessels as
well as surrounding parenchyma cells and apoplastic spaces. (B) However, in H7996 R. solanacearum at 9
dpi remained confined to the vessel lumen and its movement from vessel to vessel, to surrounding

parenchyma cells and apoplast is severely restricted.

2.2.2 Resistant H7996 tomato induces deposition of a vascular coating of
phenolic nature at the roots in response to R. solanacearum

To understand the mechanisms controlling this restriction in the xylem vasculature, we
performed histological investigations to identify any physico-chemical barrier formed as a
result of this interaction. Taproots of R. solanacearum-soil drench inoculated or water-
treated plants were used for obtaining transverse cross-sections with a sterile razor blade
and kept in 70 % ethanol at room temperature for 5-7 days. By treating with ethanol it
removes all soluble components, which also contain phenolics but not wall-bound, and that
can be a component of defense, but not structural. Epi-fluorescence microscopy of
transverse taproot cross-sections, indicated that xylem vascular tissue of resistant H7996
structurally responded to R. solanacearum by reinforcing the walls of xylem vascular
tissue with cell wall bound phenolic materials. Phenolic deposits at the wall are known to
emit auto-fluorescence signal upon illumination with UV under an epi-fluorescence
microscope (Pouzoulet et al., 2013; Araujo et al., 2014). As an indication of phenolic
polymers in wall reinforcements, we observed a strong auto-fluorescence signal emitted
from walls of vessels, surrounding xylem parenchyma cells and tracheids upon infection of
R. solanacearum in resistant H7996 (Fig 4D, F). R. solanacearum colonize xylem tissue by
moving from vessel to vessel as well as into surrounding xylem parenchyma cells and
inter-cellular spaces by degeneration of vessel pit membranes or by a breach in the vessel
walls by enzymatic degradation (Nakaho et al., 2000; Kim et al., 2016). Hence, this
vascular coating with wall bound phenolic compounds might play a role in restricting
horizontal spread of the bacterium. Phenolic deposits in H7996 may strengthen the
vascular walls restricting pathogenic degradation, and also might act as an antimicrobial
barrier. In contrast, susceptible Marmande is not able to induce such vascular coatings
(Fig. 4 C,E). Absence of such reinforcements in the wall and pit membranes might make

the vascular tissue prone to pathogenic degradation.
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Figure 4: Resistant H7996 induce a vascular coating with wall bound phenolics as defense response to

MARMANDE (S)

H7996 (R)

R. solanacearum. Marmande and H7996 plants were soil-soak inoculated with ~1x10" CFU/ml of Ralstonia
solanacearum GMI1000 and incubated at 28°C. Taproot cross-sections were obtained at 9 dpi. UV
microscopy showed a strong auto-florescence signal emitted from the walls of vessels and surrounding
parenchyma cells in (D,F) infected H7996 plants, corresponding to phenolic deposits, compared to (C,E)
Marmande or (A,B) the mock controls. Images from a representative experiment with n=6 plants per variety.

Scale bar = 500 pm.

2.2.3 Differential lignin deposition response in root vasculature of
resistant H7996 and susceptible Marmande against R.
solanacearum

Lignin is a phenolic polymer that constitutes an integral part of the secondary cell wall of

the xylem vasculature that has been shown to act as a common structural defense response
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against vascular wilt pathogens (Novo et al., 2017). To test whether lignin was a major
component of the strong auto-fluorescence induced in H7996 in response to R.
solanacearum, we used the Phloroglucinol-HCI staining technique (Baayen and Elgersma,
1985; Rioux et al., 1998; Pouzoulet et al., 2013). Phloroglucinol-HCI binds with lignin and
stains it magenta. Phloroglucinol-HCI staining did not show any rise in lignification in
H7996 upon infection. However, in Marmande R. solanacearum infection seemed to have
a detrimental effect on lignification of xylem vasculature (Figure 5). Observation of
Phloroglucinol-HCI stained sections under brightfield microscopy, showed that mock and
infected H9776 (resistant) as well as mock Marmande (susceptible) samples showed a red
purple color characteristic of the reaction of phloroglucinol HCI in vessels and fibers,
indicative of lignin (Fig 5 A,C,D); in contrast, infected Marmande tap root sections exhibit
phloroglucinol staining primarily in the xylem with less staining in the interfascicular fiber,
suggesting that lignin in the cell walls of fibers might be less cross-linked due to a different
composition of lignin and/or may have been degraded by R. solanacearum (Fig. 5B).
Lignin is deposited in the cell wall between cellulose, hemicellulose and pectin. Although
it is not known whether R. solanacearum can directly target lignin by enzymatic
degradation, the bacterium has several cell-wall-modifying proteins such as cellulases,
expansin and pectinases, which may participate in disintegration of the cell wall matrix
(Liu et al., 2005; Pérez-Donoso et al., 2010; Lowe-Power et al., 2018; Kang et al., 2019).
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Figure 5: R. solanacearum infection showed a detrimental effect on xylem vasculature lignification in
Marmande, but not in H7996. Phloroglucinol-HCI staining of taproot xylem vasculature of Marmande and
H7996 water treated or R. solanacearum inoculated at 9 dpi, showed reduced lignin staining in (B)
Marmande infected in comparison to (A) water treated plants. In H7996, no visible differences in lignin
content of xylem vasculature was observed between (C) water treated and (D) infected plants. Images from a

representative experiment with n=6 plants per variety. Scale bar = 500 um.

Also, Phloroglucinol-HCI has a property wherein upon staining lignin, it quenches the UV
auto-fluorescence signal emitted from the phenolic polymer (Biggs, 1984; Aoun et al.,
2009; Pouzoulet et al., 2013). Utilizing this property, we analyzed taproot cross-sections of
mock and R. solanacearum-inoculated plants of both Marmande and H7996.
Phloroglucinol-HCI staining could quench the UV auto-fluorescence from xylem
vasculature of susceptible Marmande mock water treated plants (Fig 6A) and R.
solanacearum infected plants (Fig 6B), as well as resistant H7996 water treated plants
(Fig 6C). In contrast, in R. solanacearum infected resistant H7996 (Fig 6D) strong UV

auto-fluorescence could be observed in walls of xylem vessels, surrounding xylem
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parenchyma cells and tracheids, indicating reinforcement of walls of vascular tissue with
phenolics formed de novo upon infection. The fact that this auto-fluorescence could not be
quenched by lignin binding phloroglucinol-HCI stain, indicated the non-lignin nature of
these structural phenolics. Phenolic auto-fluorescence from walls, which cannot be
quenched by phloroglucinol-HCI treatment is attributed to suberin polymer (Aoun et al.,
2009; Pouzoulet et al., 2013). The UV auto-fluorescence signal emitted from xylem vessel
walls and the surrounding parenchyma cells, tracheids was measured using the LAS X
Leica software after the Phloroglucinol-HCI treatment. R. solanacearum induced rise in

auto-fluorescence signal was observed specifically in resistant H7996 (Fig 6E).
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Figure 6: Phenolic deposits at xylem vessel walls and surrounding parenchyma cells formed in
resistant H7996 in response to R. solanacearum infection, cannot be quenched by phloroglucinol-HCI
treatment. Susceptible (Marmande) and resistant (H7996) 5-week-old tomato plants were root-inoculated
with a R. solanacearum GMI1000 at a concentration of ~1x10" CFU/ml (B,D,E) or water mock (A,C,E).
(A,B,C,D) Quenching of lignin UV autofluorescence was analyzed after phloroglucinol-HCI staining of
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taproot cross-sections containing 10° CFU g ' of R. solanacearum. (D) In infected H7996 strong UV auto-
fluorescence could be observed in the walls of xylem vessels surrounding xylem parenchyma cells and
tracheids, indicating reinforcement of walls of vascular tissue with phenolics formed de novo upon infection.
This auto-fluorescence could not be quenched by the lignin-binding Phloroglucinol-HCI stain. (E) The UV
auto-fluorescence signal was measured using the LAS X Leica software after the phloroglucinol-HCI
treatment described in (A,B,C,D). Data presented correspond to a representative experiment out of 3 each
with n=6 plants per variety. Different letters indicate statistically significant differences (0=0.05, Fisher’s

least significant difference test). Scale bar = 100 pm.

2.2.4 Ferulates accumulate in vascular coating of resistant H7996
as defense response to R. solanacearum

Ferulic acid derivatives, such as conjugates with amides and esters (ferulates), are known
to deposit in cell walls during wounding, pathogen attack and elicitor treatments (Bernards
and Lewis, 1992; Negrel et al., 1995; Franke et al., 1998; King and Calhoun, 2005; Novo
et al., 2017). These compounds cross-link with cell wall polysaccaharides, contribute
towards formation of a phenolic barrier and make cell wall resilient to pathogenic
degradation. Further, they act as important precursors of the suberin poly-phenolic domain
(Bernards and Lewis, 1992; Negrel et al., 1995). To analyze whether the pathogen-induced
coating of vessels observed in H7996 corresponded to an increase in ferulates we used a
technique whereby ferulates can be detected by emission of blue fluorescence with UV
excitation at neutral pH that characteristically changes to a stronger green emission under
conditions of high pH such as in the presence of alkali (Carnachan and Harris, 2000; Harris
and Trethewey, 2010; Donaldson and Williams, 2018).

Interestingly, we observed that the UV autofluorescence detected in vascular coatings in
response to R. solanacearum infection in resistant H7996 changed from blue to a strong
green color upon treatment with alkali (1IN KOH pH above 10) (Fig. 7,8), indicating the
presence of ferulates in these coatings. This R. solanacearum-induced xylem vasculature
feruloylation is specific to resistant H7996, as in susceptible Marmande any blue
autofluorescence observed does not change to green upon alkali treatment both at eariler
stage of infection when bacterial colonization level is ~1x10° CFU g™ taproot tissue (Fig.
8) or late stages of infection (9 dpi) when bacterial colonization level crossed ~1x10" CFU

g™ taproot tissue and plants showing wilting symptoms (Fig. 7) . Also, constitutive ferulate
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accumulation is not observed in xylem vascular tissue of mock-treated tomato plants of

neither cultivar (Fig. 7 and 8).

Infected Mock

uv KOH + UV KOH + UV

MARMANDE (S)

H7996(R)

Figure 7: Ferulates accumulate in walls of xylem vascular tissue of resistant H7996 as defense response
to R. solanacearum. Ferulates deposited in walls can be detected by emission of a blue fluorescence with
UV excitation at neutral pH, that characteristically changes to stronger green emission under conditions of
high pH such as in the presence of alkali. (A,B) In susceptible Marmande plants infected with R.
solanacearum, ferulate deposition is either not observed or change due to infection is minimum as no UV
auto-fluorescence could be seen which showed pH dependent colour conversion from blue to green.
Whereas, in (C,D) resistant H7996 post R. solanacearum infection, UV auto-fluorescence of vessel wall, the
surrounding xylem parenchyma cells and tracheid changed from blue to green or turquoise colour on
treatment with KOH alkali (high pH above 10). Ferulates were also not observed in (E) Marmande water-
treated plants and (F) H7996 water-treated plants. 40 ml of Ralstonia solanacearum strain GMI1000
suspension per plant with a concentration of ~1x10" CFU/ml was inoculated by soil soak and incubated at
28°C. Taproot cross-sections were made at 9DPI. Data presented correspond to a representative experiment

out of 3 each with n=6 plants per variety. Scale bar = 500 pm.
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Specific deposition of ferulates in the vessel walls and surrounding parenchyma cells and
tracheids of H7996 may presumably act as a physico-chemical barrier against R.
solanacearum, either by preventing the enzymatic degradation of the cell wall, by directly
inhibiting the growth of pathogen, or both. This barrier would also prevent the spread of
the bacterium from the colonized vessel.
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Figure 8: R. solanacraum induced xylem vasculature feruloylation is specific to resistant H7996 and
respond at early stage of colonization. Taproot cross-sections containing 10° CFU g ' of R. solanacearum
and mock plants were treated with 1IN KOH alkali (pH above 10) and observed under UV to detect green
ferulate depositions. Representative image of (A) water-treated; (B) R. solanacearum inoculated susceptible
Marmande cross-sections and (C) water-treated and (D) R. solanacearum inoculated resistant H7996 cross-
sections are shown. Scale bar = 500 um. (E) Green fluorescence from ferulate deposits in xylem and
surrounding parenchyma cells was measured using ImageJ. Data presented correspond to a representative
experiment out of 3 each with n=6 plants per variety.. (E) Box-and-whisker plots show data from a single
representative experiment (n =6). Different letters in box-plot indicate statistically significant differences

(0=0.05, Fisher’s least significant difference test).

2.2.5 Vascular feruloylation may be an intrinsic part of R.
solanacearum-induced suberization in resistant H7996

Ferulates are a major component of suberin, a cell wall polymer deposited in specialized
tissues (root/tuber epidermis, root endodermis and seed coats) or in response to several
stresses including pathogen attack. Suberin is comprised of a poly-phenolic/aromatic
domain and a poly-aliphatic domain, deposited between the plasma membrane and the cell
wall forming a hydrophobic protective barrier. The poly-phenolic domain of suberin is
predominantly composed of ferulates, along with presence of other hydroxycinnamate such
as p-coumarate and sinapate (Negrel et al., 1995; Graca, 2010). The aliphatic domain
consists of long chain fatty acids as well as small amounts of p-hydroxycinnamic acids
(mainly ferulate) (Cohen et al., 2020). The early accumulation of ferulates at suberization
sites is a critical aspect for the coupling of the aromatic and aliphatic suberin domains
(Boher et al., 2013). Still, the process of suberization in response to pathogen invasion

remains poorly defined.

To determine whether the ferulate accumulation in infected H7996 tomato was related with
a vascular suberization process, we combined the ferulate-specific UV-alkali technique
described above with Sudan 1V staining, which binds to the aliphatic domain of suberin to
produce a reddish-brown coloration upon UV illumination. In the taproot of R.

solanacearum-infected H7996 plants, xylem vessel walls as well as the layers of vessels,
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parenchyma cells and tracheids in the immediate vicinity could be seen suberized (reddish-
brown signal from Sudan IV, Fig. 9, 10). In the periphery of suberized cells, feruloylated
cells could be observed (green signal from UV-alkali, Fig. 9,11), which may indicate a
preceding stage towards suberization. In comparison, no positive Sudan IV or UV-alkali
staining could be detected in infected Marmande or mock-treated tomato plants. Our data
suggest that walls of xylem parenchyma cells, vessels and tracheids present in the
immediate vicinity of colonized vessels might respond by depositing ferulates in the
beginning of infection that later become suberized. In later stages of infection, this layer of
feruloylated walls expand towards more distal layers of cells in the immediate vicinity (Fig
9,11). Together, suberized and feruloylated layers of parenchyma cells, vessels and
tracheids might form a “suberization zone” creating a strong physico-chemical barrier to

limit R. solanacearum spread from the colonized xylem vessel lumen.
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Figure 9: Resistant H7996 tomato shows vascular deposition of ferulates as an intrinsic part of R.

solanacearum-induced suberization. Susceptible Marmande or resistant H7996 tomato plants were soil-
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inoculated with a ~1x10" CFU/ml suspension of Ralstonia solanacearum GMI1000 or mock-inoculated with
water and incubated at 28°C. Cross-sections were obtained from taproot tissue containing 10° CFU g ' of R.
solanacearum. For comparison taproot sections of mock plants from both cultivars of a similar age were
used. Sections were stained with Sudan 1V to visualize suberin aliphatics and subsequently treated with 1N
KOH (pH above 10) to visualize ferulates. Sudan IV positive staining (reddish-brown coloration) was
observed around xylem vessels specifically in infected H7996, indicating accumulation of suberin aliphatics.
Accumulation of ferulates (blue-green coloration) appears also specifically in infected H7996 resistant
tomato, surrounding sudan 1V-stained areas. White arrowheads indicate the sites of accumulation of ferulates
and aliphatic compounds. Representative images from one experiment out of three with n=6 plants each were

taken. Scale bar = 100 um

SUDAN IV + UV
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Figure 10: Deposition of suberin alipahtics in walls of xylem vessel and the surrounding parenchyma
cells and tracheids specifically in R. solanacearum infected resistant H7996. Sudan IV stain binds to the
aliphatic domain of suberin to produce a reddish-brown coloration when observed under UV. Images from a
representative experiment with n=6 plants. Susceptible (Marmande) and horizontally resistant (H7996), 5
week old tomato plants were inoculated through roots by soil-soak with 40 ml of Ralstonia solanacearum
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strain GM11000 suspension per plant with a concentration of ~1x10” CFU/ml and incubated at 28°C. Cross-
sections of taproots containing R. solanacearum at a level of 10° CFU g ' tissue were used for microscopic

observation. Scale bar = 100 um

SUDAN IV UV SUDAN IV +KO

‘»WL kg

H7996 INFECTED

Figure 11: Vascular feruloylation as a preceding step towards suberin aliphatics deposition. Infected
H7996 taproot cross-sections show vessels in three stages of vascular reinforcements, firstly there are vessels
with ferulate deposits (green arrow heads). Secondly, there are vessels where the walls give Sudan IV
positive signal (suberin aliphatics) and surrounding layers are ferulate positive (yellow arrow head). Thirdly,
there are vessels where a Sudan IV positive signal from both vessel walls and surrounding parenchyma layers

could be observed and also ferulate layers outside (red arrow heads). Scale bar = 200pm

The combined ferulate-specific UV-alkali and Sudan IV UV technique was found to be
very sensitive in studying suberization in well characterized suberin model namely, potato
tuber periderm. Potato tuber periderm consists of outer 6-12 outer layers of suberized cells
called phellem, beneath which is a layer of metabolically active cells called phellogen,
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undergoing cell wall thickening/suberization during periderm maturation process. Sudan
IV stains reddish brown the walls of suberized phellem cells on UV illumination (Fig
12A). Upon KOH alkali treatment of sections, followed by UV illumination, walls of
phellogen cells emitted green auto-florescence, indicating strong deposition of ferulate in

its walls, showing the association of feruloylation as early suberization event (Fig 12B).

Sudan IV )
Suberin Phellem
\
Phellogen
Suberin
Phellem
Phellogen

Ferulates

Figure 12: The combined ferulate-specific UV-alkali and Sudan IV UV technique was found to be very
sensitive in studying potato tuber periderm suberization. (A) Sudan IV stains reddish brown the walls of
suberized phellem cells on UV illumination. (B) Upon KOH alkali treatment of sections, followed by UV
illumination, walls of phellogen cells emitted green auto-florescence, indicating strong deposition of ferulate
in its walls.

The root xylem vasculature is one of the first sites of multiplication of R. solanacearum
inside the host (Vasse et al., 1995; Alvarez et al., 2010; Digonnet et al., 2012).
Colonization of the xylem vasculature is critical, as in this particular tissue the pathogen
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multiplies and moves vertically to the stem alongside the xylem fluid. In susceptible hosts,
the pathogen also spreads horizontally from colonized vessels to the healthy neighboring
tissues, including vessels and surrounding parenchyma cells (Nakaho et al., 2000). To
facilitate this process R. solanacearum secretes an array of cell wall degrading enzymes
(Liu et al., 2005; Pérez-Donoso et al., 2010; Lowe-Power et al., 2018). In parallel, plant
cell walls also act as dynamic barriers against pathogens, acting as first line of defense by
undergoing remodeling or strengthening upon pathogen recognition (Underwood, 2012).
However, the precise role of cell walls in defense responses is far from being understood

and has been mostly studied in the leaves.

In response to the vascular pathogen R. solanacearum, deposition of electron dense
compounds on the pit membranes and cell walls from xylem vessels has been observed in
resistant tomato varieties (Nakaho et al., 2000; Kim et al., 2018). In our study, resistant
tomato (H7996) was observed to react aggressively to R. solanacearum infection by
reinforcing the walls of vessels and the surrounding parenchyma cells with phenolic
deposits (Fig 4). This vascular coating with wall-bound phenolic compounds may restrict
horizontal spread of the bacterium at early stages of bacterial colonization (starting at ~10°
CFU g * taproot tissue), before the plant shows any visible wilting symptom (Fig 2).
These phenolic reinforcements in the xylem vasculature may in addition act as a shield
against pathogen-derived metabolites such as toxins and enzymes, and make water and
nutrients inaccessible for pathogens, thereby impeding their growth (Araujo et al., 2014).

In comparison, susceptible tomato (Marmande) is either not able to induce such vascular
coating upon R. solanacearum infection or induce a very weak and late response,
predisposing its vascular walls to disruption by the pathogen’s cell wall degrading
enzymes. In absence of any reinforcements, the bacterium multiplies and colonizes
abundantly moving out from vessel lumen into surrounding parenchyma cells and
apoplastic spaces. At late stages of colonization, the xylem vasculature of Marmande

appeared remarkably degraded, as evidenced from the reduced lignin staining (Fig 5).

The strong UV auto-florescence emitted from xylem vessel walls and the surrounding
parenchyma cells observed in resistant H7996 against R. solanacearum could not be
guenched by phloroglucinol-HCI (Fig. 6), suggesting the presence of suberin deposits in

the observed vascular coatings (Pouzoulet et al., 2013). In line with this, the walls of
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vessels and surrounding parenchyma cells bound Sudan IV, which strongly indicated
presence of aliphatic domain of suberin (Fig. 9,10,11). Interestingly, in the periphery of
the aliphatic-binding layers we could observe cells with intense accumulation of phenolics
where Sudan IV did not bind, potentially acting as further cell wall reinforcements
surrounding the suberized zone (Fig. 9,11). These peripheral phenolic reinforcements were
identified as wall-bound ferulates, by means of the strong blue-to-green color conversion
upon alkali treatment (Carnachan and Harris, 2000; Harris and Trethewey, 2010) (Fig.
7,8,9). Ferulates are a major component of the suberin poly-phenolic domain (Negrel et al.,
1995; Graga, 2010; Cohen et al., 2020). Importantly, ferulates accumulate at early stages of
suberization, while later other aliphatic compounds of suberin are deposited to form the
mature suberin matrix (Bernards and Lewis, 1992; Negrel et al., 1995; Serra et al., 2010).
The early accumulation of ferulates is a critical aspect for the formation of suberin lamellae
through coupling the aromatic and aliphatic suberin domains, considering that ferulates are
able to form covalent bonds with cell wall polysaccharides and polyphenolics while
leaving the aliphatic chain ready for esterification (Boher et al., 2013). In support of this
view, transient overexpression in Nicotiana benthamiana of AtMYB39 (SUBERMAN), a
transcription factor controlling endodermal suberization in roots, results in a dramatic
increase of ferulates in leaves, accompanied by the formation of suberin lamellae and
upregulation suberin biosynthesis pathway genes (Cohen et al., 2020).

2.2.6 Formation of tyloses as defense response to R. solanacearum

Tyloses are balloon like overgrowths of the protoplast of adjacent living parenchymatous
cells, which protrude into xylem vessel lumen through pits. Its development involves the
expansion of the portions of the parenchyma cell wall that are shared with the
neighbouring vessels, specifically the so-called pit membranes. Our previous study
reported severe restriction in movement of R. solanacearum from root to shoot in resistant
tomato H7996 (Planas-Marqueés et al., 2019). This vertical restriction, in part, could be
attributed to the formation of tyloses as a defense response to the bacterium. Tyloses are
described to be a defense strategy activated in resistant plants when they perceive an attack

of invading pathogens in the xylem, presumably blocking or reducing the vertical
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movement of the pathogen (Grimault et al., 1994b). Restricted formation of tyloses has
been observed and specifically induced in the infected vessels of resistant tomato and
potato varieties, effectively restricting R. solanacearum to the infected vascular bundles
(Grimault et al., 1994b; Ferreira et al., 2017). Such specific induction was not observed in
susceptible tomato cultivars infected with R. solanacearum, where the formation of tyloses
appeared delayed and less focused, with numerous non-colonized vessels occluded by
tyloses, and pathogen growth unrestricted (Grimault et al., 1994b). Tylosis formation in
resistant tomato cultivars has also been observed upon inoculation with the pathogenic
fungus F. oxysporum f. sp. lycopersici and Verticillium albo-atrum (Hutson and Smith,
1980). Similarly, in a banana cultivar resistant to race 1 of F. oxysporum f. sp. cubense,
tylosis initially appeared as early as within two days post-inoculation in the lumen of
xylem vessels of the root (VanderMolen et al., 1987). However, the extent of tylose
formation may not be directly linked to the degree of resistance in certain host pathogen
interaction. Excessive tylosis formation in response to X. fastidiosa infection in the
susceptible grapevine cultivar led to heavy blockage of vessels and development of wilting
symptoms, and did not significantly affect pathogen spread. In contrast, in resistant
grapevines, tylosis development was specific and mainly limited to a few internodes close
to the point of inoculation, impacting less of the vessels and indicating that timing and

localization are key (Sun et al., 2013).

Our histopathological studies showed that post infection of R. solanacearum resistant
H7996 forms abundant tyloses. In resistant H7996, which shows extremely mild symptoms
at 9 dpi, xylem vessels are seen developing a lot of tyloses in the taproot. In contrast the
suceptible Marmande forms either no tyloses or very little tylose in xylem vessels even
when the plants are completely wilted at 9 dpi (Fig 13). This indicates that wilting
symptoms observed in susceptible Marmande is predominantly caused by blockage in
water conducting tisuue by bacterial multiplication and production of exopolysaccharides

rather than by formation of plant obstructing structures such as tyloses.
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Figure 13. R. solanacearum infection induces significantly high tyloses formation in resistant H7996
tomato, but not in susceptible Marmande. Toluidine blue staining of taproot section cross-sections
showed formation of tyloses in resistant H7996 , after R. solanacearum infection whereas susceptible
Marmande is mostly free from tyloses. Representative image of (A) water-treated; (B) R. solanacearum
inoculated susceptible Marmande cross-sections and (C) water-treated and (D) R. solanacearum inoculated
resistant H7996 cross-sections made at 9 dpi. (E) Tyloses observed in meta xylem of taproot in resistant
H7996. (F) At 9 dpi percentage of vessels showing tyloses was quantified and significant induction of tyloses
was observed in resistant H7996, post infection. Resistant H7996, 5 week old tomato plants were inoculated
through roots by soil-soak with 40 ml of R. solanacearum strain GMI1000 suspension per plant with a
concentration of ~1x10" CFU/ml and incubated at 28°C. Cross-sections of taproots at 9 dpi were used for

microscopic observation.
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Observations made in scanning electron microscope (SEM) of xylem vasculature, showed
formation of globular tyloses in taproot xylem vasculature of resistant H7996 post
infection of R. solanacearum, whereas the water-treated plants are free from tyloses (Fig
13). Further, SEM- energy-dispersive X-ray (SEM-EDX) detected intense deposition of
calcium on the surface of tylose plasma membrane as well as in xylem vessel walls in
taproot of H7996 post infection of R. solanacearum. Compared to infected plants, calcium
accumulation was much less in water-treated plants (Fig 14). This spike in cacium
deposition post R. solanacearum infection in H7996 might play a role in signalling defense
responses. The information encoded in transient Ca** changes is decoded by an array of
Ca’*-binding proteins giving rise to a cascade of downstream effects, including altered

protein phosphorylation and gene expression patterns (Rudd and Franklin-tong, 2001).
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Figure 14: Calcium accumulation in tyloses and vessel walls of resistant H7996 as defense response to
R. solanacearum. Representative SEM image showing (A) xylem vessels of taproot cross-section from

water-treated plant which is devoid of tyloses. (B) In xylem vessel of taproot cross-section of infected plants,
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globular tyloses were observed. (C,D) SEM-EDX showing accumulation of elemental calcium as yellow dots
in the cross-sections obtained from taproot. (D) SEM-EDX detected intense deposition of calcium crystals
(yellow dots) on the surface of tylose plasma membrane as well as in xylem vessel walls in taproot of H7996
plants post infection of R. solanacearum. Resistant H7996, 5 week old tomato plants were inoculated through
roots by soil-soak with 40 ml of R. solanacearum strain GMI11000 suspension per plant with a concentration
of ~1x10" CFU/mI and incubated at 28°C. Cross-sections of taproots at 9 dpi was used for SEM-EDX

analysis.

Besides pathogen attack, formation of tyloses can be induced by several environmental
stimuli, such as pruning, wounding, flooding and frost. However, the molecular triggers of
tylose formation has been elusive. In aspen (Populus tremula x tremuloides) the activation
of oxidative stress has been recently linked to the induction of tyloses. The study showed
that downregulation of PECTIN METHYLESTERASE1 (PtxtPMEL1) in aspen leads to
higher peroxidase activity and hydrogen peroxide levels and this oxidative stress and the
downstream hormones namely, jasmonates acting synergistically with ethylene are the key

molecular triggers of tyloses (Fig. 15) (Lesniewska et al., 2017).

Interestingly, oxidative stress and downstream hormanal signalling is a generalized
response on pathogen perception events such as reconition of pathogen associated
molecular patterns (PAMPs) by plant pattern recognition receptors (PRRS).
Exopolysaccharide from R. solanacearum has been shown to act as a pattern-triggered
immunity (PTI) elicitor in resistant tomato, leading to an oxidative burst and induced
expression of defense response genes (Milling et al., 2011; Prakasha et al., 2017). This
exoplysaccharide of R. solanacearum was observed to be recognized in resistant cultivar
H7996, but not in susceptible cultivar. The exopolysaccharide mutant of R. solanacearum
triggered noticeably less production of defense-associated reactive oxygen species in
resistant tomato stems and leaves, despite attaining similar cell densities in planta (Milling
et al.,, 2011). Hence, we hypothesized that the exopolysaccharide mutant of R.
solanacearum may induce less tyloses in H7996 due to a diminished oxidative burst

response of resistant tomato against this mutant.
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Figure 15: Oxidative stress and the downstream hormonal signalling may act as possible inducers of
tylose formation. (A) Down-regulation of PECTIN METHYLESTERASEL1 in aspen (Populus tremula x
tremuloides) triggers the activation of oxidative stress and formation of tyloses, regulated by hormanal
signalling. Adapted from Les$niewska et al., (2017). (B) Our hypothesis regarding R. solanacearum induced
tylose formation in resistant tomato line H7996. Tylose formation in H7996 may be a downstream event of
pathogen recognition via conserved molecular patterns such as exopolysaccharide leading to a PTI response.
Such response lead to activation oxidative burst, defense hormonal signalling and may also regulate tylose

formation.

To test our hypothesis we infected resistant H7996 plants with either R. solanacearum
GMI1000 Wt strain or its exopolysaccharide mutant by soil soak inoculation and traproot
transverse cross-sections were obatined at 12 dpi. Toluidine blue staining of taproot
showed that the exopolysaccharide mutant induced significantly low amount of tyloses
compared to wild type GMI1000, even when the bacterial colonization at taproots were
similar (Fig 16). Taproot xylem vessels of plants infected with Wt strain had almost 8 %
of its vessels forming tyloses. In contrast plants infected with exopolysaccharide mutant
had around 2 % of the taproot vessels showing tyloses. The bacterial colonization for both
the strains crossed 10° CFU g* taproot at 12 dpi. However, the decrease in tylose
production by exopolysaccharide mutant may be also due to its hypovirulence effect.
Therefore, though an indirect link between oxidative stress and tyloses was observed both
in down-regulation of PECTIN METHYLESTERASEL in aspen and tomato H7996 plants

infected with R. solanacearum exopolysaccharide mutant, the association in tomato needs
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to be further validated by using chemical inhibitors of reactive oxygen species or in mutant
plants.
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Figure 16: R. solanacearum exopolysaccharide (epsB) mutant, which is known to elicit reduced
oxidative burst in H7996 tomato, induce significantly low tyloses. Toluidine blue staining of taproot
cross-section of resistant H7996 made at 12 DPI of (A,B,C) R. solanacearum GMI1000 and (D,E,F) R.
solanacearum epsB mutant. (G) Quantification of percentage of vessels showing tyloses, showed
significantly higher amount of tyloses in plants inoculated with wild type (WT) R. solanacearum compared
to epsB mutant. (H) Though R. solanacearum epsB mutant reached similar population densities as Wt.
Resistant H7996, 5 week old tomato plants were inoculated through roots by soil-soak with 40 ml of R.
solanacearum strain GMI1000 or epsB mutant suspension per plant with a concentration of ~1x10" CFU/ml

and incubated at 28°C. Cross-sections of taproots at 12DP1 were used for microscopic observation.
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CHAPTERII

3. Spectroscopic analysis of physico-chemical barriers induced at roots
upon Ralstonia solanacearum infection

3.1 Introduction

In order to gain in depth information on compositional changes in phenolic polymers of
the walls involved in reinforcement and their role in bacterial restriction at the xylem
vessels, we performed spectroscopic analysis of tomato roots. Spectroscopy offers an
accurate and sensitive technique to study compositional changes in cell walls in
response to external stimuli (Alonso-Simon et al., 2011; Kim & Ralph, 2014). In plant—
microbe interaction studies, nuclear magnetic resonance (NMR) and fourier transform
infrared (FT-IR) spectroscopy can reveal accurately the compositional changes in cell
wall constituents (Agrelli et al., 2009; Taoutaou et al., 2012). The heteronuclear single
quantum coherence or heteronuclear single quantum correlation (HSQC 2D-NMR), is
used frequently in analysis of organic samples and is of particular significance in
biological systems (Rico et al., 2015). 2D-NMR and the use of chemometric data
analysis of NMR spectra have been proven to be highly effective at identifying changes
in cell wall compositions (Rico et al., 2015). Further, FT-IR spectroscopy is a non-
destructive analytical technique that provides a snapshot of the metabolic composition
of a tissue at a given time, offering extensive information on bio-chemical compositions
and interactions (Alonso-Simon et al., 2011). The FT-IR method measures
predominantly the vibrations of bonds within chemical functional groups and generates
a spectrum that can be regarded as a biochemical or metabolic “fingerprint” of a sample.
In this chapter, using HSQC 2D-NMR and FT-IR we discuss about differential changes
in secondary wall polymers of root tissue of resistant and susceptible cultivar against R.
solanacearum. We tried to gain insights on the type of metabolites involved in cell wall
reinforcement mechanisms of resistant H7996 tomato roots, as defense response to R.

solanacearum.
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3.2 Results & discussion

3.2.1 2D-HSQC NMR spectroscopy showed infected H7996 root xylem
vasculature is enriched in suberin-compatible compounds

Histological studies indicated that wall reinforcements containing ferulates and suberin
in the root vasculature were an important defense trait of resistant H7996 tomato against
R. solanacearum. Hence, using 2D-HSQC NMR we delved into the compositional
changes in phenolic polymers viz. lignin and suberin in walls of tomato roots in
response to R. solanacearum. Infected or mock-treated tomato taproots of H7996 and
Marmande tomato plants were subjected to 2D-HSQC NMR to detect modifications on
lignin and suberin structures as previously reported (Rencoret et al., 2011; Mansfield et
al., 2012; Lourenco et al., 2016; Marques et al., 2016). Lyophilized powders (300 mg)
were obtained from tomato plant taproots, water-treated or R. solanacearum-inoculated
by soil soak having a bacterial load of 10° CFU g*. Samples were milled and extracted
sequentially with solvents and the lignin/suberin fraction was enzymatically isolated as
previously described by Rico et al., (2015). Approximately 20 mg of enzymatic
lignin/suberin preparation was used to obtain heteronuclear single quantum coherence
(2D HSQC) spectra.

Results are illustrated in Fig. 1, where the main lignin and suberin substructures are
depicted, while the main cross-signals assigned to the 2D HSQC spectra are shown in
Table 1. Interestingly, the aliphatic region of the 2D-HSQC spectra revealed that H7996
infected plants were enriched in poly-aliphatic structures characteristic of suberin (Fig
1b), compared to its mock control (Fig 1a). Related to this, an olefinic cross-signal of
unsaturated fatty acid structures (UF, 6C/6H 129.4/5.31), typical of suberin, was also
found to be increased in the HSQC spectrum of the infected H7996 plants (Fig 1b). In
plants, unsaturated fatty acids (UFs) are used as raw material to produce numerous
aliphatic compounds, including suberin. These products, as well as UFs themselves,
take part in plant defense against various biotic and abiotic stresses such as constructing

physically and chemically resistant barriers (He & Ding, 2020).
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Interestingly, signals compatible with feruloylamides at 6C/6H 138.6/7.31 (Mahmoud et
al. 2020), and with tyramide-related structures (6C/6H 129.3/6.92, 114.8/6.64, 40.5/3.29
and 34.2/2.62) were exclusively found in the spectrum of infected H7996 plants,
indicating the presence of feruloyltyramine in these samples (Fig. 1b). Since tyramines
are well established components of the suberization process (Bernards et al., 1995;
Bernards & Lewis, 1998), these data substantiate the hypothesis of suberin as an
important defense element against R. solanacearum infection in resistant tomato plants.
On the contrary, the 2D-HSQC spectra of the lignin/suberin fractions isolated from the
Marmande variety did not display notable variations, between mock and infected plants

in the signals corresponding to suberin (Fig 1 c,d).

2D-HSQC NMR also revealed significant structural modifications in the composition of
lignin and the distribution of linkages in tomato plants after infection. The ratio between
syringyl (S) and guaiacyl (G) units in lignin informs about its polymerization state, and
hence its degradation propensity. Infection of susceptible Marmande plants resulted in
an increase of the S/G ratio and a reduction of the major lignin linkages (B—0-4", p-5"
and p—B") (Fig. 1c,d). In contrast, infected H7996 tomato displayed a decrease of the
S/G ratio (Fig. 1a,b). A higher cross-linking of cell wall polymers is related to reduced
accessibility of the pathogen’s hydrolytic enzymes to their substrates and contribute to
cell wall strengthening and blocking ingress of pathogens (liyama et al., 2020). In this
context, the major reduction in lignin linkages (B—O—4’, B—5" and B—B") observed in
Marmande after infection corroborates the decrease in lignin observed histochemically
(Chapter 2, Fig 5), and explains, at least in part, its higher susceptibility to the pathogen.
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infection with R. solanacearum. Five-week-old tomato plants were inoculated soil-soak inoculated with
~1x10" CFU/mI R. solanacearum GMI1000 and incubated at 28°C. Taproots containing 10° CFU g ' of
R. solanacearum were obtained from H7996 and Marmande, powdered in liquid nitrogen and lyophilized.

For comparison taproot powder of mock plants from both cultivars of a similar age was used. (a,b) Upon
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Figure 1: Suberin-compatible compounds are specifically enriched in resistant H7996 tomato after
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infection H7996 showed strong enrichment in poly-aliphatic structures characteristic of suberins. Also,
olefinic cross-signal of unsaturated fatty acid structures was obtained, which is typical of suberin.
Interestingly, correlation signals compatible with feruloylamides and with tyramide-related structures
were obtained specifically in roots of resistant H7996 upon infection of R. solanacearum. (c,d) On the
contrary, the 2D-HSQC spectra of the lignin/suberin fractions isolated from the Marmande variety did not
display notable variations, between mock and infected plants, in the signals corresponding to suberin. (e)

The structures of relevant suberin-related compounds displayed in (a,b,c,d) are represented.

Table 1: Assignments of the correlation signals in the 2D HSQC spectra.

Label 0¢/0y (ppm) Assignment

Ty, 34.2/2.62 C+/H7 in tyramide (Ty)

Tys 40.5/3.29 Cg/Hg in tyramide (Ty)

Bg 53.3/3.43 Cgp/H; in phenylcoumarans (B)

Cs 53.5/3.05 Cp/Hg in B resinols (C)

MeO 55.3/3.72 C/H in aromatic methoxy group

A, 59.7/3.23, 3.58 C,/H, in p—O—4" alkyl-aryl ethers (A)

l, 61.5/4.06 C,/H, in cinnamyl alcohol end-groups (I)

B, 62.6/3.70 C,/H, in phenylcoumarans (B)

C, 71.1/3.80, 4.17 C,/H, in p—f resinols (B)

A, 71.3/4.79 Co/H, in p—0O—4' alkyl-aryl ethers (A)

Asc 83.9/4.27 Cp/Hp in p—O—4' alkyl-aryl ethers (A) linked to a G unit
C, 84.9/4.67 Co/H, in B—fresinols (C)

Ags 83.6/4.28 Cp/H; in B—O—4' alkyl-aryl ethers (A) linked to a S unit
B, 86.9/5.45 C4/H, in phenylcoumarans (B)

S6 104.0/6.68 C,/H,and Cg¢/Hg in syringyl units (S)

S 106.3/7.29 C,/H, and C¢/Hs in Ca-oxidized syringyl units (S’)
G, 111.1/6.97 C,/H; in guaiacyl units (G)

Tyss 114.8/6.64 Cs/Hz and Cs/Hs in tyramine (Ty)

Gs/s 114.9/6.79 Cs/Hs and C¢/Hg in guaiacyl units (G)

Gs 119.0/6.76 Ce/Hg in guaiacyl units (G)

g 128.2/6.21 Cg/Hg in cinnamyl alcohol end-groups (I)

Iy 128.6/6.43 C4/H, in cinnamyl alcohol end-groups (I)

TY2e 129.3/6.92 C,/H; and C¢/Hg in tyramine (Ty)

Ur 129.4/5.31 -CH=CH- in unsaturated fatty acid structures (Uy)
FAmM; 138.6/7.31 C;/H; in feruloyl amides (FAm)
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3.2.2 FT-IR spectra shows enhanced phenol accumulation in root
xylem vasculature of H7996 against R. solanacearum

Complementing NMR, the FT-IR method measures predominantly the vibrations of
bonds within chemical functional groups, generating a spectrum that can be regarded as
a biochemical or metabolic “fingerprint” of a sample. FT-IR has been used as an
analytical tool in structural analysis of lignocellulose chemistry, providing reliable
insights into modifications of cell-wall components caused during pathogen infection
(Martin et al., 2005; Del Rio et al., 2007; Taoutaou et al., 2012; Lahlali et al., 2017).
Dried transverse taproot cross-sections of H7996 and Marmande plants, water-treated or
R. solanacearum-inoculated by soil soak and containing bacteria 10° CFU g™ taproot
tissue were analyzed in area adjacent to the vasculature using a FT-IR
spectrophotometer Jasco 4700 with ATR accessory on the range of 300-4000 cm™. The
FT-IR results revealed that the average spectrum of infected resistant H9776 tomato
roots displayed higher absorbance peaks than the corresponding spectra from infected
susceptible and mock-treated plants (Fig. 2). Vibration bands (Table 2) were assigned
after comparison of our data with previous analyses allowing peak identification
(Dorado et al., 2001; Martin et al., 2005; Lahlali et al., 2017). Increased formation of
phenolic and other compounds compatible with lignin and suberin structure were
specifically observed in H7996 after infection. Besides phenolic compounds, the most
characteristic spectral features visible on the spectrum were connected with the presence
of functional chemical groups of aliphatic compounds, aliphatic esters, amides as well

as polysaccharides.

Relative absorbance ratios of the most diagnostic peaks were calculated against a
reference value (Fig 3). Absorbance ratios revealed high variability between samples,
typical for complex samples such as the ones analyzed here. Still, these data confirm the
NMR results and support the idea that specific suberization processes taking place after
infection in H7996. The most noticeable change is the specific increase in phenolic
compounds, as can be seen by the significantly higher phenolic —OH stretching (= 3300
cm™) and slight increase in —OH bending (= 1423 cm™) when comparing H7996
infected to its mock control (Fig. 3). In addition to that, both aliphatic -CH (= 2930 cm’
1) and —CH3 stretching (= 2850 cm™) are also slightly higher for H7996 infected plants
compared to the mock controls. Furthermore, slightly increased —NH bending can be
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observed at = 1634 cm™ in H7996 infected plants, which could correspond to the
feruloylamides detected by 2D-NMR (Fig. 1b). Together, the NMR and FTIR data

reveal a specific metabolic signature in infected H7996 plants compatible with
suberization.

0.15+
""""""" Marmande Mock
— Marmande Infected
,,,,,,,,,,, H7996 Mock
—— H7996 Infected e’
R 1030 cm
5 0.10-
8
©
(@)
C
®©
g (-NH) bd
8 1634&:m-1
g 0.05+
. (-OH) bd
2930 cm’ (-C=0) st s em
Al
0.00- ‘ o0

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2: FT-IR absorbance spectra showing functional groups of metabolites that accumulate in
the xylem vasculature of tomato roots as defense response against R. solanacearum. Average
absorbance in the range of 500-4000 cm™ is shown for both cultivars water-treated or infected by R.
solanacearum with a bacterial load of 10° CFU g™ taproot tissue. Based on the changes in peak values of
infrared spectra post infection, the functional groups of the active components formed in response to the
pathogen were analysed. Remarkable changes in infra-red spectra was observed after R. solanacearum
infection in the xylem vasculature of tomato roots, indicating defense related metabolic reprogramming.
Taproot cross-sections containing 10° CFU g™ of R. solanacearum was lyophilized and used for analysis.
FT-IR spectra of a representative experiment with n=3.
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Table 1: Primary FT-IR absorbance peaks of tomato taproot vasculature in
tomato cultivar Marmande and H7996

Wavenumber Function group Compounds
(cm'l) vibrations
3300 -OH Stretching  Phenolics
2930 -CH Stretching  Alkynes from suberin (aliphatic -CH)
2850 -CHj3 Stretching  Alkanes from suberin (aliphatic - CH3)
1736 -C=0 stretching  Carbonyl esters (from aliphatic suberin
esters and pectin methyl esters)
1634 -N-H bending Amides
1423 -O-H bending Phenolics
1030 -C-O stretching  Cellulose
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Phenolic —OH stretching

Alkyl —CH stretching
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Figure 3: Relative absorbance ratios of the most diagnostic peaks of the FT-IR spectra. The relative
absorbance ratios of the most prominent peaks in Fig. 2 were calculated corresponding to phenolic —-OH

stretching stretching (= 3300 cm™), alkyl —OH stretching (= 2930 cm™), alkane —CH3 stretching (= 2850
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cm™), aliphatic ester —-C=0 stretching (= 1736 cm™), -NH bending (= 1634 cm™), aromatic —~OH bending
(= 1423 cm™) and -C-O stretching (= 1030 cm™) by using the absorbance at 1236 cm™ as a reference.
Susceptible Marmande and resistant H7996, 5-week-old tomato plants were inoculated through roots by
soil-soak with 40 ml of R. solanacearum strain GMI1000 suspension per plant with a concentration of
~1x10" CFU/mI and incubated at 28°C. Taproots containing R. solanacearum at a level of 10° CFU g '
tissue were cross sectioned from H7996 and Marmande and lyophilized. For comparison taproot of mock
plants from both cultivars of similar age was used. Asterisk (*) indicate statistically significant
differences (¢=0.05, Student’s t-test). The assignments of main functional groups based on FT-IR spectra
(Dorado et al., 2001; Martin et al., 2005; Lahlali et al., 2017) of susceptible (S) and resistant (R) taproot
samples. Wave numbers are the mean of vibrational range.
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4. Characterization of genes responsible for ferulo-suberin barrier
formation in tomato root defense against Ralstonia solanacearum

4.1 Results & discussion

4.1.1 R. solanacearum infection activates expression of suberin
biosynthesis genes in the root vasculature of resistant H7996

Since a ferulate-suberin vascular reinforcement was observed to form in H7996 in response
to R. solanacearum invasion, we surmised that genes related to suberin and the associated
ferulate synthesis may be upregulated in response to infection in resistant tomato. To test
this hypothesis, we analyzed expression of genes related to the ferulate and suberin
biosynthetic pathway in samples obtained from taproot xylem vascular tissue, from R.
solanacearum- or mock-treated resistant H7996 and susceptible Marmande plants. Since
the phenylpropanoid and fatty acid biosynthesis pathways provide the necessary precursors
for the suberin matrix (Lashbrooke et al., 2016), we tested expression of genes in those two
pathways by quantitative PCR (gPCR). Besides, we analyzed the changes in expression of
suberin feruloyl transferase and hydroxycinnamic acid amide synthesis genes in response

to R. solanacearum and their expression profile in silico.

4.1.1.1 Phenylpropanoid and suberin fatty acid pathway

Precursors of phenolic domain are derived from the phenylpropanoid pathway while the
aliphatic domain is synthesized by suberin fatty acid pathway enzymes (Vishwanath et al.,
2015). Strikingly, expression of all genes analyzed from the suberin fatty acid biosynthetic
pathway was significantly upregulated in H7996 infected plants compared to the mock
controls (Fig.1, 16). Under basal conditions, expression of these genes in the vascular
tissue was negligible and they were not upregulated by infection in Marmande plants (Fig.
1, 16). This indicates that upregulation of these genes is a very specific response of
resistant H7996 plants that takes place in suberizing vasculature upon R. solanacearum
infection. Genes of the suberin fatty acid biosynthesis pathway such as cytochrome P450
fatty acid ®-hydroxylases (SICYP86A1l; Solyc06g076800 and SICYP86B1;
Solyc02g014730), fatty acyl-CoA reductase 3 (SIFAR3; Solyc029014730), 3-ketoacyl-
CoA synthase 1 (SIKCS1; Solyc10g009240), 3-ketoacyl-CoA synthase 2
(SIKCS2/SIDAISY; Solyc05g009280), glycerol-3-phosphate acyltransferase 5 (SIGPATS5;
Solyc049011600) were all highly up-regulated specifically in resistant H7996 upon
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infection. In contrast, these genes were either unaffected or down-regulated by infection in

Marmande plants. Further, these data are in agreement with the specific increase in fatty
acid structures typical of suberin observed by NMR in infected H7996 (Chapter 2, Fig. 1).
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Figure 1: Expression of suberin aliphatic genes in xylem vasculature of taproots upon infection of R.
solanacearum. Gene expression analyzed by gPCR of tomato putative orthologs of suberin fatty acid
pathway genes in taproot xylem vasculature of resistant H7996 and susceptible Marmande plants water-
treated or infected by R. solanacearum. The Elongation Factor 1 alpha (eEFI o) gene was used as
endogenous reference. H7996 and Marmande plants, with R. solanacearum inoculum of 10° CFU g in
taproot, were selected and xylem vascular tissue, comprising of metaxylems and surrounding parenchyma
cells was collected from taproots for RNA extraction and cDNA synthesis. Similarly, xylem tissue was
collected from Marmande mock plants and H7996 mock plants. Three biological replicates (n=3) were used,
and taproots of 6 plants were used in each replicate. Different letters indicate statistically significant

differences (0=0.05, Fisher’s least significant difference test).

Genes in the phenylpropanoid pathway showed relatively high levels of expression under
basal conditions in both Marmande and H7996 plants (Fig. 2, 16). This is not surprising,
since this pathway provides precursors for both lignin and suberin, and the xylem
vasculature is a lignified tissue. Infection with R. solanacearum did not result in major
changes in expression of these genes (Fig. 2, 16) in the vasculature. In Marmande, SIC3H
(coumarate  3-hydroxylase), SIHCT (hydroxycinnamoyl-CoA  shikimate/quinate
hydroxycinnamoyl transferase), SICOMT (Caffeic acid 3-O-methyltransferase),
SICCoAOMT1 and SICCoAMT6 (caffeoyl CoA 3-O-methyltransferases) were slightly
downregulated after infection (Fig. 2, 16). In H7996, R. solanacearum infection also
resulted in a decrease of SICOMT expression, whereas SIPAL1 (phenylalanine ammonia
lyase), SIHCT, SICCoAOMT1 and SICCoAOMT®6 slightly increased (Fig. 2, 16).
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Figure 2: Expression of phenylpropanoid pathway genes in xylem vasculature of taproots upon

invasion of R. solanacearum. Gene expression analyzed by gPCR of phenylpropanoid pathway genes in
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taproot xylem vasculature of resistant H7996 and susceptible Marmande plants water-treated or infected by
R. solanacearum. The Elongation Factor 1 alpha (eEFI o) gene was used as endogenous reference. H7996
and Marmande plants, with R. solanacearum inoculum of 10° CFU g* in taproot, were selected and xylem
vascular tissue, comprising of metaxylems and surrounding parenchyma cells was collected from taproots for
RNA extraction and cDNA synthesis. Similarly, xylem tissue was collected from Marmande mock plants and
H7996 mock plants. Three biological replicates (n=3) were used, and taproots of 6 plants were used in each
replicate. Different letters indicate statistically significant differences (0=0.05, Fisher’s least significant

difference test).

4.1.1.2 Suberin feruloyl esters synthesis pathway

Suberin feruloyl transferase (FHT) catalyzes the conjugation of feruloyl-CoA to aliphatic
chains such as w-hydroxyacids and primary alcohols to form feruloyl esters (Molina et al.,
2009; Serra et al., 2010b; Boher et al., 2013). Hence, it acts as a linker of phenolic to
aliphatic compounds to form suberin monomers. FHT gene encodes an acyltransferase of
BAHD superfamily named after the first four biochemically characterized enzymes of the
group, which are plant-specific enzymes that catalyze the transfer of coenzyme A-activated
donors onto various acceptor molecules (Bontpart et al., 2015). In Arabidopsis this gene is
named as aliphatic suberin feruloyl transferase (ASFT) and hydroxycinnamoyl-CoA:®-
hydroxyacid O-hydroxycinnamoyltransferase (HHT) and has been functionally
characterized and has been reported to be involved in the synthesis of aromatics of the
suberin polymer. It specifically controls the accumulation of the ferulate constituent of
suberin in roots and seeds, but has no effect on the content of p-coumarate or sinapate
(Gou et al., 2009; Molina et al., 2009). Knocking out this gene causes elimination of the
suberin-associated ester-linked ferulate leading to altered permeability and sensitivity of
seeds and roots to salt stress (Gou et al., 2009; Molina et al., 2009). Like all BAHD
acyltransferases, tomato FHT protein too have an HxxxD motif involved in catalysis and a
DFGWG motif located at the C-terminal end which is presumed to have a structural
function (Serra et al., 2010b) (Fig. 3). Phylogenetic analysis shows that tomato FHT gene

is very close in ancestry to potato FHT gene (Fig. 4)
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Figure 3: Sequence alignment of feruloyl transferase (FHT) proteins in different plant species. Protein

homologs of tomato FHT gene (Solyc03g097500) were obtained from www.phytozome.jgi.doe.gov and

matches with more than 85 % similarity were used for amino acid sequence alignment in ClustalW and

visualized by Mview using BAR (http://bar.utoronto.ca/) webpage. In agreement to the characteristics of

BAHD acyltransferases, all FHT proteins of different plant species have conserved HxxxD motif involved in
catalysis and DFGWG motif located at the C-terminal end which is presumed to have a structural function
(Serra et al., 2010b).
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Figure 4: Phylogeny of Feruloyl transferase (FHT) orthologues in different plant species. Protein

homologs of tomato FHT gene (Solyc03g097500) were obtained from www.phytozome.jgi.doe.gov and

matches with more than 80 % similarity were used for phylogenetic analysis using www.phylogeny.fr.

64


http://www.phytozome.jgi.doe.gov/
http://www.phylogeny.fr/

CHAPTER 1lI

Here using the Botany array resource (BAR) gene expression (Toufighi et al., 2005)
analyzing tool (http://bar.utoronto.ca/) we present in a graphical form the tissue specific

expression and cellular localization of SIFHT gene (Solyc03g097500) in tomato (Fig. 5).
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Figure 5: SIFHT is expressed in roots, fruits and leaves and the protein is predicted to be localized in
the cytosol. (A) Expression level of SIFHT (Solyc03g097500) is shown in different tissues using BAR
webpage with data from The Tomato Genome Consortium, 2012. (B) Sub-cellular localization of SIFHT

protein was predicted to be cytosolic based on The Cell eFP Viewer tool of BAR (http://bar.utoronto.ca/)

webpage.

Using the perturbations tool from the Gene search toolset in Genevestigator

(https://genevestigator.com/) we searched for conditions where the tomato FHT gene is
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specifically up- or down-regulated, and which minimally change in all other conditions.
From the analysis based on curated data on tomato, induced expression of FHT could be
observed in specific tissues during normal course of development, where suberin is known
to deposit such as locules of green tomato fruit, placenta etc (Fig. 6). However, the
expression of FHT gene was found to change minimally during stress responses, even
though the polymer is known to be formed during several stress conditions such as salt
injury. This can be justified by the fact that in most studies expression analysis were done
in bulk tissues, whereas in our study a particular tissue was used where we expected

suberin to accumulate. Moreover, FHT gene was found to be down regulated in nematode

infection in susceptible tomato (Fig. 6).
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SL-00035 (89) placenta development (20daa; middle) / placenta development (5daa;...
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SL-00047 (5) rin (LA3754) / Ailsa Craig [fruit development (rin (LA3754); 45dap) / fruit...
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SL-00035 (47) locular tissue development (pink; top) / locular tissue development (...

SL-00035 (110) seed development (10daa; middle) / seed development (5daa; midd...

SL-00050 (7) seed development (2daa) / ovule development (0daa)
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Figure 6: Tomato FHT gene is upregulated in specific tissues know to deposit suberin. The perturbations
tool from GENE SEARCH toolset in GENEVESTIGATOR (https://genevestigator.com/) was used to find
the conditions where FHT gene (Solyc03g097500) is specifically upregulated or downregulated, which

minimally change in all other conditions.
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In potato, it is shown that transcriptional activation and protein accumulation of FHT takes
place in specific tissues that undergo suberization such as the root boundary layers of the
exodermis and the endodermis, along with the tuber periderm (Boher et al., 2013).
Likewise, transcriptomic studies show that FHT gene in different plant species is
upregulated during suberization (Lashbrooke et al., 2016; Cohen et al., 2019). Hence, we
next asked whether R. solanacearum infection has any influence on transcript level of FHT
gene in root xylem vasculature. gPCR of samples obtained from taproot xylem vasculature
showed that FHT gene is specifically upregulated in infected H7996 tomato, but not in
infected Marmande (Fig. 7).

SIFHT
(Solyc03g097500)

MARMANDE H7996
4 a a a b

Relative expression
N

E Mock E Infected

Figure 7: Expression of tomato FHT gene in response to Ralstonia solanacearum infection. Gene

expression of the putative tomato FHT ortholog (Solyc03g097500) was analyzed by qPCR. Relative
expression levels were calculated using the Elongation Factor 1 alpha (eEFI o, Solyc06g005060) as the
reference gene. H7996 and Marmande plants, containing a R. solanacearum inoculum of 10° CFU g* in the
taproot were selected. Xylem vascular tissue, comprising of metaxylems and surrounding parenchyma cells
was collected from taproots for RNA extraction and cDNA synthesis. Similarly, xylem tissue was collected
from Marmande mock plants and H7996 mock plants. Three biological replicates (n=3) were used, and
taproots of 6 plants were used in each replicate. Different letters indicate statistically significant differences

(0=0.05, Fisher’s least significant difference test).

67



CHAPTER 1lI

Acyltransferase

C
ch1 2 3 4 5 6 7 8 9 10 11 12
Solyc03g097500 —
D
Cell wall Suberin lamellae

Aliphatic chains FHT I

50
g
Al
o H,Cw
> ‘oM

Fatty acids
‘ CYP86A1 FAR

w-hydroxyacids Alcohols

ABC
transporter

Plasma membrane

C\/tOSOl HOW Phenylpropanoid
L pathway

" Feruloyl-CoA

Feruloyl esters

Suberized secondary cell wall

Figure 8: Structure and function of suberin feruloyl transferase. (A) FHT encodes an acyltransfersae.
(B) Protein crystal structure of SIFHT (Solyc03g097500) was built using SWISS-MODEL

(https://swissmodel.expasy.org/) based on crystal structure of Coleus blumei

Hydroxycinnamoyl-

CoA:shikimate hydroxycinnamoyltransferase (HCT) (Levsh et al., 2016). (C) FHT gene is located in
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chromosome 3. (D) FHT catalyzes the conjugation of feruloyl-CoA to aliphatic chains such as -

hydroxyacids and primary alcohols to form feruloyl esters.

4.1.1.3 Hydroxycinnamic acid amides synthesis pathway

Existing models of suberin describe it to be a heteropolymer composed of a poly-phenolic
domain and a poly-aliphatic domain (Bernards et al., 1995; Lashbrooke et al., 2016;
Woolfson et al., 2018; Cohen et al., 2019). Also, some studies describe the poly-phenolic
domain to be lignin-like (Serra et al.,, 2010a). However, the exact structure and
composition of the suberin-associated poly-phenolic is elusive. This phenolic domain is
reported in several studies to be enriched in ferulic acid (Bernards & Lewis, 1992;
Bernards et al., 1995; Graga, 2010, 2015; Cohen et al., 2020). Depolymerization assays of
suberin polymer by ester breaking showed that along with aliphatic monomers, soluble
phenolics such as hydroxycinnamic ferulic acid is present in comparatively higher
quantities along with hydroxycinnamic acid amides (HCAA), such as tyramine derivatives
(Bernards et al., 1995; Graca, 2010, 2015) . Ferulic acid amides such as feruloyltyramine,
and feruloyloctopamine, were found ether linked in the insoluble poly-aromatics domain
(Negrel et al.,, 1996). In wound healing potato scab lesions feruloyl amides,
feruloyloctopamine, feruloyltyramine, a cross-linked feruloyltyramine dimer were isolated
from suberin (King & Calhoun, 2005). Our HSQC 2D-NMR studies also showed signals
corresponding to feruloyl tyramine specifically in the roots of resistant H7996. However,
the role of HCAA accumulation on the polymer formation is an open question.
Accumulation of such soluble aminated phenolics may act as a chemical barrier, initially
acting as phytolaexin, but could also act as physical barrier if cross-linked to the lignin-like

poly-aromatic domain of suberin.

Tyramine hydroxycinnamoyl transferase or tyramine N-feruloyltransferase (THT) is the
key regulatory enzyme responsible for the synthesis of HCAA (Hagel & Facchini, 2005).
THT catalyzes the condensation of amines with hydroxycinnamoyl- CoA thioesters
(Negrel et al.,, 1995). For instance, THT conjugates tyramine, derived from the
decarboxylation of tyrosine (tyrosine decarboxylase; TyDC), with feruloyl-CoA, to yield
feruloyltyramine (Fig. 15D) (Woolfson, 2018; Woolfson et al., 2018). In potato, the THT

gene family members have been categorized as a phenolic suberin biosynthetic genes in
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some studies (Woolfson, 2018; Woolfson et al., 2018) . In tomato, THT is encoded by a
multigene family comprising of at least six putative homologs. Tomato THT genes are

very close in ancestry to potato THT genes (Figure 10).

cov pid 10 . . . . 58
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Figure 9: Sequence alignment of THT proteins of tomato. Amino acid sequences of tomato THT gene

family members were aligned in ClustalW and visualized by Mview using BAR (http://bar.utoronto.ca/)

webpage.
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Figure 10: Phylogeny of tyramine hydroxycinnamoyl transferase (THT) orthologues in different plant
species. Protein homologs of tomato THT 1-3 gene (Solyc08g068730) was obtained from
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phytozome.jgi.doe.gov and matches with more than 60 % similarity was used for phylogenetic analysis using

webpage www.phylogeny.fr.

Here using BAR gene expression analyzing tool we present in a graphical form the tissue specific expression
and cellular localization of a representative THT gene family member SITHT 1-3 (Solyc08g068730) in
tomato (Fig. 11).
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Figure 11: SITHT1-3 is highly expressed in roots and the protein is predicted to localize in cytosol. (A)
Expression level of a representative THT gene SITHT1-3 (Solyc08g068730) is shown in different tissues

using BAR webpage with data from The Tomato Genome Consortium. 2012. (B) Sub-cellular localization of
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SITHT1-3 protein was predicted to be cytosolic based on The Cell eFP Viewer tool of BAR
(http://bar.utoronto.ca/) webpage.

Using Genevestigator we scanned the entire transcriptomic data available in its repository
for tomato and analyzed the expression pattern of THT genes. Using perturbations tool we
found that THT genes, namely, SITHT 1-3 (Solyc08g068730), SITHT 7-1
(Solyc08g068700) and SITHT 7-8 (Solyc089068780) are induced during pathogen attack,
elicitor treatment, drought stress, salt stress and wounding, indicating their role in

generalized defense and stresss response of plants (Fig. 12).

Log2-ratio
25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Down-regulated Up-regulated
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B ©
2 2 a 125] 0.05
Solanum lycopersicum (20) g g‘?
u_; U_E Pi-score Log2-ratio Fold-Change p-value
¥ Biotic
SL-00002 (1) B. cinerea (green mature fruit) / high humidity (green mature fruit) . 2127 5.32 39.75 <0.001
SL-00002 (3) B. cinerea (red ripe fruit) / high humidity (red ripe fruit) ) . 18.72 470 26.05 <0.001
SL-00020 (3) C. coccodes (24hpi) / mock treated fruit pericarp flesh samples (2... i 285 1.85 353 0.029
SL-00016 (2) C. michiganensis (8dpi) / mock treated stem samples (8dpi) . 1.98 1.37 254 0.037
SL-00022 (1) P. infestans (12hpi) / non-inoculated leaf samples (12h) . 6.88 244 4.94 0.002
¥ Elicitor
SL-00015 (1) EIX (4h) / mock treated leaf samples (4h) i} 5.54 239 5.21 0.005
SL-00015 (2) EIX (8h) / mock treated leaf samples (8h) . 474 292 7.93 0.024
¥ Light intensity
SL-00026 (2) light (shift from 450 to 200pmol m-2 s-1 for 14d; leaf) / light (450p... [ = 8.05 4.05 12.94 0.010
SL-00026 (5) light {shift from 450 to 1000pmol m-2 s-1 for 14d; leaf) / light (450... 8.05 4.47 18.20 0.008
¥ Other
SL-00013 (3) emasculation (UC-82; carpel) / untreated carpel samples (UC-82;... 3.12 1.75 3.59 0.018
SL-00004 (1) exocarp development (LA1996(Aft); red ripe) / exocarp developme... . 3.10 1.50 298 0.009
SL-00004 (3) exocarp development (MicroTom; orange) / exocarp development ... s} 5.28 -2.31 -5.08 0.005
SL-00004 (5) exocarp development (MicroTom; red ripe) / exocarp development ... . 4.68 -1.79 -3.52 0.002
SL-00004 (7) exocarp development (MicroTom; turning) / exocarp development (... . 5.15 -2.30 -5.01 0.008
v Stress
SL-00008 (1) drought (DSG) / untreated DSG leaf samples [¥1] 15.41 3.85 14.48 <0.001
SL-00003 (1) salt (MoneyMaker) / untreated whole plant samples (MoneyMaker) - 6.67 1.72 3.28 <0.001
SL-00003 (2) salt (PI365967) / untreated whole plant samples (PI365967) - 3.90 1.39 285 0.002
SL-00002 (5) wounding (green mature fruit) / high humidity (green mature fruit) = 16.82 4.21 18.60 <0.001
SL-00002 (6) wounding (red ripe fruit) / high humidity (red ripe fruit) 9.94 257 5.87 <0.001
¥ Genotype
¥ Solanum lycopersicum
¥ MoneyMaker
SL-00027 (1) OGDH E1 antisense / MoneyMaker [untreated leaf samples ... 270 127 258 0.008

Figure 12: THT genes are upregulated during pathogen attack, elicitor treatment, salt stress and
wounding. The perturbations tool from Gene search toolset in Genevestigator was used to find the conditions
where THT genes namely, SITHT 1-3 (Solyc08g068730), SITHT 7-1 (Solyc08g068700) and SITHT 7-8
(Solyc08g068780) are specifically upregulated or downregulated, which minimally change in all other

conditions.
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We also analyzed THT gene expression in a transcriptomic study done in tomato against R.
solanacearum (Ishihara et al., 2012). In this particular study, THT genes were upregulated
at 1 dpi specifically in resistant cultivar LS-89, but not in susceptible cultivar Ponderosa
(Fig 13).

Fold Change
Susceptible Ponderosa  Resistant LS-89
THT 1-3 [ 16 | 5
THT7-1 [ 8 1 3.8

Figure 13: Transcriptome of tomato R. solanacearum interaction showed THT genes are upregulated
specifically in resistant tomato. Expression of SITHT 1-3 (Solyc08g068730) and SITHT 7-1
(Solyc08g068700) genes in a transcriptome of tomato R. solanacearum interaction done in affymerix tomato
genome array platform (Ishihara et al., 2012).

In our tomato root- R. solanacearum interaction, qPCR analysis showed that all SITHTs
analyzed were induced by infection in the vascular tissue of H7996 (Fig. 14 and 16), albeit
to lower levels than FHT (Fig. 7 and 16). SITHT1-3 showed the strongest upregulation
among SITHTs in H7996 after infection, although a slight upregulation could also be
observed in Marmande (Fig. 14 and 16).

74



CHAPTER 1lI

SITHT 1-3 SITHT 7-1
(Solyc089068730) (Solyc089g068700)
c MARMANDE H7996 MARMANDE H7996
ke S 2.0
5’) 4 a b a c B ab a a b
23 $ 1.5
5 — g
$ ) v 1.0
> ()
PR 2
© 1 — = 0.5
< o — —
o' v —
0 e 0.0
SITHT 7-8
(Solyc089068780) Solyc08g068710
MARMANDE H7996 c MARMANDE H7996
5 2.0 a ab a b g 0.10 ab ab a b
A O
v 15 5 0.07
S S
v 1.0 o 0.05
4 =
= 0.5 _ ®o0.02
0 — | O - e
& 0.0 “ 0.00 —
Solyc08g068690
MARMANDE H7996
c 1.00 ab ab a b
RS,
%]
$0.75 H Mock
%0.50 ElInfected
2
-50.25 — T
® i
2 0.00

Figure 14: Expression of the tomato THT gene family members in response to R. solanacearum

infection. Gene expression of the tomato THT gene family members were analyzed by gPCR. The
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Elongation Factor 1 alpha (¢EF1 o, Solyc06g005060) gene was used as endogenous reference. H7996 and
Marmande plants, with R. solanacearum inoculum of 10° CFU g in taproot, were selected and xylem
vascular tissue, comprising of metaxylems and surrounding parenchyma cells was collected from taproots for
RNA extraction and cDNA synthesis. Similarly, xylem tissue was collected from Marmande mock plants and
H7996 mock plants. Three biological replicates (n=3) were used, and taproots of 6 plants were used in each
replicate. Different letters indicate statistically significant differences (0=0.05, Fisher’s least significant

difference test).
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Figure 15: Structure and function of tyramine N-feruloyltransferase (THT). (A) THT encodes an
acetyltransfersae. (B) Protein crystal structure of a representative THT gene SITHT1-3 (Solyc08g068730)
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CHAPTER 1lI

different steps of the suberin pathway were analyzed by qPCR of taproot vascular tissue in infected or mock-
treated H7996 or Marmande tomato plants. Plants containing an R. solanacearum inoculum of 10° CFU g *
were selected and taproot xylem vascular tissue, comprising of metaxylems and surrounding parenchyma
cells was collected for RNA extraction and cDNA synthesis. In parallel, xylem tissue was collected from
mock plants. Heatmaps show log, fold change values of infected vs. mock Marmande (left) and Hawaii
(right). The tomato gene encoding for the alpha-subunit of the translation elongation factor 1 (SleEFI o) was
used as endogenous reference. Three biological replicates (n=3) were used, and taproots of 6 plants were
used in each replicate. The scheme represents the phenylpropanoid and fatty acid biosynthesis pathways
providing precursors for the phenolic and aliphatic domains of suberin, respectively. The most abundant
phenylpropanoid product in suberin is feruloyl-CoA. Downstream it is conjugated to to aliphatics by the
action of feruloyl transferase (FHT) to yield suberin monomers. Infected H7996 plants show a specific
upregulation of genes belonging to the fatty acid biosynthesis pathway and FHT. Further, HCAA ferulic acid
amides namely feruloyltyramine, and feruloyloctopamine are found co-solubilized from suberin matrix and
were found ether linked in the insoluble polyaromatics. Tyramine hydroxycinnamoyl transferase (THT) is the
key regulatory enzyme responsible for the synthesis of HCAA acting as non-structural phenolic and may also
be incorporated into suberin aromatic domain. Abbreviations: PAL: Phenylalanine ammonia—lyase; C4H:
Cinnamate—4-hydroxylase; C3H: Coumarate 3-hydroxylase; 4CL: 4-Coumarate—-CoA ligase; HCT:
Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase; COMT: Caffeic acid 3-O-
methyltransferase; CCOAOMT: Caffeoyl CoA 3-O-methyltransferase; CYP86A1 and CYP86B1: cytochrome
P450 fatty acid o-hydroxylases; KCS1/2: 3-ketoacyl-CoA synthase; FAR 1/3/4: Fatty acyl-CoA reductase;
GPATS5: glycerol-3-phosphate acyltransferase 5; THT: Tyramine hydroxycinnamoyl transferase; TyDC:

Tyrosine decarboxylase; FHT: feruloyl transferase

4.1.1.4 Induction of Progry7::GUS in xylem vascular tissue of
resistant H7996 after infection of R. solanacearum

SIFHT (Solyc03g097500) was found to be up-regulated specifically in resistant H7996
(Fig. 7). We hypothesized that SIFHT could be good marker to study spatiotemporally the
R. solanacearum-induced suberization in xylem vascular tissue. Hence, we created
Progienr::GUS lines in resistant H7996 in order to elucidate the participation of SIFHT in
R. solanacearum-induced vascular coating. We could observe the induction of
Pros.rrt::GUS in xylem vascular tissue after infection of R. solanacearum (Fig 17). At 20
dpi this induction of Pros ryr::GUS was observed to expand, encompassing large areas of
xylem vascular tissue (Fig 17). In water-treated plants induction of Progrnr::GUS could
not be observed in the xylem vasculature, but a faint induction could be observed in

exodermis.
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H7996 PrOS/FHT.'.'GUS

INFECTED

Figure 17: Induction of Progry7::GUS covering large areas of taproot xylem vasculature of resistant
H7996 at 20 DPI. Progeyr::GUS transgenic H7996 tomato plants of 5 weeks were inoculated through roots,
by soil-soak with 40 ml of suspension per plant of R. solanacearum with a concentration of ~1x10’ CFU ml™
and grown at 28°C. In water treated plants induction of Prog ry7::GUS could not be observed in xylem
vasculature, but a faint induction could be observed in exodermis. In infected plants strong induction of
Progient::GUS could be observed in xylem vascular tissue at 20 DPI covering large areas of xylem
vasculature. Scale bar = 2 mm.

Further, in agreement to its critical role in suberization, we could clearly observe the
induction of Proggnr::GUS in tissues known to accumulate suberin. Root epidermal cells
are well known to deposit suberin (Watanabe et al., 2013). We could observe strong
induction of Progey7::GUS in the root epidermis of young seedlings (Fig 18A). Further,
we could observe strong induction of Progeyr::GUS in lateral root primordia, indicating a
hardening process by suberin deposition in the cells of the developing lateral root cap,
before emergence (Fig 18B). These tissues also accumulated ferulate, as observed by alkali
UV microscopic technique described previously (Fig. 18C and D).
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Figure 18: Induction of Progryr::GUS in tissues undergoing suberization. Strong induction of
Prosieqt::GUS was observed in the (A) root epidermis of young seedlings and (B) in the emerging lateral root
primordia. Correspondingly, ferulate signal was observed in (C) root epidermis of young seedlings and (D)

lateral root primordia, as observed by alkali UV microscopic technique.

Since suberin deposition is known to occur as part of the wound healing response (Boher et
al., 2013; Graca, 2015), we analysed induction of Progirqr::GUS upon injury. At 48 hours
post pin-prick injury on leaves, a strong induction of Progrqr::GUS could be observed
surrounding the injured region (Fig 19 A, B). Also, when water imbalance leads to fruit
cracks in tomato, plants have mechanism to seal this crack to prevent rotting. We could
observe specific induction of Prosient::GUS in the sealing region of the cracks, indicating

suberization in this particular wound healing response (Fig 19 C, D).
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H7996 PrOS//:HT.'.'GUS

Figure 19: Progryr::GUS is induced in leaves and fruits of tomato during wound healing. (A)
Progipnr::GUS expression 48 hours after pin-prick injury on the leaves. (B) Magnified image from (A). (C)
Induction of Progrq7::GUS was observed in fruit cracks undergoing wound healing. (D) Magnified view of

the crack showing clear GUS signal. Scale bar = 500 um

4.2 Overexpression of SIFHT in susceptible tomato caused slightly delay
in disease progression and colonization

Considering the accumulation of suberin ferulates at early stages of R. solanacearum
colonization in resistant H7996, we next tested whether overexpression of the
acyltransferase SIFHT —important for the formation of suberin monomers- in susceptible
tomato increased resistance against R. solanacearum. Previous studies have reported that
overexpression of Populus trichocarpa FHT gene in Arabidopsis resulted in increased
tolerance to salt stress (Cheng et al., 2013). Hence, we undertook a variety of R.
solanacearum infection assays in a transgenic tomato lines stably expressing 35S::SIFHT

on a susceptible tomato background.
We obtained 4 transgenic lines stably overexpressing SIFHT on a susceptible Marmande

background. Accumulation of FHT-HA protein in Marmande expressing 35S::SIFHT-HA

was analyzed by immunoblot using HA antisera (Fig. 20).
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Figure 20: Analyisis of tomato lines expressing 35S::SIFHT-HA in Marmande tomato. Immunoblot
using anti-HA antibody showing FHT protein levels of independent transgenic lines stably overexpressing

SIFHT on a susceptible Marmande background (35S::SIFHT-HA). Data from 4 independent lines are shown
(A, B, C, D). SIFHT-HA predicted protein size: 49 kDa.
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These lines were used to perform pathogenicity assays to monitor the effect of SIFHT
overexpression on symptom progression over time. SIFHT overexpression lines showed a
slight delay in disease progression (Fig. 21A) and moderately milder symptoms (Fig. 21A).
The taproot and hypocotyl of SIFHT overexpressors displayed a slight reduction in
bacterial loads after soil-soak inoculation in comparison to Wt tomato (Fig. 21B). No
significant restriction of R. solanacearum colonization was observed in the stem after
petiole inoculation (Fig. 22). Growth of R. solanacearum GMI1000 in planta was also
monitored in leaves of 35S::FHT transgenic lines compared with Wt Marmande tomato
lines over time, but no significant differences were observed (Fig. 23). The limited
restriction shown by SIFHT overexpression lines could be due to the fact that in susceptible
tomato varieties, despite overexpressing FHT, the level of expression of the genes in the
fatty acid biosynthesis pathway is not sufficient to provide the aliphatic suberin precursors
necessary to build up suberin (Fig. 16). In resistant varieties such as H7996 the increase in
FHT expression is accompanied by an increase of expression of the genes from the fatty
acid biosynthesis pathway, therefore providing the necessary precursors to create a

suberization zone around infected vessels.
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Figure 21: Overexpression of SIFHT in susceptible tomato slightly restricts colonization by R.
solanacearum. (A, B) A pathogenicity assay was performed comparing Wt and 3 independent 35S::FHT-HA
Marmande tomato lines (A, C and D) after infection with R. solanacearum lux reporter strain of GMI11000.
Five-week-old plants were soil-soak inoculated with ~1x10’ CFU/ml or mock and grown at 28°C. (A)
Wilting progress was monitored by rating plants daily on a 0 to 4 disease index scale where 0 = healthy and 4
=100% wilted. Plotted values correspond to means + standard error of 24 independent plants (n=24) from a
representative experiment out of a total of 3. Asterisks indicate statistically significant differences between
Wt and each of the 35S::FHT-HA analyzed using a paired Student’s t-test (* p<0.05). (B) R. solanacearum
colonization was analyzed in the taproot and hypocotyl tissue. The level of in planta colonization by R.
solanacearum was calculated as colony forming units per gram of fresh taproot or hypocotyl tissue (CFU g

1 at 9 dpi. Data presented are of a representative experiment with n=15 plants for each condition each
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cultivar out of a total of 3 experiments. Box-and-whisker plots show data from a single representative
experiment out of 3 (n =15). Asterisks indicate statistically significant differences between wild type and

35S::FHT-HA tomato lines in a paired Student’s t-test (* corresponds to a p-value of p <0.05 and *** to p <

0.001).
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Figure 22: Overexpression lines of SIFHT-HA in Marmande tomato showed no restricted to R.
solanacearum colonization when petiole inoculated into stem (A) Transverse cross-sections of Wt and
transgenic 35S::FHT-HA tomato lines were imaged under a confocal microscope 6 dpi after infection with a
R. solanacearum GFP reporter strain. R. solanacearum GMI1000 at a concentration of 10° CFU ml "' was

injected directly into the xylem vasculature of the first internode thorough the petiole. Representative images
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of R. solanacearum colonization progress at the point of inoculation are shown. (B) Mean green fluorescence
of the GFP signal emitted from R. solanacearum at cross-sections obtained as described in (a) at the point of
inoculation (0), below the point of inoculation (-0.5 cm) and above the point of inoculation (+0.5 cm) was
measured using Imagel. Data from a representative experiment out of a total of 3, with n=5 plants per

condition. No significant differences were observed between Wt and the FHT overexpressing lines.
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Figure 23: Growth of R. solanacearum GMI1000 in planta was monitored in leaves of 35S::FHT
transgenic lines compared with Wt Marmande tomato lines over time. The bacterium was vacuum
infiltrated into the leaves at a concentration of ~1x10°> CFU/mI and growth was recorded at 0, 2 and 4 dpi.
Box-and-whisker plots show data of 6 independent plants (n=6) from a representative experiment out of 3.

No significant differences were observed between Wt and the FHT overexpressing lines.
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4.3 Overexpression of THT in a susceptible tomato cultivar confers
resistance to R. solanacearum

HCAA are soluble phenolics which accumulate during several stress response including
pathogen attack and may act as a phytoalexin (Campos et al., 2014). HCAA such as
feruloyl tyrmaine has been associated with the suberin poly-aromatic domain (Bernards et
al., 1995; Negrel et al., 1996). Accumulation of such soluble aminated phenolics may act
as a chemical barrier initially acting as phtoalexin but could also act as physical barrier if
cross-linked to the lignin-like poly-aromatic domain of suberin. THT gene family members
encode for acetyltransferases which regulate HCAA synthesis. Our data show that THT
gene is induced by R. solanacearum infection. Also, 2D-NMR showed specific
accumulation of feruloyl amides in lignin and suberin wall fraction of resistant H7996
roots. Hence, we undertook a variety of R. solanacearum infection assays in a transgenic

tomato line stably expressing 35S::SITHT1-3 on a susceptible tomato background.

Tomato overexpressing SITHT1-3 was readily available on a susceptible Moneymaker
background (Campos et al., 2014). R. solanacearum disease progression in Moneymaker
tomato was similar to Marmande, causing severe wilting (Fig. 24A, B and Chapter 1 Fig.
2A). Overexpression of SITHT1-3 resulted in an increase of resistance against R.
solanacearum, with disease progressing remarkably slower in this line compared to Wt
(Fig. 24A, B). Importantly, bacterial loads were significantly lower in the taproot and
hypocotyl of the SITHT1-3 overexpressor after soil inoculation in comparison to Wt tomato
(Fig. 24C). Also, leaf in planta multiplication assay after vacuum infiltration of R.
solanacearum showed severe restriction in multiplication of R. solanacearum in

35s::SITHT1-3 overexpression line, compared to Wt Moneymaker tomato (Fig 24D).
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Figure 24: Overexpression of THT1-3 in susceptible tomato confers resistance to R. solanacearum. (A,
B) A pathogenicity assay was performed comparig Wt and 35S::THT1-3 tomato lines (Moneymaker
background) after infection with R. solanacearum lux reporter strain of GMI11000. Five-week-old plants were
soil-soak inoculated with ~1x10" CFU/ml and grown at 28°C. (A) Pictures were taken 12 days post-infection.
Wt plants were arranged according to the degree of symptom severity (from 4 to 0). (B) Wilting progress was
monitored by rating plants daily on a 0 to 4 disease index scale where 0 = healthy and 4 =100% wilted.
Plotted values correspond to means + standard error of 24 independent plants (n=24) from a representative
experiment out of a total of 3. Asterisks indicate statistically significant differences between Wt and
35S::THT1-3 using a paired Student’s t-test (* p<0.05, ** p<0.01 and *** p<0.001). (C) Transgenic
35S::THT1-3 tomato significantly restricted R. solanacearum colonization in both the taproot and hypocotyl
compared to Wt. Five-week-old tomato plants were root-inoculated with a R. solanacearum GMI1000
luciferase reporter strain at a concentration of ~1x10" CFU/ml or water mock. The level of in planta

colonization by R. solanacearum was calculated as colony forming units per gram of fresh taproot or
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hypocotyl tissue (CFU-g ') at 12dpi. Box-and-whisker plots show data from a single representative
experiment out of 3 (n =14 to 16). (D) Growth of R. solanacearum GMI1000 in planta was monitored in
leaves of 35S::THT1-3 transgenics compared with Wt Moneymaker tomato lines over time. The bacterium
was vacuum infiltrated into the leaves at a concentration of ~1x10°> CFU/ml and growth was recorded at 0, 3
and 6 dpi. Box-and-whisker plots show data of 6 to 8 independent plants (n=6-8) from a representative
experiment out of 3. Asterisk indicates statistically significant difference between WT and overexpression

line in a paired Student’s t-test (* corresponds to p-value of p < 0.05).

Similarly, petiole inoculation also showed severe bacterial growth restriction in the stem of
the THT1-3 overexpressing line (Fig. 25). We monitored the colonization patterns of a R.
solanacearum GFP reporter strain after petiole inoculation of the SITHT1-3 overexpressing
line compared to Wt (Planas-Marques et al., 2019) (Fig. 25). Colonization progress was
tracked at 6 dpi in transverse stem cross-sections made at the point of inoculation as well
as cross-sections made at 0.5, -1, -2 and -3 cm both upwards and downwards of the
inoculation point. Bacteria spread unrestrictedly in susceptible wild type plants (Fig. 25A),
whereas they stayed confined near the inoculation point in the 35s::SITHT1-3 line (Fig.
25A). Quantification of the GFP signal showed that the bacterial inoculum was drastically

reduced in SITHT1-3 overexpressing plants in comparison to Wt (Fig. 25B).
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Figure 25: Overexpression of SITHT1-3 in tomato results in restricted colonization by R. solanacearum.

(A) Transverse cross-sections of Wt and transgenic 35S::THT1-3 tomato lines were imaged under UV
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stereoscopic microscope 6 dpi after infection with a R. solanacearum GFP reporter strain. R. solanacearum
was directly injected into the xylem vasculature of the first internode thorough the petiole at a concentration
of 10° CFU ml . Colonization progress was analyzed at the point of inoculation, at higher (+0.5, +1, +2 and
+3 ¢cm) and lower -0.5, -1, -2 and -3 cm) sections. Images from a representative experiment out of 3 with n=5
plants each. Scale bar = 2 mm. (B) Mean green fluorescence of the GFP signal emitted from R. solanacearum
at cross-sections obtained as described in (A) at the point of inoculation (0), below the point of inoculation (-
0.5, -1, -2 and -3 cm) and above the point of inoculation (+0.5, +1, +2 and +3 cm) was measured using
ImageJ. Data from a representative experiment out of a total of 3, with n=5 plants per condition. Asterisks
indicate statistically significant differences between wild type and 35S::THT1-3 tomato plants in a paired
Student’s t-test (* corresponds to a p-value of p <0.05, ** to p < 0.01 and *** to p < 0.001). Scale bar = 2
mm.

However, this genetic intervention leading to resistance may be mainly because of
accumulation of HCAA acting as chemical barrier, since in overexpression line wall
reinforcement with phenolics and ferulates was not detectable in microscopic studies (Fig.
26).

35S:: THT1-3

UV + KOH

Figure 26: 35S::THT1-3 line did not show enhanced ferulate or phenolic deposition in walls compared
to WT. Taproot cross-sections containing 10> CFU g ' of R. solanacearum in WT and 35S::THT1-3 line
were treated with 1IN KOH alkali (pH above 10) and observed under UV to detect green ferulate depositions

or auto-fluorescence from phenolics .
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5. Discussion

5.1 Thesis overview

In this thesis we attempted to shed light on the defense responses in the roots against the
soil borne vascular pathogen R. solanacearum. The bacterium invades through plant roots
and advances inter- or intracellularly through the root cortex to reach the xylem, where it
proliferates and spreads systemically to aerial plant parts. However, plants have evolved
mechanisms in the roots to sense invading pathogens and mount a defense response against
these aggressors (French et al., 2018). During pathogen progression through the root
cortex and into the vasculature and also horizontal colonization within the vasculature, the
cell wall stands as the first barrier of defense against R. solanacearum (Lowe-Power et al.,
2018). R. solanacearum induced reinforcements in secondary cell wall of vascular tissue
act as a potent barrier against colonization of the bacterium (Ferreira et al., 2017). Timely
formation of these physico-chemical vascular barriers upon pathogen perception can lead
to confinement of the vascular pathogen at the infected vessel, avoiding the spread of wilt
pathogens (Robb et al., 2008; Zaini et al., 2018; Planas-Marqués et al., 2019). The
integrity of the cell wall is maintained by a complex set of sensors located at the plasma
membrane that controls changes in the wall’s physico-chemical properties (Bacete et al.,
2018). In case of leaf pathogens cell wall reinforcements are a well-known response of
pathogen-triggered immunity (PTI) and effector-triggered immunity (ETI) (Lee et al.,
2019). PTI is known to be activated on recognition of conserved pathogen-associated
molecular patterns (PAMPs) by host pattern recognition receptors (PRRs), whereas ETI is
activated by recognition of pathogen-secreted effectors via intracellular nucleotide-binding
leucine-rich repeat proteins (NLRs) (Jones & Dangl, 2006). Besides, cell wall
reinforcements occurs on recognition of endogenous elicitors called danger associated
molecular patterns (DAMPs) such as host cell wall fragemnts viz. oligogalacturonides
formed due to action of pathogen enzymes, leading to PTI (Boller & Felix, 2009; Luna et
al., 2011; Gupta et al., 2013; Malinovsky et al., 2014). Recent study shows that root
defense responses are different from aerial parts in the sense that, it is relatively insensitive
to most conserved molecular patterns, which may prevent mounting defense responses
against commensal organisms in an environment such as the soil, full of microbes.
Underlying this phenomenon, it has been recently shown that root PTI is only activated

upon local tissue damage (Zhou et al., 2020). Hence, a localized cell death upregulates
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PRR expression in the neighboring cells, leading to restricted responsiveness to conserved
molecular patterns of root invaders (Zhou et al., 2020). Besides, root endodermis and
casparian strip have precise signalling mechanisms to sense the integrity of this diffusion
barrier, which controls the uptake of water and molecules from the soil into the water-
conducting tissues, and prevents the entry of pathogens and other harmful substances.
Casparian strip possesses a barrier surveillance pathway comprised of the receptor-like
cytoplasmic kinase and leucine rich repeat-receptor-like kinase which interact with
peptides expressed in the stele, leading to barrier formation (Alassimone et al., 2016; Fujita
et al., 2020). This spatial separation of receptor and ligand constitutes a surveillance
system where interaction stops after effective sealing by the strip, but any breach in the
barrier leads to re-interaction and further strengthening of walls with lignin and suberin
(Doblas et al., 2017). Recent studies also show that the endodermis acts as a regulatory hub
coordinating microbiota assembly and homeostatic mechanisms. Regulatory network
controlling the endodermal root diffusion barriers influences the composition of the plant
microbiota. Also, the composition of plant microbiome influences the development of
endodermal diffusion barriers, especially suberin deposition, with consequences for the

plant’s ionome and abiotic stress tolerance (Salas-Gonzalez et al., 2021).

Inducible structural barriers formed at and around the root vasculature upon colonization
constitute one of the most important defense components against R. solanacearum
(Ishihara et al., 2012). Plants have evolved effective structural defense mechanisms which
include reinforcement of secondary cell walls to prevent vessel colonization or movement
between vessels once vascular colonization has occurred. These root defenses against R.
solanacearum have been identified in tomato resistant germplasms, which are used as
rootstocks for grafting commercially important varieties (Caldwell et al., 2017). However,
the interaction and the type of barriers formed are not well understood. Hence, in this
thesis we attempted to characterize these vascular reinforcements, in order to deploy these

traits of interest for crop resistance.

The findings of this study underscore the formation suberin and the associated phenolics as

a key defense response in root xylem vasculature of resistant tomato H7996 against R.
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solanacearum. Several key results support this view including: (i) histological studies
showing deposition of phenolic deposits in walls of vessels and the surrounding
parenchyma cells of resistant H7996 after infection, but not in susceptible Marmande.
These phenolic deposits at walls of vessel and surrounding parenchyma cells bind to Sudan
IV but not to Pholorogucinol HCI indicating the presence of suberin in such deposits; (ii)
intense accumulation of ferulates specifically at the xylem vasculature of resistant tomato
H7996 upon R. solanacearum infection, which is one of the hallmarks of suberizing
tissues; (iii) 2D NMR showing enrichment in poly-aliphatic structures characteristic of
suberin, specifically in resistant H7996 root after R. solanacearum infection; (iv)
upregulation of genes of suberin pathway in root xylem vasculature, specifically in
resistant H7996.

5.2 R. solanacearum triggers a phenolic wall reinforcement at root xylem
vasculature of resistant H7996

Root xylem vasculature is one of the first sites of multiplication of R. solanacearum inside
the host (Vasse et al., 1995; Alvarez et al., 2010; Digonnet et al., 2012). Colonization of
the xylem vasculature is critical as in this particular tissue the pathogen multiplies and
moves vertically to the stem with xylem fluid. Also, the pathogen moves horizontally from
colonized vessel to healthy vessel and surrounding parenchyma cells and apoplast (Nakaho
et al., 2000). To facilitate this process R. solanacearum secretes an array of cell wall
degrading enzymes (Liu et al., 2005; Pérez-Donoso et al., 2010; Lowe-Power et al., 2018).
However, cell wall also acts as a dynamic barrier in resistant plants, acting as first line of
defense against pathogens (Underwood, 2012). Quantitatively resistant tomato cultivars
have been known to deposit electron dense compounds in pit membranes and vessel walls
as defense response to R. solanacearum (Nakaho et al., 2000; Kim et al., 2016). In our
study, resistant H7996 was observed to react aggressively to R. solanacearum infection by
reinforcing the walls of vessels and the surrounding parenchyma cells with phenolic
deposits. This vascular coating with wall bound phenolic compounds may restrict
horizontal spread of the bacterium and H7996 recognize and induce such response at early
stage of bacterial colonization (starting at ~10° CFU g ~* taproot tissue) and before the
plant showing any visible wilting symptom (Chapter 1 Fig. 4, 6). These phenolic

reinforcements in xylem vasculature may act as a shield against pathogen-derived
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metabolites such as toxins and enzymes, and make water and nutrients inaccessible for

pathogens, thereby impeding their growth (Araujo et al., 2014).

In comparison to resistant H7996, susceptible Marmande is either not able to induce such
vascular coating or induce a very weak and late response during infection of R.
solanacearum, making its vascular walls prone to disruption by the pathogen’s cell wall
degrading enzymes. In absence of any reinforcements, the bacterium multiplies and
colonizes abundantly moving out from vessel lumen into surrounding parenchyma cells
and apoplastic spaces. At late stages of colonization, xylem vasculature of Marmande was
observed to be highly degraded which was evident from reduced lignin staining (Chapter 1
Fig. 5). It is not known whether R. solanacearum can directly target lignin by enzymatic
degradation. However, lignin polymer is deposited in spaces between cellulose,
hemicellulose and pectin. R. solanacearum has several cell-wall-modifying proteins such
as cellulases, expansin and pectinases which possibly disintegrate the cell wall matrix (Liu
et al., 2005; Pérez-Donoso et al., 2010; Lowe-Power et al., 2018; Kang et al., 2019).
Interestingly, 2D-NMR showed significant differences in the polymerization state of lignin
between resistant and susceptible tomato cultivars after infection. Infected H7996 roots
showed higher branching and cross-linking of lignin polymer compared to susceptible

Marmande, thereby reducing the accessibility of the pathogen’s hydrolytic enzymes.

5.3 A suberization zone at xylem vasculature acts as a physico-chemical
barrier against R. solanacearum colonization

Some models of suberin describe it to be heteropolymer comprising of a poly-phenolic and
ploy-aliphatic domain (Bernards, 2002; Lashbrooke et al., 2016; Cohen et al., 2020).
However, some studies describe the poly-phenolic domain to be lignin-like (Serra et al.,
2010a). But, the exact structure and composition of the suberin-associated poly-phenolic
domain is elusive. This phenolic domain is reported in several studies to be enriched in
ferulic acid (Bernards & Lewis, 1992; Bernards et al., 1995; Graca, 2010, 2015; Cohen et
al., 2020). The polymer is deposited in walls of specialized tissues such as epidermis,
endodermis, seed coat and potato tuber periderm. Besides, it is deposited de novo upon
stress responses such as wounding, salt injury and pathogen attack (Dixon & Paiva, 1995).

A classical model for suberin studies has been the potato tuber periderm where suberin is
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deposited under normal course of maturation as well as in response to wounding (Serra et
al., 2010b; Boher et al., 2013). Recently, with the advent of genetic tools in Arabidopsis a
number of studies on suberin deposition at the endodermis/ casparian strip have been
carried out in this model species (Molina et al., 2009; Cohen et al., 2020; Salas-Gonzélez
et al., 2021). However, when it comes to suberin deposition as defense response to
pathogens, our knowledge on the mechanism is extremely limited. Suberin acts as potent
barrier against pathogens as in addition to providing strength to the cell wall it may also act
as an antimicrobial barrier (Vishwanath et al., 2013). Recent study shows that microbiota
inhabiting the roots influence suberin deposition at the endodermis (Salas-Gonzélez et al.,
2021).

Our data provide evidences of suberin to be a major component of vascular coating of
resistant H7996 and highlight some important facets of vascular suberization as a defense
response to R. solanacearum. The strong UV auto-florescence emitted from xylem vessel
walls and the surrounding parenchyma cells observed in resistant H7996 against R.
solanacearum could not be quenched by Phloroguicinol HCI, suggesting suberin deposits
in observed vascular coatings (Chapter 1, Fig. 6) (Pouzoulet et al., 2013). Further, the
walls of vessel and surrounding parenchyma cells bind with Sudan IV suggesting the
presence of the aliphatic domain of suberin (Chapter 1, Fig. 10). In the periphery of the
aliphatic binding layers of xylem vessels and parenchyma cells we could observe cells with
intense accumulation of phenolics as wall reinforcements, where Sudan IV does not bind.
These peripheral phenolic reinforcements were identified as ferulates, through a
microscopic technique used in monocots and conifers to study cell wall phenolics. Ferulic
acid ester-linked to cell wall polysaccharides occur constitutively in the primary cell walls
of many families of monocotyledons and conifers (Carnachan & Harris, 2000; Harris &
Trethewey, 2010). These wall bound ferulates can be detected by emission of blue
fluorescence with UV excitation at neutral pH that characteristically changes to a stronger
green emission under conditions of high pH such as in the presence of alkali (Carnachan &
Harris, 2000; Harris & Trethewey, 2010; Donaldson & Williams, 2018). The UV
autofluorescence from the phenolic deposits at xylem vasculature of resistant H7996
showed a strong blue green colour coversion upon alkali treatment, indicating the

deposition of ferulates as defense response to R. solanacearum (Chapter 1, Fig. 9).
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Interestingly, ferulates are a major component of suberin poly-phenolic domain (Negrel et
al., 1995; Graca, 2010; Cohen et al., 2020). From the studies done in wound healing potato
tubers it is known that in suberizing tissues, poly-phenolic domain comprising mainly
ferulates are the first to accumulate (Bernards & Lewis, 1992; Negrel et al., 1995).
Feruloyl amides as well as esters are the compounds which accumulate at early stage of
suberization and later other aliphatic compounds of suberin are deposited to form the
mature suberin matrix (Bernards & Lewis, 1992; Negrel et al., 1995; Serra et al., 2010b).
The early accumulation of ferulate is a critical aspect for the coupling of the aromatic and
aliphatic suberin domains, considering that ferulates are able to form covalent bonds with
cell wall polysaccharides and polyphenolics while leaving the aliphatic chain ready for
esterification (Boher et al., 2013). In support of this view, a recent study shows that
transient overexpression in Nicotiana benthamiana leaves of an Arabidopsis MYB
transcription factor SUBERMAN controlling endodermal suberization in roots, resulted in
668-fold increase of ferulates in the leaves in addition to formation of suberin lamella and

upregulation of suberin pathway genes (Cohen et al., 2020).

Based on the above observations, we propose a suberization model of resistant H7996
vasculature against R. solanacearum (Fig. 1). The pathogen on reaching the xylem vessel
of resistant H7996, multiplies and tries to invade the surrounding healthy vessels and
parenchyma cells by degradation of pit membranes and walls. However, this damage in
colonized vessel by R. solanacearum in resistant H7996, leads to suberization of walls of
vessel, and parenchyma cells present in the immediate vicinity of colonized vessels. While
the walls of peripheral parenchyma cells, vessels and tracheids undergo feruloylation, a
stage preceding suberization, where ferulate derivatives such as amides and esters as well
as other hydroxycinnamtes are deposited to form polyphenolic domain of suberin.
Suberized and feruloylated layers of parenchyma cells, vessels and tracheids together form
a ‘“zone of suberization” creating a strong physico-chemical barrier to limit R.

solanacearum spread from colonized xylem vessel lumen.
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Zone of
Suberization

Layers of suberized
vessels, tracheids &
xylem parenchyma
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vessels, tracheids &
xylem parenchyma cells

V : Xylem Vessel
T :Tracheid
XP : Xylem parenchyma

Figure 1: Schematic representation of the vascular suberization process potentially taking place in
infected vessels of resistant H7996 tomato upon R. solanacearum infection. Colonization of the
vasculature by R. solanacearum in resistant tomato plants induces a suberization-like process in the walls of
the infected vessel and of the adjacent tracheids and parenchyma cells (red). In parallel, cell walls of
peripheral parenchyma cells, vessels and tracheids undergo feruloylation, a stage preceding suberization,
whereby ferulate derivatives such as amides and esters are deposited to form the polyphenolic domain of
suberin (green). Suberized and feruloylated layers of parenchyma cells, vessels and tracheids together form a
“zone of suberization” (red dashed line) creating a physico-chemical barrier to limit R. solanacearum spread

from the colonized xylem vessel lumen.
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ETI and PTI are two layers of immunity which operate synergistically, converging on
several downstream responses including the cell death, oxidative burst, activation of kinase
signaling cascades, expression of defense-related genes, accumulation of physico-chemical
barriers and wall reinforcements (Thomma et al., 2011; Ngou et al., 2021; Yuan et al.,
2021). Although the molecular triggers for pathogen-induced suberization is unknown, it is
likely that suberin deposition in resistant H7996 vasculature could be an outcome of
pathogen recognition event. In Arabidopsis leaves, strong lignin deposition is known as a
downstream response of ETI caused by an avirulent strain of Pseudomonas. syringae pv.
tomato. It was shown that infection with either virulent or avirulent strains of the pathogen
induced localized lignification at the site of pathogen attack. However, lignin deposition
was more conspicuous upon avirulent pathogen recognition, leading to confinement of the
pathogen, and restricting hypersensitive response cell death to the infection site. In
contrast, virulent strains could overcome induced lignification, as the deposition in this
case was milder, leading to unrestricted disease progression (Lee et al., 2019). Further,
vascular hypersensitive response in xylem parenchyma and pith cells surrounding xylem
vessels have been reported in quantitative resistant tomato against R. solanacearum
(Nakaho et al., 2017). Such recognition may be facilitated in root vasculature by localized
cell damage by R. solanacearum. Recent studies show roots to require a localized cell
damage component to mount a PRR expression in the neighboring cells, leading to
restricted responsiveness to root invaders, while co-exisithg with the millions of

commensal microbes in the rhizosphere (Zhou et al., 2020).

5.4 R. solanacearum infection induces a metabolic and genetic
reprogramming towards vascular suberization in resistant H7996

Tissues undergoing suberization, has to go through a complex genetic and metabolic
reprogramming involving a network of metabolic pathways, in order to produce the
precursors of the polymer and subsequently their polymerization into the matrix
(Lashbrooke et al., 2016). Precursors of phenolic domain come from the phenypropanoid
pathway while the aliphatic domain is synthesized by suberin fatty acid pathway enzymes
(Vishwanath et al., 2015). Aliphatic domain comprise of a glycerol-based fatty acid-
derived polyester comprised primarily of w-hydroxyacids, a, w-dicarboxylic acids, fatty
alcohols (Hofer et al., 2008). The most abundant component of suberin aromatic domain is
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feruloyl-CoA (Graga, 2010; Cohen et al., 2020). After being synthesized through
phenylpropanoid pathway, feruloyl-CoA acts as a substrate of acyltransferase feruloyl
transferase (FHT) which catalyzes the conjugation of feruloyl-CoA to aliphatic chains such
as w-hydroxyacids and primary alcohols to form feruloyl esters (Molina et al., 2009; Serra
et al., 2010b; Boher et al., 2013).

2D-NMR showed strong accumulation of suberin compatible metabolites specifically in
roots of resistant H7996, upon infection of R. solanacearum (Chapter 2, Fig.1). As a
defense response, resistant H7996 showed strong enrichment in poly-aliphatic structures
characteristic of suberins. Also, olefinic cross-signal of unsaturated fatty acid structures
was obtained, which is typical of suberin. Interestingly, correlation signals compatible with
feruloylamides and with tyramide-related structures were obtained specifically in roots of
resistant H7996 upon infection of R. solanacearum. In contrast the roots of susceptible
Marmande did not display notable variations between mock-treated and infected plants in
the signals corresponding to suberin. Further, FTIR showed significantly high induction of
phenolics in the xylem vasculature of resistant H7996. Hence, these results corroborated
the findings obtained in histopathological assays.

We further analyzed whether these metabolic changes that take place in xylem vasculature
of resistant H7996 as defense response to R. solanacearum, correlate with the gene
expression of suberin pathway genes. Quantitative PCR of samples obtained from taproot
xylem vasculature showed up-regulation of tomato putative orthologs of suberin fatty acid
pathway genes namely, cytochrome P450 fatty acid w-hydroxylases (SICYP86AL,;
Solyc06g076800 and SICYP86B1; Solyc029014730), fatty acyl-CoA reductase 3 (SIFARS3;
Solyc029014730), 3-ketoacyl-CoA synthase 1 (SIKCS1; Solyc10g009240), 3-ketoacyl-
CoA synthase 2  (SIKCS2/SIDAISY;  Solyc059g009280), glycerol-3-phosphate
acyltransferase 5 (SIGPAT5; Solyc04g011600), specifically in resistant H7996. These
genes are responsible for synthesis of the aliphatic precursors of suberin lamella. Also,
expression of SIFHT (Solyc03g097500) was found to be up-regulated specifically in
resistant H7996, which links feruloyl-CoA with aliphatics (Chapter 3, Fig. 16). Further,
assays with ProSIFHT::GUS H7996 transgenic lines showed that only in R. solanacearum
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infected plants, the induction of the promoter could be observed in xylem vasculature, but
not in mock plants. Besides, induction of the promoter could be observed in the tissues
known to deposit suberin such as epidermis, endodermis and in tissues wounded
mechanically. The transcripts of phenylpropanoid pathway genes were found in abundance
in both cultivars under basal state, as xylem vasculature is a well lignified tissue. But, most
of them show a slight up-regulation upon infection in resistant H7996, but down-regulation
in Marmande. Transcriptome of suberizing tissues of several species such as tomato
(Lashbrooke et al., 2016), melon (Cohen et al., 2019) and apple (Legay et al., 2015;
Lashbrooke et al., 2016) showed massive up-regulation of most suberin fatty acid
biosynthesis pathway genes as well as some phenylpropanoid pathway genes. Further, in
agreement with the 2D NMR signals showing accumulation of feruloyl amides in resistant
H7996 after infection, the gene SITHT1-3 (Solyc08g068730) responsible for their synthesis
of HCAA is significantly up-regulated in infected H7996 plants.

5.5 FHT overexpression in susceptible tomato had a minor effect on R.

solanacearum colonization

Considering the accumulation of suberin ferulate at early stage of R. solanacearum
colonization in resistant H7996, we sought to understand the implications of
overexpression of FHT gene in susceptible tomato cultivars, on defense against R.
solanacearum. Previous studies have reported that overexpression of Populus trichocarpa
FHT gene in Arabidopsis resulted in increased tolerance to salt stress (Cheng et al., 2013).
Hence, we undertook a variety of R. solanacearum infection assays in a transgenic tomato
lines stably expressing 35S::SIFHT on a susceptible tomato background. Interestingly,
FHT overexpression did not have a large effect on the responses of susceptible tomato
against R. solanacearum. SIFHT overexpressing lines showed only a slight delay in wilting
symptoms together with a slight decrease of bacterial loads in the plant. This result may be
due to the fact that in in Marmande the low levels of aliphatic precursors constitute a
bottleneck for suberin biosynthesis. In resistant H7996 tomato, FHT was highly induced at
and around the vasculature upon R. solanacearum expression, but it was accompanied by a
strong upregulation in fatty acid biosynthesis genes, which provide the aliphatic precursors

to the FHT enzyme in order to form suberin. In Marmande FHT overexpressing plants,
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increasing the levels of the enzyme may not have a strong impact due to a lack of aliphatic

precursors, which prevent an increase of suberin formation.

5.6 THT 1-3 overexpression in susceptible tomato background offers high

degree of colonization restriction to R. solanacearum

HCAA are soluble phenolics which accumulate during several stress response including
pathogen attack (Campos et al., 2014). Also, HCAA such as feruloyl tyrmaine has been
associated with the suberin poly-aromatic domain (Bernards et al., 1995; Negrel et al.,
1996). Accumulation of such soluble aminated phenolics may act as a chemical barrier
initially acting as phtoalexin but could also act as physical barrier if cross-linked to the
lignin-like poly-aromatic domain of suberin. THT gene family members encode for
acetyltransferases which regulate HCAA synthesis. Our data show that THT gene is
induced by R. solanacearum infection. Also, 2D-NMR showed specific accumulation of
feruloyl amides in lignin and suberin wall fraction of resistant H7996 roots. Hence, we
undertook R. solanacearum infection assays in a 35s::SITHT 1-3 overexpression line in
susceptible Moneymaker tomato background. 35s::SITHT 1-3 plants showed elevated
amounts of HCAA such as feruloyl tyramine upon infection of P. syringae pv. tomato
(Campos et al., 2014). Soil drench inoculation of R. solanacearum resulted in drastically
reduced wilting of 35s::SITHT 1-3 overexpression plants, in comparison to Moneymaker
wild type plants. Further, the bacterial load in taproot and hypocotyl of 35s::SITHT 1-3
plants was significantly lower than the wild type plants, indicating restricted colonization
of R. solanacearum in 35s::SITHT 1-3 overexpression plants. Leaf in planta multiplication
also showed severe limitation of R. solanacearum multiplication in 35s::SITHT 1-3 plants.
Further, live imaging of GFP fluorescent reporter strain of R. solanacearum inoculated
through the petiole, showed high degree of colonization restriction in 35s::SITHT 1-3
plants, whereas the wild type plants showed abundant multiplication. However, this genetic
intervention leading to resistance may be mainly because of accumulation of HCAA acting
as chemical barrier, as in overexpression line a wall reinforcement with phenolics and
ferulates was not observed in microscopic studies. In fact, feruloyl tyramine is known to
exhibit antimicrobial activity against plant pathogens (Fattorusso et al., 1999; Novo et al.,
2017).
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6. Conclusions

From the main goals of this work, we extract the following conclusions:

1. Xylem vascular tissue of resistant H7996 mounts a defense response to R.
solanacearum leading to reinforcement of the walls of xylem vascular tissue
with cell wall bound phenolic materials formed de novo upon infection, which
severely impairs the movement of the bacterium from colonized vessel to the

surrounding vessels and parenchyma cells.

2. Specific deposition of ferulates in the vessel walls and surrounding parenchyma
cells and tracheids could be observed in H7996 after R. solanacearum infection
which could act as a physico-chemical barrier against the bacterium, either by
preventing the enzymatic degradation of the cell wall, by directly inhibiting the
growth of pathogen, or both. This barrier would also prevent the spread of the

bacterium from the colonized vessel.

3. Ferulates constitute a crucial component of the suberin polyphenolic domain,
potentially acting as nucleating site for suberin matrix polymerization.
Colonization of the vasculature by R. solanacearum in resistant tomato plants
induces a suberization-like process in the walls of the infected vessel and of the
adjacent tracheids and parenchyma cells. In parallel, cell walls of peripheral
parenchyma cells, vessels and tracheids undergo feruloylation, a stage preceding
suberization, whereby ferulate derivatives such as amides and esters are
deposited to form the lignin-like polyphenolic domain of suberin. Suberized and
feruloylated layers of parenchyma cells, vessels and tracheids together may form
a “zone of suberization” potentially creating a physico-chemical barrier to limit

R. solanacearum spread from colonized xylem vessel lumen.

4. Abundant tyloses could be observed in taproot of resistant H7996 vasculature. In
resistant tomato these structures may play a role in restricting the vertical
movement of the bacterium within the vessels. Enhanced deposition of calcium

on the plasma membrane of tyloses and vessel walls was observed by SEM-
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10.

EDX and may have a role in defense against R. solanacearum in resistant
H7996.

Spectroscopic studies showed strong accumulation of suberin-compatible
metabolites specifically in roots of resistant H7996 upon infection with R.
solanacearum. 2D-NMR showed strong enrichment in structures characteristic
of suberins. Further, FTIR showed significantly high induction of phenolics in

the xylem vasculature of resistant H7996.

Significant differences in the polymerization state of lignin were observed
between resistant and susceptible tomato cultivars after infection. Infected
H7996 roots showed higher branching and cross-linking of lignin polymer
compared to susceptible Marmande, thereby reducing the accessibility of the

pathogen’s hydrolytic enzymes.

Specific enhancement in the expression of genes involved in the suberin
biosynthetic pathway was observed in and around the vasculature of infected
H7996.

Prosient::GUS lines in resistant H7996 served as a tool to study suberization
spatiotemporally. In agreement to its critical role played by SIFHT in
suberization process, we could observe the induction of Progieqr::GUS in tissues
known to accumulate suberin such as root epidermis, exodermis and tissues
undergoing wound healing. Further, induction of Prosiryt::GUS was observed in

taproot xylem vasculature upon R. solanacearum infection.

Overexpression of the acyltransferase SIFHT —important for the formation of
suberin monomers- in susceptible tomato caused a slight to non-significant delay
in R. solanacearum colonization. Probably in susceptible tomato absence of
aliphatic substrates required for conjugation with feruloyl-CoA may be a

limiting factor.

Overexpression of the acetyltransfearse SITHT1-3- important for synthesis of
HCAA- in susceptible tomato resulted in significantly high resistance induction

against R. solanacearum. However, this resistance could be predominantly
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because of HCAA acting as phytoalexins against R. solanacearum and may not
be due to reinforcements in the cell wall, as changes in wall phenolics were not

detectable through microscopy.
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7. Materials & methods

7.1 Plant materials and growth conditions

In this study the tomato (Solanum lycopersicum) varieties Marmande and the
quantitatively resistant public open-pollinated breeding line Hawaii 7996 were used.
Seeds were germinated and plants were grown in pots containing soil (Substrate 2,
Klasmann- Deilmann GmbH) mixed with perlite and vermiculite (30:1:1) in controlled
growth chambers at 60% humidity and 12 h day/night with light intensity of 120-150

-1

umol-m2.s. Temperature was set at 28°C when using LED lighting and at 27°C when

using fluorescent lighting.

7.2 R. solanacearum strains and growth conditions

All assays in tomato were performed using R. solanacearum GMI1000 strain
(Phylotype I, race 1 biovar 3). Luminescent and fluorescent reporter strains of R.
solanacearum GMI1000 were wused in the study containing constructs
PpsbA::LuxCDABE and PpsbA::GFPuv, respectively (Cruz et al., 2014; Planas-
Marques et al., 2019). R. solanacearum GMI1000 exopolysaccharide mutant strain was
obtained from Caitilyn Allen, Department of Plant Pathology, University of Wisconsin-
Madison (Milling et al., 2011).

7.3 Bacterial inoculation in plants
Four- to five-week-old tomato plants were inoculated through roots with R.
solanacearum using the soil drenching method as described in Planas-Marques et al.,
(2019). For this, roots were wounded by making four holes in the corners of the pot
with a 1 ml pipette tip and inoculated with a 1x10’ CFU ml™ (ODg = 0.01) suspension
of bacteria (Planas-Marques et al., 2019). Inoculated plants were kept in a growth
chamber at 28°C. The relative light units per second (RLU.s ) readings were converted
to CFU g* taproot tissue as described in Planas-Marqués et al., (2019). For tomato leaf
infiltration, plants were vacuum-infiltrated by submerging the whole aerial part in a
~10° CFU ml™ (ODggo = 0.0001) R. solanacearum suspension as described in Planas-
Marques et al., (2018). For inoculation directly onto the stem vasculature, 10 ul (5 pl at

a time) of 10° CFU ml™ (ODgy = 0.0001) R. solanacearum suspension was placed at the
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node of the petiole and pin-inoculated using a sterile 0.3%x13 mm needle (30Gx'2", BD

Microlance, Becton Dickinson).

7.4 R. solanacearum pathogenicity assays and quantification of
bacterial growth in planta

Infected plants were scored for wilting symptoms using a scale from 0 to 4: O=healthy
plant with no wilt, 1=25%, 2=50%, 3=75%, and 4=100% of the canopy wilted as
described by Milling et al., (2011) and Planas-Marques et al., (2019). For bacterial
colonization assays by imaging using GFP reporter strain, transverse stem cross-
sections were made at the taproot, using a sterile razor blade. The sections were
photographed using an Olympus SZX16 stereomicroscope with a UV fluorescent lamp
(BP330-385 BA420 filter) and equipped with a DP71 camera system (Olympus)
(Planas-Marques et al., 2019). Quantification of mean green fluorescence from xylem
vascular ring and pith parenchyma was done using ImageJ software (Planas-Marques et
al., 2019). In experiments with the expolysaccharide mutant and Wt CFU g taproot
tissue were calculated after dilution plating of samples and CFU counting 24 hours later
(French et al., 2018). For leaf in planta multiplication assays, 3 leaf discs of 0.8 cm?
size were homogenized in 200 pl of sterile distilled water. CFU cm™ leaf tissue were
calculated after dilution plating of samples with appropriate selection antibiotics and
CFU counting 24 hours later.

7.5 Histological methods

Taproots of R. solanacearum-soil drench inoculated or water-treated plants were used
for obtaining thin transverse cross-sections with a sterile razor blade. Inoculated plants
were either sectioned at 9 dpi or when bacterial colonization level reached 10° CFU g*
taproot tissue, as indicated in the figure legend. Sections were kept in 70 % ethanol at
room temperature for 5-7 days and examined using fluorescence microscopy using a
Leica DM6B-Z microscope under UV illumination (340-380 nm excitation and 410-450
nm barrier filters). Autofluorescence emitted from phenolic deposits was recorded using
a Leica-DFC9000GT-VSC07341 camera.

Sections were also stained with a Phloroglucinol-HCI solution (100 mg phloroglucinol

in 8 ml of ethanol 95% and 8 ml of hydrochloric acid 37 %) for the detection of lignin
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and observed under bright field (Pomar et al., 2004). Photographs were taken in bright
field using Leica DMG6B-Z microscope with Leica MC190-HD-0518131623 digital
digital camera. Since Phloroglucinol binds with lignin and quenches the
autofluorescence emitted from it (Martin et al., 2005), the cross-sections were then
observed under UV microscopy (Leica DM6B-Z microscope with Leica-DFC9000GT-
VSC07341 camera) to detect autofluorescence in the vasculature, which would
correspond to non-lignin phenolic sources such as suberin (Pouzoulet et al., 2013).

Auto-fluorescence from ferulates bound to the cell wall show a pH-dependent blue to
green color conversion (Carnachan and Harris, 2000; Harris and Trethewey, 2010;
Donaldson and Williams, 2018). Ferulates in the xylem vascular tissue were visualized
by mounting cross-sections in 70 % ethanol (neutral pH) and illuminating them with
UV with excitation bandpass filter in the range 340-380 nm to observe blue auto-
fluorescence. These same sections were subsequently mounted in 1IN KOH (pH above
10) to observe green auto-fluorescence from ferulates.

To visualize suberin aliphatics, sections were treated with 5 % Sudan IV, dissolved in
70 % ethanol and illuminated with UV light with excitation bandpass filter in the range
340-380 nm to produce the typical reddish-brown coloration. For both ferulates and
suberin, the HC PL APO or HC PL FLUOTAR objectives of the Leica DM6B-Z
microscope were used and images were captured using a Leica MC190-HD-
0518131623 digital camera.

To visualize tyloses taproot cross-sections were stained in 1% toluidine blue solution,
washed with water and observed in bright field with Leica DM6 microscope (Cao et al.,
2020).

Quantification of mean fluorescence in the green, blue, and red channels was done using

ImageJ software. The UV auto-fluorescence signal was measured using the LAS X

Leica software.
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Table 1: Details of microscope specifications used in histological studies

Equipment Camera uv
excitation

Leica DM6 Leica-DFC9000GT- 340-380 nm
VSC07341

Leica DM6 MC190-HD-0518131623 340-380 nm

SZX16 DP71 camera system 330-385 nm

stereomicroscope (Olympus)

Leica DM6 Leica-DFC9000GT- 340-380 nm
VSC07341

Leica DM6 MC190-HD-0518131623 340-380 nm

SZX16 DP71 camera system 330-385

stereomicroscope (Olympus)

7.6 SEM-EDX

Lyophilized thin taproot sections were coated with carbon and placed in grids and then
analysis was done in Magellan 400L Field Emission Scanning Electron Microscope
attached with X-Max Ultim Extreme Energy Dispersive X-Ray (EDX) (Oxford

Instruments).

7.7 FT-IR

Dried taproot cross-sections of H7996 and Marmande plants, water-treated or R.
solanacearum-inoculated by soil soak and containing bacteria 10° CFU g™ taproot
tissue were analyzed using a FT-IR spectrophotometer Jasco 4700 with ATR accessory
on the range of 300-4000 cm™. The area analyzed was adjacent to the vasculature. All
spectra were smoothened to minimize noise and baseline corrected, and the peak due to
atmospheric CO, at 2300 cm™ was eliminated for clarity using OriginPro software.
Relative absorbance ratios of peaks of significant importance were calculated by using

the absorbance at 1236 cm™ as a reference.

7.8 2D-NMR

The samples of a pool of 15 tomato plant tap roots, water treated or having a bacterial
load of 10° CFU.g-1 was obtained as lyophilized powder (300mg) and were milled and
extracted sequentially with water (3 x 30 mL), 80% ethanol (3 x 30 mL), and with
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acetone (2 x 40 mL), by sonicating in an ultrasonic bath during 30 min each time,
centrifuging (9000 rpm, 25 min) and eliminating the supernatant. Then, lignin/suberin
fraction was enzymatically isolated by hydrolyzing the carbohydrates fraction with
Cellulysin (Calbiochem), as previously described (Rico et al. 2014). Approximately 20
mg of enzymatic lignin/suberin (ELS) preparation was dissolved in 0.6 mL of DMSO-
d6. Heteronuclear single quantum coherence (HSQC) spectra were acquired on a Bruker
AVANCE I11 500 MHz spectrometer equipped with a 5 mm TCI cryoprobe, using the
experimental conditions previously described (Rico et al., 2015). HSQC cross-signals
were assigned and quantified as described in (Rencoret et al., 2018). In the aromatic
region, the correlation signals of G2 and S2,6 were used to estimate the content of the
respective G- and S-lignin units. The Ca/Ho signals of the B—O—4' ethers (Aa),
phenylcoumarans (Ba), and resinols (Ca) in the linkages region were used to estimate
their relative abundances, whereas the Cy/Hy signal was used in the case of cinnamyl

alcohol end-units (Iy).

The HSQC experiment was performed using an adiabatic pulse sequence (Bruker
standard pulse program ‘hsqcetgpsisp.2’), which enabled a semi-quantitative analysis of
the different 13C-1H correlation signals. 2D-HSQC spectra were acquired from 10 to 0
ppm in F2 (1H) using 1000 data points for an acquisition time (AQ) of 100 ms, an
interscan delay (D1) of 1 s, and from 200 to 10 ppm in F1 (13C) using 256 increments
of 32 scan, for a total acquisition time of 2 h 34 min. The 1JCH used was 145 Hz.
Processing used typical matched Gaussian apodization in 1H (LB=-0.1 and GB=0.001)
and a squared cosine bell in 13C (LB=0.3 and GB=0.1). The central residual DMSO
peak (6C/6H 39.5/2.49) was used as an internal reference. HSQC cross-signals were
assigned by literature comparison (Del Rio et al., 2018; Rencoret et al., 2018) and are
detailed in Table 1. A semi-quantitative analysis of the volume integrals of the HSQC
correlation peaks was performed using Bruker’s Topspin 3.5 processing software. In the
aromatic/unsaturated region, the correlation signals of G2 and S2,6 were used to
estimate the content of the respective G- and S-lignin units (as the signal S2,6 involves
two proton-carbon pairs, it volume integral was halved). The Co/Ha correlation signals
of the p—O—4' alkyl aryl ethers (Aa), phenylcoumarans (Ba), and resinols (Ca) in the
aliphatic-oxygenated region of the spectra were used to estimate their relative
abundances (as per 100 aromatic units), whereas the Cy/Hy correlation signal of the

cinnamyl alcohol end-units (Iy) was used to estimate its relative abundance (as per 100
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aromatic units); as signal Iy involves two proton-carbon pairs, its volume integrals was

also halved.

7.9 DNA constructs

The ProFHT::GUS construct was generated using the Gateway system (Invitrogen). A
fragment consisting of 1713 bp upstream of the initial ATG codon (Solyc03g097500)
was amplified from genomic DNA of H7996 tomato with the forward primer
(ProFHTF1) and the reverse primer (ProFHTR1) containing the attB flanking
sequences. This sequence was cloned into the Gateway entry vector pPDONR 207 by a
BP reaction and then transferred into the Gateway destination vector pGWB3 by LR
reaction. For generation 35S::FHT-HA construct the FHT (Solyc03g097500) coding
sequence was amplified from tomato H7996 cDNA using the forward primer
(part7FHTF1), having a flanking Smal restriction enzyme digestion site at 5° end and
reverse primer (part7/FHTHARZL), including the sequence of hemagglutinin (HA)
epitope tag and a BamHI restriction enzyme digestion site at the 5’ end. The amplified
product was cloned into the pJET1.2/blunt cloning vector using CloneJet PCR cloning
kit (Thermofisher) and then digested by Smal and BamHI. The digested products were
purified using NZY Gelpure (Nzytech) followed by ligation into the pART7 and later to
pART27 vector (Gleave, 1992).

7.10 Stable transformation of tomato

ProFHT::GUS and 35S::FHT-HA were transformed into H7996 and Marmande
respectively. For this, constructs were transformed into Agrobacterium tumefaciens
strain C58C1. A. tumefaciens was used for co-culture with tomato cotyledons. Explant
preparation, selection, and regeneration followed the methods described by (Mazier et
al., 2011). Transformants were selected on kanamycin-containing MS medium, and
propagated into subsequent generations. Expression of GUS was analyzed as described
below and accumulation of FHT-HA protein was assayed by immunoblot using Sigma-
Aldrich anti-HA-HRP antibody at a dilution of 1:5000.
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7.11 RNA extraction, cDNA synthesis and quantitative RT-PCR
analysis

Tomato H7996 and Marmande plants were water-treated or inoculated with R.
solanacearum by soil soak. Plants with a taproot inoculum of 10° CFU g ~' were
selected for RNA extraction. With a sharp razor blade, taproot sections of ~ 0.5 mm
thickness were obtained and the xylem vascular tissues (vascular bundles and
surrounding parenchyma cells) were collected and kept in liquid nitrogen. Each sample
comprised taproot xylem tissues of 6 plants. RNA was extracted using the Maxwell
RSC Plant RNA Kit (Promega) according to the manufacturer’s recommendations.
Extracted RNA was treated with RNase-free DNase provided in the kit. cDNA was
synthesized from 2 pg RNA using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, USA). For each reaction 2.5 pl of cDNA (1:20 dilution), 1 pl
forward and reverse primer mix (10 uM/pul), 5 ul SYBR Green PCR master mix (Roche)
was used and analyzed using the LightCycler 480 System (Roche). The amplification
program was performed as follows: 10 min at 95°C, followed by 45 cycles of 95°C for
10 sec, 60°C for 30 sec and 72°C for 30 sec. The Elongation Factor 1 alpha houskeeping
gene (eEF1 o, Solyc06g005060) was used as a reference. All reactions were run in
triplicate for each biological replicates. Melting curves and relative quantification of
target genes were determined using the software LightCycler V1.5 (Roche). The level of
expression relative to the reference gene was calculated using the formula 22", where

ACT = (CT RNA target - CT reference RNA).

7.12 Detection of FHT promoter activity

Plant tissues or root sections were immersed in an ice-chilled 90% (v/v) acetone bath
and incubated for 20 min on ice, after which they were rinsed with water. Tissues were
vacuum-infiltrated for 20 min with a solution containing 1 mM 5-bromo-4-chloro-3-
indolyl-beta-D-glucuronic acid (X-Gluc), 50 mM sodium phosphate buffer (pH 7), 1
mM potassium ferrocyanide, 1 mM potassium ferricyanide and 0.05% (v/v) Triton X-
100. Samples were then incubated at 37°C for a maximum of 48 h. Stained tissues were
washed 2-3 times with phosphate-buffered saline (PBS) and then cleared with 70%
(v/v) ethanol and stored in 70% (v/v) ethanol. Images were obtained using an Olympus

SZX16 stereomicroscope equipped with a DP71 camera system.
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7.13 Statistical analysis

Statistical analyses were performed using Statgraphics software. All statistical tests are

indicated in the respective figure legend.

7.14 Primers used in this study

Gene name Primer 1 Primer 2

FHT ProFHTF1 ProFHTR1
Solyc03g097500 ACAAGTTTGTACAAAAAAGCAGGCTAA | ACCACTTTGTACAAGAAAGCTGGGTTTTCTCA
Cloning ACAACAAAATAAGATTGCAC AAATTAATAAATCCTG

FHT part7TFHTF1 part’/FHTHAR1
Solyc03g097500 GGCCCGGGATGGAGAATGGTAAACACA | GGGGATCCTTAAGCGTAGTCTGGGACGTCGT
Cloning GTGTTGC ATGGGTAGATCTCCATAAGTTCCTC

FHT GGTGGCTCAGGTGACAAAGT CCTCTCGCAATTTCACCCCA
Solyc03g097500
RT-gPCR

THT1-3 CCCCTTTTGACGAACCTAAA TTTGGATCGGAATTCCTCAA
Solyc08g068730
RT-gPCR

EF CCACCTCGAGATCCTAATGG ACCCTCACGTATGCTTCCAG
Solyc06g005060
RT-gPCR

PAL1 TACGTGTTTGCCTATGCTGATG CGGCCTTTAATTCGTCCTC
Solyc09g007920
RT-qPCR

COMT GGTGGTGGAACAGGGGCTACT TAAACAATGCTCATCGCTCCAATC
Solyc03g080180
RT-qPCR

CCoAOMT1 GAGAGCCTGAAGCCATGAAAGAGC GAGCCATGGCAGTAGCAAGCAGAG
Solyc02g093270
RT-qPCR

CCoAOMT6 ATTTTCGAGAGGGCCCTGCTTTAC ATCCGATCACACCACCAACTTTCA
Solyc01g107910
RT-gPCR

HCT CCCTCCTCCGTGCTCGTGA CCCGGGTTAGTTTGAAGATTGACA
Solyc03g117600
RT-gPCR

C3H CTGCAATGCGTGGCCAAGGAAGC TCGCGAGCAACAGCCCAGACATT
Solyc01g096670
RT-gPCR

4CL CGA GCA TGG AAG GGA AAATTG TCA GAG TCT AGA GTG GAAGCA G
Solyc12g094520
RT-gPCR

C4H CTAGCTAACAACCCCGCCCA AACTCCTCCTGCCAACACCG
TC93956
RT-gPCR

THT 7-8 GGAAACTGATAAGGAGAAGGTGG GTTTGCACGGCGTATGGAG
Solyc08g068780
RT-gPCR

THT HOMOLOG AGTTTAGGTATGGCAAATTGCATGG AAGAAAACACACAGTAGCTAACAGC
Solyc08g068710
RT-gPCR

THT HOMOLOG TCAGTCGATGGAATAGTAGCAGTT TCCTCAATTTCCCCCTTGTTATG
Solyc08g068690
RT-gPCR

CYPS6AL GGTCTACTGGTGTATCCGCA CCTTTAGGATAGTTATCGAACCTGG
Solyc06g076800
RT-gPCR
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KCS1 GTCGTAGGGGTGTCACTAGC GTCATGAAAAACCTGAATTGCTCAG
Solyc10g009240
RT-qPCR

GPAT5 CCCTAGGCCAATGTATGAGGTAAC GTTGCTGCCAAAATCCTCTGG
Solyc04g011600
RT-qPCR

DAISY/KCS2 TCCGAGTTCATCCCAAGTCG AACAGTATGGCTGCACCTCC
Solyc05g009280
RT-gPCR

FAR3 TGGTGCTACTGGATTTCTTGC TGCCACAGCCTCATTGTTGA
Solyc06g074390
RT-gPCR

THT 7-1 GCTTGAACGCTTGGTTAGTGG AGTCCTCCTTAGAGGGCTTGC
Solyc08g068700
RT-gPCR

CY986B1 TCCGTTGATTTTCAAGCCAGC TCGTCTTCAACAACCTCTTTGTG
Solyc02g014730
RT-gPCR
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ABSTRACT

Ralstonia solanacearum is a bacterial vascular pathogen causing devastating bacterial wilt. In the field, resistance
against this pathogen is quantitative and is available for breeders only in tomato and eggplant. To understand the
basis of resistance to R. solanacearum in tomato, we investigated the spatio-temporal dynamics of bacterial col-
onization using non-invasive live monitoring techniques coupled to grafting of susceptible and resistant varieties.
We found four ‘bottlenecks’ that limit the bacterium in resistant tomato: root colonization, vertical movement from
roots to shoots, circular vascular bundle invasion, and radial apoplastic spread in the cortex. Radial invasion of cor-
tical extracellular spaces occurred mostly at late disease stages but was observed throughout plant infection. This
study shows that resistance is expressed in both root and shoot tissues, and highlights the importance of structural
constraints to bacterial spread as a resistance mechanism. It also shows that R. solanacearum is not only a vascular
pathogen but spreads out of the xylem, occupying the plant apoplast niche. Our work will help elucidate the com-
plex genetic determinants of resistance, setting the foundations to decipher the molecular mechanisms that limit
pathogen colonization, which may provide new precision tools to fight bacterial wilt in the field.

Keywords: Bacterial wilt, disease resistance, Ralstonia solanacearum, tomato, vascular pathogen, xylem.

Introduction

Bacterial wilt caused by the Ralstonia solanacearum species com-  through wounds, colonizes the xylem tissue, moves up into the
plex is a disease of major economic importance, impacting the  stem, and causes a rapid, permanent wilt through a combin-
production of solanaceous crops, legumes, banana, ginger, and  ation of high bacterial density and mass production of extra-
ornamentals (Hayward, 1994). R. solanacearum enters the roots  cellular polysaccharides (Hayward, 1991; Grimault and Prior,
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1993; McGarvey et al., 1999; Schell, 2000). R. solanacearum can
move across the root following either an apoplastic pathway
through the middle lamella or a pseudo-symplastic pathway via
the xylem vessel lumens and axillary pits (Schell, 2000).

The management of bacterial wilt is challenging due to the
aggressiveness of R. solanacearum and its broad geographical
distribution, wide host range, and persistence in soil and water
for long periods (Genin, 2010; Mansfield et al., 2012). Strong
quantitative resistance to bacterial wilt in tomato has been
available for many decades, but has been successtully deployed
only in small-fruited varieties (<200 g) and rootstocks for
grafting, due to a seemingly unbreakable linkage between small
fruit size and resistance (Scott et al., 2005; Rivard and Louws,
2008). The Hawaii breeding line series, particularly Hawaii
7996, is the most effective source of resistance against various
strains of R. solanacearum under different environmental condi-
tions, and are widely used rootstocks for management of bac-
terial wilt (Grimault ef al., 1994a; Prior et al., 1996; Wang et al.,
1998).The commercially successful hybrid Shield has been the
most commonly planted rootstock for bacterial wilt resistance
in North Carolina, USA, in recent years; in this location, this
hybrid is highly resistant in fields with moderate disease pres-
sure (Suchoff et al.,2015) but shows an intermediate resistance
under strong disease pressure (Kressin, 2018). Resistance in a
mapping population derived from Hawaii 7996 (resistant) X
West Virginia 700 (susceptible) has been reported to be mainly
quantitative, involving two major quantitative trait loci (QTLs)
located in chromosomes 12 and 6 (Bwr-12 and Bwr-6), ac-
counting for 18-56% and 11-22% of the phenotypic variation,
respectively (Wang et al., 2013), and three minor loci (Bwr-3,
Bwr-4, and Bwr-8). Some of these QTLs are strain- and/or
environment-specific (Thoquet et al., 19964, b; Mangin et al.,
1999; Wang et al., 2000; Carmeille et al., 2006; Wang et al.,
2013).

Initial studies of R. solanacearum colonization in several re-
sistant and susceptible tomato varieties reported that bacterial
wilt resistance was associated with the capability of the plant
to limit bacterial spread from the root collar to the midstem,
and not with limited root invasion (Grimault and Prior, 1993;
Nakaho, 19974). However, when similar experiments were per-
formed without wounding the roots, limited bacterial growth
in Hawaii 7996 was observed in all tissues analyzed (taproot,
hypocotyl, petiole and mid-stem; McGarvey et al., 1999).

Studies analyzing plant colonization in grafted tomatoes
showed that the bacterium was capable of crossing the graft
junction into the susceptible scion. Hawaii 7996 rootstocks
were the most efficient in limiting susceptible scion infection
to 38% and wilting to only 10% in conditions where suscep-
tible varieties were 100% infected and wilted (Nakaho et al.,
2004).

Microscopic studies of bacterial wilt in tomato described the
presence of inducible physico-chemical barriers (tyloses, gums,
and modifications to the primary cell wall) that seemed to
limit bacterial spread in the resistant variety Caraibo (Grimault
et al., 1994b). Light microscopic examination of upper hypo-
cotyls revealed that bacterial masses were present only in
the primary xylem tissues of resistant LS-89 plants (derived
from the line Hawaii 7998), whereas bacteria were found in

both the primary and secondary xylem tissues of the suscep-
tible line Ponderosa (Nakaho, 19974). Thus, disease severity in
R. solanacearum-infected tomato plants was proposed to cor-
relate with the extent of bacterial invasion into the secondary
xylem tissues (Nakaho, 19974, b). This limitation of pathogen
movement from the protoxylem or the primary xylem to other
xylem tissues was most conspicuous in Hawaii 7996 (Nakaho
et al., 2004). Other studies reported that the cell walls were
thicker in parenchyma and vessel cells of infected xylem tis-
sues in resistant LS-89 than in susceptible Ponderosa or mock-
inoculated plants (Nakaho et al., 2000). Accumulations of
electron-dense materials in vessels and parenchyma cells were
also more apparent in LS-89, while Ponderosa showed necrosis
in all parenchyma cells adjacent to vessels containing bacteria
(Nakaho et al., 2000). A recent microscopic study of the dis-
tribution of R. solanacearum in roots of Hawaii 7996 and the
susceptible cultivar West Virginia 700 found that colonization
of the root vascular cylinder was delayed and movement in-
side the vasculature was spatially restricted in Hawaii 7996
(Caldwell et al., 2017). Together, these studies underscore the
existence of a complex set of events that restrict bacterial col-
onization in space and time in resistant varieties of tomato.
However, a systematic investigation of R. solanacearum invasion
patterns at the whole-plant and tissue level is lacking.

Here, we applied luminescent and fluorescent bacteria
for the characterization of resistance to bacterial wilt in to-
mato root, hypocotyl, and stem organs at the tissue level. We
compared highly susceptible, moderately resistant, and highly
resistant grafted tomato plants using a standard soil-based seed-
ling grafting method and an in vitro grafting method. We pro-
pose an integrative model for bacterial wilt in resistant tomato
lines that highlights the importance of four different ‘bottle-
necks’ that limit bacterial colonization: (i) invasion of the root;
(1) vertical movement upwards to the stem; (i) circular pas-
sage from vessel to vessel; and (iv) escape from the xylem and
radial spread into the pith/cortex tissues.

Materials and methods

Plant and bacterial materials and growth conditions

The tomato (Solanum lycopersicum) lines used in this study were the highly
susceptible commercial variety Marmande (Leroy Merlin), the moder-
ately resistant commercial hybrid rootstock Shield (Rijk Zwaan), and the
highly resistant public open-pollinated breeding line Hawaii 7996.

For in vitro experiments, tomato seeds were surface sterilized in 35%
bleach and 0.02% Triton-X 100 for 10 minutes and then rinsed with
sterile distilled water five times before sowing them on semi-solid me-
dium [Murashige and Skoog (MS) with agar| in square culture plates
(Sudelab S.L.). Plates were placed standing upright in a walk-in tissue
culture growth chamber set at 22 °C under long-day light conditions.

For pot experiments, plants were grown on soil (Substrate 2, Klasmann-
Deilmann GmbH) mixed with perlite and vermiculite (30:1:1) in a
growth chamber: either a FITOCLIMA 1200 (Aralab) set at 27 °C, with
LED lighting, or a SCLAB S.L. set at 25 °C, with fluorescence lighting.
In both cases, conditions were set at 60% humidity and 12 h day/night
with light intensity of 120~150 pmol-m™-s™".

All assays were performed using R. solanacearum GMI1000 strain.
The constructs PpsbA::LuxCDABE and PpsbA::GFPuv generated
by Cruz et al. (2014) were naturally transformed into R. solanacearum
GMI1000 to generate the luminescent and fluorescent reporter strains,
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respectively. R. solanacearum was grown as previously described (Planas-
Marques et al., 2018).

Plant grafting

For in vitro grafting, seeds were sown on to sterile filter paper placed on
MS-containing plates. Eight days after germination (7 for Marmande to
obtain equivalent stem diameters), the cotyledons were removed and the
plants were cut at a perpendicular angle 1-2 c¢cm below the cotyledons
using sterile tools. For double-grafted plants, two cuts were made 2-3 cm
apart. Rootstocks and scions were transferred to fresh plates without filter
paper and matched with the corresponding reciprocal tissues without
any stabilizing device. Plates were kept standing upright in the growth
chamber. After 10 days, successfully healed plants were either pin-
inoculated with the luminescent strain of R. solanacearum and monitored
over time or transferred to soil-containing pots and grown as described
for the pathogenicity assays after acclimation for 48 h in transparent boxes
(Altuna 2594005, Stewart Garden) with the vented lids opened after 24 h.

For standard grafting, plants with stems 1.5-2 mm in diameter (9 days
after sowing) were grafted 2 cm below the cotyledons using a 70° angle
cut and 1.6 or 2 mm diameter grafting clips (Bato Plastics B.V.). Grafted
plants were kept in misted acclimation boxes in growth chambers and ac-
climated to light (24 h darkness, 24 h at 10% light, 24 h at 50% light) and
then to ambient humidity (by opening the vents 4 days after grafting and
partly opening the lid for 48 h before removing it).

Plant inoculation and pathogenicity assays

For in vitro assays, 10-day-old plantlets or plantlets 10 days after grafting
were pin-inoculated 1 cm below the root collar using a sterile 0.3X13 mm
needle (30GX%”, BD Microlance, Becton Dickinson) submerged in a 10°
colony-forming units (CFU)'ml™" (ODy,,=0.001) R. solanacearum sus-
pension. Plates were kept in a growth chamber (25 °C day, 22 °C night),
and wilting symptoms were recorded and bacterial invasion visualized as
described below.

For soil-drenching inoculations, plants were grown until they reached
the 7-9 true leaf stage (4—5 weeks after sowing, and 5—6 weeks for grafted
plants). Inoculations were performed by pouring 40 ml of a 10" CFU-ml
! (ODg,=0.01) bacterial suspension on every pot after making four
holes in the soil with a disposable 1 ml pipette tip. Infected plants were
kept in a growth chamber set at 27 °C and scored for wilting symptoms
using a scale from 0O to 4: 0=healthy plant with no wilt, 1=25%, 2=50%,
3=75%, and 4=100% of the canopy wilted. To assess shoot colonization,
4-5-week-old plants were pin-inoculated with 10 pl of a 10° CFU-ml™!
suspension (Ishihara et al., 2012) when indicated (see Supplementary Fig.
S9 at JXB online).

Assessment of bacterial invasion

Invasion of tomato tissues by R. solanacearum was assessed using the lu-
minescent and fluorescent strains. For in vitro assays, pin-inoculated plants
were photographed using a live imaging system (ChemiDoc Touch
Imaging System, Bio-Rad) as previously described by Cruz et al. (2014),
using a 5-minute exposure time with 3X3 sensitivity. Images were pro-
cessed using Image Lab software (Bio-Rad). Inoculated soil-grown
plants were uprooted and the roots were surface sterilized in water with
~5-10% bleach for at least 1 minute followed by a wash in water. Plants
inoculated with the luminescent strain were sliced from the apex to the
roots using a sterile razor blade. Transverse sections 1 mm thick and the
two halves of longitudinal slices 1-2 cm in length were placed flat on a
square plate with a misted lid and visualized using a live imaging system
as described above. For each location, a 0.5 cm section was excised and
incubated for at least 30 minutes in a sterile 2 ml tube with 200 pl of
sterile distilled water. Luminescence was measured with a luminometer
(FB 12, Berthold Detection Systems). The relative light units per second
(RLU-s™") were related to CFU-g " tissue after dilution plating of samples
and CFU counting 24 h later.

Plants inoculated with the fluorescent strain were dissected as de-
scribed above and photographed using binocular microscopy with a UV

fluorescent lamp (BP330-385 BA420 filter) and a SZX16 stereomicro-
scope equipped with a DP71 camera system (Olympus). Quantification
of mean fluorescence in the green, blue, and red channels was achieved
using Image]J software.

Statistical analysis

Statistical analyses were performed using Statgraphics software. All statis-
tical tests are indicated in the respective figure legends.

Results

The first ‘bottleneck’ in R. solanacearum colonization:
the root-to-shoot boundary

Limited shoot colonization by R. solanacearum in resistant
tomatoes has been proposed to be due to reduced spread
of the bacterium from the root to the stem (Grimault and
Prior, 1993; Nakaho, 1997a) and/or limited root invasion
in resistant varieties (McGarvey ef al., 1999; Caldwell ef al.,
2017). To clearly define the location within the plant at
which resistance was acting, we made use of a constitutively
luminescent R. solanacearum that we had previously gener-
ated (Cruz et al., 2014) to follow bacterial colonization in
resistant and susceptible tomato plants in a non-disruptive
manner. For this, we established a miniaturized in vitro
tomato—R. solanacearum infection system. Tomato seedlings
were grown on semi-solid medium and pin-inoculated in
the roots with the luminescent strain. This forced inoculation
ensured the infection of all plants to enable the study of bac-
terial spread in the plant tissues. Disease symptoms were re-
corded as the percentage of wilted plants (Fig. 1A) and plants
were photographed using a live imaging system over time.
This non-destructive assay mimicked the disease symptom-
atology observed in field or greenhouse conditions under
strong disease pressure, as indicated by the reduced wilting
of the resistant line Hawaii 7996 (H7996) compared with
the susceptible line Marmande (Fig. 1A). While all tomato
roots in both lines were colonized 3 days post-inoculation
(dpi), shoot colonization was clearly delayed and reduced in
H7996 compared with Marmande (Fig. 1B). A representa-
tive photograph of the assay at 4 dpi, when the susceptible
plants start to wilt, is presented in Fig. 1C.This image shows
that, besides the difference in shoot colonization in the two
varieties, a colonization ‘bottleneck’ exists in resistant plants
at the root collar. In addition, luminescence intensity was
lower in the roots of H7996 (Fig. 1C), indicating lower bac-
terial loads compared with Marmande.

Resistant rootstocks reduce plant invasion and limit
bacterial multiplication in the roots of grafted plants

To analyze the contribution of the roots to resistance in fur-
ther detail, we grafted rootstocks and scions of Marmande
and H7996. Grafts were made at the upper hypocotyl
and at the root collar, and bacterial colonization and dis-
ease progression were evaluated using the luminescent
R. solanacearum strain after pin-inoculation of the roots
(Fig. 2). Resistant H7996 rootstocks hampered bacterial
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Fig. 1. Evaluation of R. solanacearum colonization in in vitro-grown resistant and susceptible tomato plants. Tomato seedlings of the susceptible variety
Marmande and the resistant variety Hawaii 7996 (H7996) were pin-inoculated in the roots with a luminescent R. solanacearum strain, and bacterial
colonization and wilting symptoms were evaluated over time. (A) Percentage of plants showing wilting symptoms. (B) Percentage of plants colonized

in the roots and stems based on the luminescence signal emitted by the reporter strain. (C) Representative photographs showing infected seedlings at
4 days post-inoculation (dpi). The outline of the plants is due to background light from photosynthetic tissues, while luminescence is shown as darker
areas. Saturation was never reached. The experiment was repeated three times with similar colonization kinetics; n=20 plants per variety. (This figure is

available in colour at JXB online.)

colonization of Marmande scions, while Marmande roots
did not prevent colonization of H7996 scions (Fig. 2A).The
presence of a resistant root system was sufficient to cause a
reduction in shoot colonization, as stem luminescence was
comparable in grafted plants with or without a resistant
lower stem (Fig. 2B).

To strengthen these observations, we investigated root col-
onization by R. solanacearum in fully developed plants inocu-
lated by soil drenching with the luminescent R. solanacearum
strain. The tomato variety Shield, which is moderately re-
sistant to bacterial wilt, was introduced in these experiments
for comparison with the susceptible Marmande and highly re-
sistant H7996 varieties. We imaged whole roots of plants of
each variety obtained at 6 dpi (see Supplementary Fig. S1 at
JXB online), when plants were already showing wilting symp-
toms (Supplementary Fig. S2). Roots of Marmande displayed
strong luminescence intensity, while roots of Shield or H7996
displayed weak luminescence (Supplementary Fig. S1A). This
phenomenon was consistent regardless of the intensity of the
signal in the stem or the level of wilting, and correlated with
our previous results obtained using the miniaturized in vitro
system (Fig. 1).

To quantify the reduced root colonization with
R. solanacearum in resistant varieties, we measured bacterial
loads in the taproot at 3 dpi, when susceptible plants started
to show symptoms. Bacterial concentrations were calculated
from luminescence units (RLU) measured from taproots
with a luminometer, based on the extremely high correlation
(#=0.96, P<0.0001) between the luminescence emitted by the
tissue samples and the bacterial CFU (Supplementary Fig. S3).
This experiment revealed that the resistant rootstocks Shield
and H7996 had a significantly lower mean bacterial density
at the root compared with the susceptible variety Marmande,
which exhibited bacterial concentrations two orders of mag-

nitude higher (Supplementary Fig. S1B).

The second ‘bottleneck’: resistant shoots restrict
vertical movement of bacteria along the xylem

Next, we 1nvestigated R. solanacearum shoot coloniza-
tion in soil-inoculated fully developed Marmande, Shield,
and H7996 plants. Intact 4-5-week-old plants grown in
pots could not be imaged for luminescence because of size
limitations and reduced sensitivity resulting from the stem
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Fig. 2. Bacterial shoot colonization in Marmande and Hawaii 7996 (H7996) grafted plants. Seedlings of Marmande and H7996 were grafted at the
mid-stem (A) or the root collar (B) and then pin-inoculated in the roots with the luminescent R. solanacearum strain. A representative photograph of
reciprocally grafted plants is shown for each graft type at 10 dpi. The percentages of plants colonized in the roots and the tissues immediately below
and above the graft are shown on the right. Arrowheads indicate the grafting junction. Both experiments were repeated at least three times, with
similar colonization kinetics. In (A), n=7-8 plants per grafting combination; in (B), n=12-15 plants per grafting combination. (This figure is available in

colour at JXB online.)

thickness. Therefore, we obtained 1-2 c¢m stem sections up
to the third internode from plants 6 dpi, when wilting symp-
toms could be observed (Supplementary Fig. S2). In order
to track the movement of luminescent bacteria throughout
the stem, slices were taken from the top and bottom of each
section and the remaining stem was divided longitudinally
into two pieces. Representative photographs of all sections
from a plant of each variety are presented in Fig. 3. In all
cases, the luminescence matched the location of xylem bun-
dles, indicating that bacteria were mostly confined to the
xylem at this stage of infection. As expected, bacterial colon-
ization in the shoot was much more apparent in Marmande,
as indicated by the intense luminescence observed, compared
with the resistant varieties, in which luminescence was in
most cases detected only at a higher exposure setting (Fig. 3A
Supplementary Fig. S4). In addition, the number of lumi-
nescent bundles decreased occasionally with height in the
resistant varieties, whereas it remained constant in the sus-
ceptible Marmande plants. In summary, resistant tomato lines

display a lower number of colonized xylem fiber bundles and
some limited bacterial vertical movement along the vessels,
compared with susceptible plants (Fig. 3).

To avoid between-plant variation in colonization and dir-
ectly compare the behavior of susceptible and resistant tissues
when confronted with equivalent bacterial loads, we char-
acterized R. solanacearum distribution in reciprocally grafted
plants. We used adult plants inoculated by soil drenching and
monitored the vertical movement of the luminescent bac-
terial strain in the hypocotyl region (where grafting was
performed) at 6 dpi (Fig. 3B). Colonized vessels and lumi-
nescence were almost undetectable in self-grafted resistant
H7996 (Fig. 3B), similar to what was observed in non-
grafted plants (Fig. 3A). Self-grafting of the Marmande var-
iety demonstrated that grafting per se did not restrict vertical
movement (Fig. 3B). Colonization was hampered in H7996
scions grafted on to Marmande rootstocks, and was higher in
Marmande scions than in the H7996 rootstocks grafted on to
them (Fig. 3B).These results demonstrated that at comparable
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Fig. 3. Vertical movement of R. solanacearum in tomato shoots. Tomato plants (4-6 weeks old) of (A) the susceptible variety Marmande, the moderately
resistant variety Shield, and the highly resistant variety H7996, and (B) reciprocally grafted Marmande and H7996 plants grown in pots were soil
inoculated with luminescent R. solanacearum. Shoot sections were obtained at 6 dpi and photographed in a live imager. In (A), photographs show

each bisected fragment and its top and bottom slices. Sections were obtained at the base of the hypocotyl, the distal hypocotyl (immediately below

the cotyledons), and internodes 1, 2, and 3. In Image Lab software (Bio-Rad) the following ‘High’/‘Low’/‘Gamma’ values were used for low and high
exposure settings, respectively: 10000/60/1 and 1300/60/2. In (B), sections were obtained above and below the graft junction. Arrowheads and dotted
lines indicate the position of the graft junction. (This figure is available in colour at JXB online.)

bacterial concentrations, vertical colonization is inhibited
and overall bacterial density is strongly reduced along the
xylem of H7996 compared with Marmande. Similar results
were observed in Marmande—Shield grafting combinations
(Supplementary Fig. S5).

A decrease in vertical colonization could be explained by
a timing artefact: if luminescence photographs were taken
too soon for the bacteria to grow in the resistant scion, this
would give a false impression of hampered invasion. To rule

out this possibility, we exchanged a fragment of hypocotyl
between Marmande and H7996 plants in a double-grafting
approach (Supplementary Fig. S6). Grafted plants contained
a 2 cm fragment of the hypocotyl from one of the varieties
in-between the basal and distal hypocotyl regions of the other
variety (Supplementary Fig. SO6A, B). The double-grafted
plants were grown on soil to the 7-9 true leaf stage and were
infected with the luminescent R. solanacearum strain (Fig.
S6C-G). As expected, plants that contained the roots and
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basal hypocotyl from Marmande wilted to a similar extent
to plants with Marmande rootstocks (Supplementary Figs
S2,S6D, E). We observed and quantified bacterial movement
along the xylem in the two combinations of double-grafted
plants using luminescence (Fig. 4). Marmande rootstocks
were heavily colonized by R. solanacearum, and bacterial
density decreased as soon as the pathogen crossed the first
grafting junction and encountered H7996 tissue. When
R. solanacearnm moved upwards into susceptible tissue for
the second time, it again multiplied to high concentrations
(Fig. 4). The opposite result was observed in the reciprocal
grafting: colonization with R. solanacearum was hampered in
H7996 rootstocks, especially at 10 dpi (Supplementary Fig.
S6F, G), increased in Marmande hypocotyls, and decreased
when the bacteria crossed the second grafting junction and
encountered H7996 tissue again (Fig. 4). Altogether, these
results demonstrate the ability of H7996 to restrict vertical
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movement of R. solanacearum along the xylem in a root-
independent manner.

Plant wilting is determined by a bacterial density
threshold in the hypocoty!

To trace the vertical movement of bacteria in the plant in a
quantitative manner, we measured bacterial loads from the tap-
root to the third internode in at least 30 plants per grafting com-
bination, sampled at different times (3—10 dpi), which showed
a range of wilting symptoms. The results in Fig. 5 clearly show
that, regardless of the degree of susceptibility, asymptomatic to-
mato plants contained bacterial concentrations generally lower
than 10" CFU g' tissue and wilted plants always showed bac-
terial counts above this threshold in the taproot and basal hypo-
cotyl, although they may have had lower numbers of bacteria
in the shoot above the cotyledons. Additionally, the hypocotyl
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Fig. 4. Bacterial shoot colonization in Marmande and H7996 double-grafted plants. Seedlings of Marmande and H7996 were double-grafted in the
middle of the stem, transferred to pots, and grown for 3—4 weeks. They were then inoculated with the luminescent R. solanacearum strain by soil
drenching. (A) Shoot sections from the hypocotyl were obtained at 10 dpi (upper panel) or 23 dpi (lower panel) and photographed in a live imager.
‘Bottom’ and ‘Top’ refer to the basal and distal hypocotyl locations, respectively; ‘Middle’ refers to the region between the two graft junctions. Graft
junctions are indicated by arrowheads and dotted lines. (B) Bacterial loads in the shoots of the plants shown in (A) were calculated from the luminescence
and are expressed as log CFU g™ tissue. (This figure is available in colour at JXB online.)
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Fig. 5. Density of colonization of R. solanacearum assessed over the height of grafted tomato plants. Bacterial concentrations at different heights in the tissues of wilting
(light grey) and asymptomatic (dark grey) grafted plants are shown. Luminescence was measured with a luminometer in 0.5 cm sections from at least 30 inoculated
plants per grafting combination. Bacterial counts were calculated from the luminescence and are expressed as log CFU g™ tissue. Each dot represents one plant. Only
one self-grafted H7996 plant wilted, hence the lack of a boxplot. Values between 0 and 4 lie below the threshold for luminescence detection (see Supplementary Fig.
S3) and are considered as O here. From left to right, sections correspond to: taproot, basal hypocotyl, distal hypocotyl, and internodes 1, 2, and 3. The dashed line and
arrowhead indicate the location of the graft junction. Different letters above each boxplot indicate statistically significant differences (a=0.05, Fisher’s least significant
difference test). In each boxplot, the whiskers extend vertically from the hinges (the upper and lower bounds of the box) to the largest (upper whisker) or
smallest (lower whisker) value no further than 1.5 x the interquartile range (the distance between the first and third quartiles) from the hinge. Dots beyond the
ends of the whiskers are outliers. The horizontal band inside each box indicates the median. (This figure is available in colour at JXB online.)

seemed to act as an additional vertical threshold in susceptible
plants, since asymptomatic Marmande plants were often col-
onized below the hypocotyl but the plants always wilted when
the bacteria moved above the hypocotyl (Fig. 5). In contrast,
when H7996 scions were grafted on to Marmande rootstocks
—a situation in which the barrier in the roots of the resistant
variety is absent— the tissues of the resistant variety were able
to cope with high bacterial concentrations in the shoot and the
plants remained asymptomatic (Fig. 5). Similar results were ob-

served using the Shield variety (Supplementary Fig. S7).
The third and fourth ‘bottlenecks’: resistant shoots

restrict circular and radial movement of bacteria

In order to examine the patterns of colonization within the
stems at the tissue level, we inoculated 4-week-old Marmande,

H7996, and Shield plants grown in pots with a R. solanacearum
strain constitutively expressing GFPuv (Cruz et al. 2014) and
observed slices of the shoots with a fluorescence stereomicro-
scope. Fig. 6A shows representative images of transverse hypo-
cotyl sections of the three tomato varieties at 8 dpi. At this
stage, the stem xylem tissue was arranged into four primary
bundles and typically two to four smaller secondary bundles,
connected by the interfascicular cambium formed by xylem
parenchyma and some xylary fibers. The microscopic images
indicate that R. solanacearum can move horizontally from vessel
to vessel (circular movement) and from the vessels to the adja-
cent parenchyma tissues (radial movement). In the susceptible
variety Marmande, fluorescent bacteria occupied almost the
entire vascular ring and even extended radially to the apoplast
of the pith and cortical tissues (Fig. 6A). In contrast, in the re-
sistant variety H7996 bacteria were confined to a few single
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Fig. 6. Distribution of a fluorescent R. solanacearum strain in susceptible and resistant tomato shoots. (A) Plants (4-5 weeks old) of the susceptible
variety Marmande, the moderately resistant variety Shield, and the highly resistant variety H7996 grown in pots were inoculated with a fluorescent

R. solanacearum strain by soil drenching. Basal hypocotyl stem sections were obtained and photographed with a fluorescence stereomicroscope under
white light (upper panels) and UV light (middle and lower panels). The lower panels show a magnification of the areas indicated with rectangles in the
middle panels. The sections were visualized through a UV light filter, highlighting the autofluorescence of lignin in blue and the fluorescence emitted by
the bacteria in green. Green dots correspond to clumps of bacteria. Arrowheads indicate xylem vessels with limited colonization. (B) Plants consisting
of H7996 scions grafted on to Marmande rootstocks were grown and inoculated with the fluorescent strain, and transverse sections taken at different
heights below and above the graft junction were photographed with a fluorescence stereomicroscope. (C) Fluorescence photomicrographs of highly
colonized and fully wilted Marmande and H7996 shoots from four plants at the basal hypocotyl and the first internode.

xylem vessels (Fig. 6A). The moderately resistant variety Shield
showed an intermediate phenotype, with colonization more
restricted to the vascular ring and limited radial spread to
neighboring tissues (Fig. 6A).

The extremely limited vertical colonization of the xylem
in H7996 hampered precise characterization of the circular
and radial bacterial movements in the shoots. To overcome
this limitation, we grafted H7996 scions on to Marmande

rootstocks, to enable high bacterial numbers to reach the re-
sistant stem tissues (Figs 3B, 4, 5), and inoculated the grafted
plants with the fluorescent R. solanacearum strain by soil
drenching. Examination of shoot sections obtained at different
shoot heights at 8 dpi revealed extensive vertical, circular, and
radial colonization of the Marmande tissues below the graft
(Fig. 6B, Supplementary Fig. S8).The section at the graft junc-
tion showed that the H7996 tissues immediately blocked the
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spread of the bacterium both circularly through the xylem ring
and radially to the pith and cortical tissues (Fig. 6B). These re-
strictions became more apparent in higher sections consisting
exclusively of resistant tissue (Fig. 6B, Supplementary Fig. S8).

To better compare the behavior of R. solanacearum in re-
sistant and susceptible tissues, we repeated this experiment
using a larger number of plants, and observed shoot sections
of resistant scions that showed the most pronounced wilting
with the fluorescence stereomicroscope. Fig. 6C shows
these H7996 shoot sections confronted with a high bac-
terial inoculum introduced from the susceptible rootstock,
compared with Marmande shoot sections. Notably, radial
movement of bacteria from the highly colonized xylem
bundles was strongly restricted in the H7996 shoots, even
when the xylem tissue was highly colonized (Fig. 6C right
panel). This restriction was also observed when the fluores-
cent R. solanacearum strain was directly pin-inoculated into
the shoots (Supplementary Fig. S9).

Finally, we performed a time-course invasion assay in which
we quantified the amounts of bacteria that were moving out-
side the vascular ring over time (Fig. 7). We observed that
R. solanacearum escaped from the vascular ring as early as
5 dpi and heavily colonized the pith and cortical tissues of
Marmande by 9 dpi (Fig. 7). Moreover, the amount of bac-
teria outside the vascular tissues was directly correlated with
the extent of vascular ring colonization (Fig. 7B). This con-
trasted with the ability of H7996 shoots to impede the escape
of the pathogen from the vascular ring (Figs 6 and 7). These
results indicate that the capacity of R. solanacearum to radially
invade the pith and cortex tissues is dependent on the degree
of susceptibility of the plant and that invasion occurs as a con-
sequence of increased colonization.

Discussion

In this work we propose a model that relates the spatio-temporal
dynamics of R. solanacearum invasion and proliferation in to-
mato plants to disease development and shows how quanti-
tative resistance affects these parameters (Fig. 8). Systematic
analysis of the progression of bacterial colonization inside the
plant reveals four clear limitations of growth in resistant to-
mato tissues that hamper disease progression: colonization of
the root, invasion of the stem vascular bundle, vertical inva-
sion up the vessels, and invasion of the pith/cortex. The ba-
sically binary outcome of death-by-permanent-wilting caused
by R. solanacearum in tomato seems to require the bacterium
to surmount each of these physio-anatomical plant barriers,
which are quantitatively determined by host resistance. We will
discuss each of these four important "bottlenecks’ that can de-
termine either host resistance or successful colonization of the
plant by the bacterium.

Restriction of root colonization

We analyzed the interaction of R. solanacearum with tomato
using two main variables: susceptible versus resistant varieties
and soil drenching versus pin-inoculation. Soil-drenching in-
oculations clearly reproduced the progression of disease and

the resistance observed in controlled-environment studies with
comparable conditions and plant ages for the different var-
ieties investigated (Supplementary Fig. S2; Wang et al., 1998;
McGarvey, Denny and Schell, 1999; Nakaho et al. 2004; Rivard
and Louws, 2008). Root pin-inoculation of plantlets grown in
vitro showed similar results (Fig. 1A), but bacterial concentra-
tions reached higher numbers in the tissues of pin-inoculated
resistant varieties compared with soil-drenched plants of the
same resistant varieties, while the susceptible variety was
highly colonized by both methods of inoculation (Figs. 1 and
2, Supplementary Fig. S1). The differences in the inoculation
methods imply that resistant varieties have the ability to re-
strict invasion of the root—a step that is overcome when pin-
inoculation of the roots is used-. Our findings are in agreement
with the limited bacterial growth in the taproot of H7996
observed when roots were not wounded before inoculation
(McGarvey et al., 1999). Additionally, in vitro-grafted pin-
inoculated plants displayed slightly delayed colonization com-
pared with non-grafted plants (3 dpi in Fig. 1A versus 5 dpi in
Fig. 2). This difference might be linked to the developmental
stage. Since older plants (in this case the grafted ones) are more
developed, their cell walls might be reinforced, thus partly
hindering R. solanacearum invasion. Finally, the pin-inoculated
resistant plants that are highly colonized likely mimic the situ-
ation encountered in nature when environmental conditions
are highly favorable to the pathogen. Indeed, it has been shown
that even the most highly resistant varieties that are available
cannot completely prevent root and stem colonization by
R. solanacearum in greenhouse conditions (Nakaho, 19974, b;

Nakaho et al., 2004).

Restriction of vertical movement up the stem

The fact that R. solanacearum can colonize the stems of many
resistant tomato plants when soil-drenching is used as the
method of inoculation indicates that additional mechanisms
of resistance must be in place in the aerial tissues to prevent
wilting. Previous studies have demonstrated that bacterial
counts in the stems of resistant tomato plants were always lower
than those in susceptible varieties and that this was due to a
limitation of pathogen movement from the primary xylem to
other xylem tissues (Nakaho ef al.,2004). In this work, we have
analyzed the vertical dimension of bacterial spread and dem-
onstrated that resistant tissues limit movement up the xylem
vessels (Fig. 3). Double-grafting experiments, in which a small
portion of resistant stem was introduced into an otherwise sus-
ceptible adult plant or vice versa, ruled out any effect of grafting
per se on bacterial movement inside the xylem and suggested
that resistance to bacterial wilt could be due to non-diffusible
xylem structures/compounds originating from the stem, as has
been described for other bacterial vascular diseases (Chatterjee
et al., 2008).

The nature of the plant components or structures hindering
root-to-shoot vertical bacterial movement is still unknown, al-
though reports have described the presence of tyloses (evagin-
ations of the adjacent parenchyma cells into the xylem lumen)
and gums that seemed to limit bacterial spread in the xylem of
bacterial wilt-resistant Caraibo tomato plants (Grimault et al.,
1994b). Obstruction of xylem vessels with gums and tyloses
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Fig. 7. Time course of invasion of the fluorescent R. solanacearum strain in grafted tomato shoots. (A) Fluorescence photomicrographs of self-grafted
Marmande and plants consisting of H7996 scions grafted on to Marmande rootstocks inoculated with the fluorescent R. solanacearum strain. Sections
were taken at the basal hypocotyl and the first internode. The sections were visualized through a UV light filter, highlighting the autofluorescence of lignin
in blue and the fluorescence emitted by the bacteria in green. (B) Quantification of fluorescence signal (AU, arbitrary units) within and outside the vascular
ring in the basal hypocotyl and the first internode of plants from each stage of the infection shown in (A). Three biological replicates (n=3) were used. Data
presented are means + SE. Different letters above the bars indicate statistically significant differences (a=0.05, Fisher’s least significant difference test).

is a common plant response to restrict systemic infection by vascular gelation is considered an essential part of Fusarium wilt
vascular pathogens (VanderMolen et al., 1987; Grimault ef al., resistance in carnation (Baayen and Elgersma, 1985). Tyloses
1994; Clérivet et al., 2000; Sun et al., 2013). For instance, have been similarly proposed to restrict pathogen movement
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Fig. 8. Model of the tomato—-R. solanacearum pathosystem in susceptible and resistant germplasm. Schematic representation of the colonization
movements of R. solanacearum (shown in green) in susceptible and resistant tomato tissues.

in tomato cultivars resistant to the vascular pathogens Fusarium
oxysporum, Verticillium abo-atrum, and R. solanacearum (Hutson
and Smith, 1980; VanderMolen et al., 1987; Grimault et al.,
1994b). Although Grimault ef al. (1994b) correlated the pres-
ence of tyloses in Caraibo to the limitation of R. solanacearum
spread, in another resistant cultivar (LS-89) the formation of
these structures was neither induced by the pathogen nor
seemed to affect bacterial colonization (Nakaho, 19974).
Similarly, tyloses formed in grapevines in response to Xylella
fastidiosa infection were found to be more abundant in sus-
ceptible cultivars and did not affect the vertical movement of
the pathogen (Sun et al., 2013). These observations suggest that
the role of tyloses in vascular pathogen restriction may be cul-
tivar- or species-specific and/or depend on the lignification
status of the plant host. The results presented here and our
recent finding that R. solanacearum-tolerant potato lines also
induced the development of tyloses upon infection (Ferreira
et al.,2017) seem to indicate that these structures are important
components of bacterial wilt resistance in solanaceous plants.

Restriction of vascular bundle invasion and the
bacterial density threshold

Restriction of R. solanacearum colonization in the stems of
H7996 is also achieved by limiting the horizontal movement
of the pathogen from vessel to vessel (referred to hereafter as
circular movement). Confinement of R. solanacearum to pri-
mary xylem vessels has been observed in the stems and roots
of different resistant tomato cultivars compared with suscep-
tible ones (Nakaho, 1997a4; Nakaho et al., 2004; Caldwell et al.,
2017). A similar correlation between R. solanacearum move-
ment between stem vessels, bacterial growth, and the level of

susceptibility has been observed in potato (Cruz et al., 2014,
Ferreira et al., 2017). Similarly, X. fastidiosa has been shown to
invade 10 times fewer stem vessels and exhibit lower population
densities in resistant grapevine cultivars (Chatterjee ef al., 2008).
These results indicate that limitation of circular movement in
the xylem ring is a conserved mechanism for resistance against
vascular bacterial pathogens. Restriction of R. solanacearum
to the primary xylem vessels could explain why resistant to-
mato plants often remain asymptomatic. If a blockage occurs
in the primary xylem, which is largely non-functional after
the secondary xylem has been produced (Esau, 1977), flow
conduction could occur undisturbed through the uninfected
secondary xylem.

In susceptible plants, R. solanacearum can move horizontally
through the xylem ring by directly degrading the cell walls
of primary xylem vessels or pit membranes in the secondary
xylem vessels (Wallis and Truter, 1978; Grimault et al., 1994b;
Vasse et al., 1995; Nakaho et al., 2000). To counter such cir-
cular movement, plants have evolved structural defenses that
are induced upon attack by vascular pathogens, involving the
deposition of various coating materials to reinforce the walls
of xylem vessels, pit membranes, and surrounding parenchyma
cells. Vascular coatings are thicker in resistant tomato cultivars
infected with R. solanacearum, and this may be the cause of
the observed limitation of bacterial movement between xylem
tissues (Nakaho et al., 2000, 2004). The detailed description
of the process we present here will be crucial to decipher the
genetic determinants and the composition of these vascular
coatings, which remain unknown.

Restriction of circular movement in the stem is a very ef-
ficient confinement strategy, since it is still acting when
high loads of bacteria are forced into the stem through root
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inoculations using H7996 scions grafted on to Marmande
rootstocks (Fig. 6). However, there seems to be an upper
limit of bacterial inoculum above which this restriction is no
longer effective (see plant 4 in the lower panel of Fig. 6C).
This finding is in agreement with previous reports showing
that delivery of a high R. solanacearum inoculum (10° CFU
ml ™) directly into tomato stems overcomes resistance (Nakaho,
1997b). This idea relates to the concept of a density threshold
in the interaction between tomato and R. solanacearum. Earlier
observations established the onset of bacterial wilt symptoms
at a bacterial density in the stem of between 10° and 10° CFU
g‘1 fresh tissue (Grimault and Prior, 1994; Nakaho, 19974;
Huang and Allen, 2000; Nakaho ef al., 2004). We have char-
acterized this threshold systematically by assessing bacterial
densities throughout the plant in large populations of grafted
tomato plants with varying resistance. We conclude that, in
both resistant and susceptible varieties, symptoms invariably
appear when bacterial populations in the hypocotyl exceed
a threshold of 107 CFU g' tissue (Fig. 5, Supplementary Fig.
S7). Plating dilutions of homogenized tissues to establish bac-
terial counts is labor intensive, but we show that light emission
from tissues inoculated with a luminescent strain is a useful
alternative measure of bacterial counts (correlation coefficient
1"=0.96). Since bacterial density and distribution are predictive
of the degree of disease resistance, we have started to use lu-
minescent strains to screen potato germplasm for resistance to
bacterial wilt as a way of aiding the breeding process (Cruz
et al.,2014; Ferreira et al., 2017).

Restriction of radial movement out of the xylem into
the pith and cortex

Our work has also revealed a fourth limitation restricting bac-
terial spread in the tissues of resistant tomato varieties: restric-
tion of radial movement of R. solanacearum out of the xylem
into the adjacent parenchyma cells in the pith and cortex
(Figs 6 and 7). These metabolically active cells are in close con-
tact with the xylem vessels through the pits and are thought
to be pivotal for the induction of plant defenses against patho-
gens within the xylem, although very little is known about the
mechanisms regulating this response.

Earlier studies detected widespread R. solanacearum colon-
ization of stem parenchyma cells in susceptible tomato var-
ieties at late stages of infection, when plants showed extensive
wilting (Nakaho, 19974; Nakaho et al., 2000). These cells ap-
peared to be filled with bacteria and displayed necrosis and
signs of degeneration. In contrast, in resistant tomato varieties,
necrotic parenchyma cells containing bacteria were observed
only occasionally (Nakaho er al., 2000). Our data confirm
these observations and additionally show that parenchyma cell
invasion starts at early times in susceptible plants (5 dpi in our
experimental setup) and spreads massively through the pith at
later time points (89 dpi, Fig. 7A). In contrast, colonization
remains limited to xylem vessels in resistant tomato (Fig. 6).

As was the case for the circular bacterial movements de-
scribed above, radial restriction of movement out of the xylem
in resistant varieties could be partially overridden by grafting
to susceptible rootstocks that enabled high bacterial densities

to access resistant tissues, as can be seen in some of the images
in Fig. 6C. This observation is in agreement with a previous
report showing that when high bacterial inocula (10° CFU
ml™") were used, R. solanacearum could also be detected in the
parenchyma cells of resistant tomato (Nakaho, 1997b). Thus,
restriction of radial bacterial movement is no longer eftective
when the bacterial density exceeds a certain threshold.

Structural changes in cell walls and pit membranes in re-
sponse to R. solanacearum infection are more conspicuous in
resistant tomato (Nakaho er al., 2000). Thus, bacteria may be
prevented from escaping the xylem in resistant tomato by
a combination of inducible structural defense mechanisms
that may appear later and/or with less intensity in susceptible
lines, rendering them ineffective to restrict colonization.
Interestingly, slightly decreased invasion was also observed
in the susceptible hypocotyls of the Marmande-H7996
grafting combination (Fig. 7). This finding could be ex-
plained by a cross-talk between the scion and rootstock. This
interaction could trigger the expression of putative defense-
related genes or genes that reinforce plant cell wall structures
in the susceptible rootstock. Alternatively, defense-related or
structure-remodeling proteins might be secreted by the re-
sistant scion and reinforce nearby tissues (in this case the sus-
ceptible hypocotyl). These two explanations seem plausible
given the existing vascular connectivity between the grafted
tissues. Indeed, transcriptional reprogramming occurs even
in rootstocks and scions of the tomato/potato heterografting
system  (Zhang et al., 2019). Additionally, peroxidases
and other cell wall remodeling enzymes, such as glycosyl
hydrolases, are secreted into the xylem by the resistant line
H7996 upon R. solanacearum infection (M. Planas-Marques,
E Kaschani, M. Kaiser, R. A. L. van der Hoorn, M. Valls,
N. Sanchez-Coll, unpublished results). Hence, increased lig-
nification and cell wall reinforcement could also take place
in neighboring susceptible tissues in grafted plants.

An integrated model for tomato resistance to
bacterial wilt

As we have discussed, in the past three decades, various labora-
tories have aimed to understand how resistant tomato varieties
restrict R. solanacearum colonization and remain asymptomatic
despite having relatively high bacterial loads. The fact that the
defenses are not limited to a particular plant site, as the bac-
terium has to traverse different tissues to reach the xylem, has
complicated this work. A question that arises is whether the
xylem is the final destination of R. solanacearum.

Here, we have defined the barriers encountered by
R. solanacearum as it progresses from the soil into the xylem
and have found that, after systematic spread through the xylem,
the final destination of the bacterium may be extensive inva-
sion of the stem apoplast. It has already been suggested that
vascular bacteria use plant cell wall degradation products as
carbon and energy sources (Chatterjee ef al., 2008; Genin and
Denny, 2012). It is tempting to speculate that R. solanacearum
has evolved not only to colonize the xylem but also to escape
from it to obtain richer sources of nutrition from metabolic-
ally active parenchyma cells, facilitating the death and decay of
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infected plants and thus allowing the pathogen to spread in the
soil and move into the next host.

In conclusion, here we clearly define four ‘bottlenecks’ to
bacterial colonization in tomato and demonstrate that the de-
gree of resistance of a given variety correlates with its capacity
to restrict bacterial movement at these locations. The ability
to restrict bacterial movement at all four anatomical points
makes H7996 the most resistant tomato line, consistent with
the polygenic nature of its resistance (Wang et al.,2013), which
has made introgression breeding extremely difficult (Scott
et al.,2005; Hanson et al.,2016).We believe that this integrative
study will serve as a first step towards the characterization of
the genetic and molecular determinants that govern resistance
at each stage of R. solanacearum invasion.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Measurement of bacterial root colonization in
tomato plants.

Fig. S2. Symptom development over time in grafted
tomato plants.

Fig. S3. Correlation between luminescence and bacterial
counts.

Fig. S4. R. solanacearum vertical movement in tomato shoots
as seen by different intensities of exposure.

Fig. S5. R. solanacearum vertical movement in the shoots of
Marmande and Shield grafted plants.

Fig. S6. Disease evolution over time in double-grafted
plants.

Fig. S7. R. solanacearum bacterial density assessed over the
height of grafted tomato plants.

Fig. S8. Circular and radial invasion of R. solanacearum in sus-
ceptible and resistant tomato shoots.

Fig. S9. Invasion of R. solanacearum in susceptible and
resistant pin-inoculated tomato shoots.
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Abstract

Background
Cell walls (CWs) are protein-rich polysaccharide matrices essential for plant growth and

environmental adaptation. The CW constitutes the first physical barrier as well as a primary
source of sugars for plant microbes, such as the vascular pathogen Fusarium oxysporum (Fo).
Fo colonizes roots, advancing through the plant primary CWs towards the vasculature, where
it grows causing devastation in many crops. The pathogenicity of Fo and other vascular
microbes relies on their capacity to reach and colonize the xylem. However, little is known
about the root-microbe interaction before the pathogen reaches the vasculature and the role of

the plant CW during this process.

Results
Using the pathosystem Arabidopsis-F05176, we show dynamic transcriptional changes in

both fungus and root during their interaction. One of the earliest plant responses to F05176
was the downregulation of primary CW synthesis genes. We observed enhanced resistance to
F05176 in Arabidopsis mutants impaired in primary CW cellulose synthesis. Previous studies
showed an induction of ectopic lignification, accumulation of defence-related
phytohormones, and dwarfism in primary CW cellulose synthesis deficient plants, potentially
explaining their resistance to Fo5176. We confirmed that Arabidopsis roots deposit lignin in
response to F05176 infection but we show that lignin-deficient mutants were as susceptible as
wildtype plants to Fo5176. Genetic impairment of jasmonic acid biosynthesis and signaling
did not alter Arabidopsis response to F05176, whereas impairment of ethylene signaling did
increase vasculature colonization by F05176. This ethylene signaling interruption attenuated
the observed resistance while maintaining the dwarfism observed in primary CW cellulose-

deficient mutants.

Conclusions
Our study provides significant insights on the dynamic root-vascular pathogen interaction at

the transcriptome level and the vital role of primary CW cellulose during defence response to
these pathogens. These findings represent an essential resource for the generation of plant
resistance to Fo that can be transferred to other vascular pathosystems.

Keywords

Arabidopsis, Fusarium oxysporum, Ralstonia solanacearum, plant-pathogen interaction,
dual-time course transcriptomics, cellulose, ethylene, defence response
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Introduction
All living organisms must adapt to their environment to survive and reproduce in their

habitats. This is particularly challenging for sessile organisms like plants, which rely on
remarkable plasticity to adjust to different and simultaneous external cues. In addition, plant
cells are immobile, so each of them is fully equipped with sophisticated molecular artillery to
perceive and respond to incoming stresses [1]. The plant cell wall (CW), a rigid yet dynamic
polysaccharide-protein matrix, is an essential player in plant responses to external stimuli.
The CW acts as the first physical barrier to outside invaders or stresses and as a source of
signals to trigger downstream responses upon perception of incoming danger [2]. Moreover,
plant adaptation to the environment relies on accurate developmental changes that depend on
the precise remodeling of the CWs [1, 3]. Therefore, plant CW alteration directly influences
growth and stress response pathways. This is especially relevant during plant response to
microbes who mainly live in the apoplast, like the root vascular pathogen Fusarium
oxysporum (Fo).

Fo is a soil-borne root-infecting hemibiotrophic fungal pathogen, responsible for the
devastation of many economically-important crop species such as banana, tomato, cotton, and
cabbage [4]. Fo attaches to the outer epidermal root cell layer to find wounds or weak points
to penetrate these outer cell layers [4, 5]. Hyphae then advance towards the xylem, where
fungal proliferation blocks water and nutrient uptake, causing wilting and eventually plant
death. Because of these dramatic symptoms, most studies characterize Fo infections within
aerial plant tissues, while the essential root-colonization stage remains poorly understood due
to the difficulty of studying this plant organ. Moreover, this infection phase before Fo
reaches the xylem is described as asymptomatic based on the absence of aerial infection
symptoms, despite the fact that roots begin to exhibit evidence of response to stress at this
stage [4]. Various phytohormones, including salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET), among others, have been implicated in plant response to various Fo strains [6—
8]. Fo is genetically diverse, with different strains grouped based on narrow host ranges [4,
9]. Despite our knowledge of Fo host specificity, details of the infection strategies and plant
defence mechanisms are still unclear for many Fo-plant pathosystems. Fo5176 infects the
model plant Arabidopsis thaliana, constituting an ideal pathosystem to study root
colonization of vascular pathogens [10, 11]. Some studies have used this pathosystem to
provide relevant information regarding root-mediated and plant tissue-specific defence
responses to Fo. Novel plant players were identified to confer resistance to F05176, including
reactive oxygen species (ROS) production [12], as well as enhanced auxin and abscisic acid
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signaling [13]. The conclusions from these studies reflect plant responses during the
biotrophic colonization phase (1 and 2 days after treatment (dpt) with the spores in [12, 13]),
or when Fo is potentially transitioning from a biotrophic to a necrotrophic lifestyle (6 dpt in
[13]). Therefore, a deeper understanding of the Fo infection progression inside the root at a
higher temporal and spatial resolution is necessary. In this path towards the root vasculature,
Fo passes through plant CWs. Therefore, as other microbes, Fo modifies and degrades the
plant CW polysaccharides during host colonization [14]. As of yet, many aspects of this
essential plant CW degradation and modification processes remain largely unknown.

Plant root cells, with the exception of the xylem and the differentiated endodermis cells, have
only primary CWs. Cellulose is one of the most abundant polymers in primary CWs, and
provides the majority of the load-bearing strength of the plant CW [15, 16]. Cellulose is
synthesized as glucan chains at the plasma membrane by cellulose-synthase (CESA)
complexes, which extrude these chains into the apoplast guided by cortical microtubules [17,
18]. Mutations in the primary CW CESA subunits, like prcl-1 impaired in CESASG, lead to
significant reduction in cellulose content that results in abnormal cell elongation and
dwarfism [19, 20]. Similar phenotypes are observed in plants compromised in the activity of
the apoplastic chitinase-like 1 (CTL1), the glycophosphatidyl-inositol (GP1)-linked COBRA
(COB), and the PM-bound endo-1,4,-b-glucanase KORRIGAN (KOR), also required for
primary CW-cellulose synthesis [19, 21-23]. The biological response to genetic or
chemically-induced primary CW-cellulose deficiency includes ectopic lignification,
upregulation of stress-related genes, and accumulation of the phytohormones JA, ET and SA
[24]. These transcriptional and cellular changes have been associated with increased
resistance to pathogens of primary CW cellulose-deficient mutants, as lignin deposition
restricts pathogen infection [25] and JA, ET and SA are well-known players in plant defence
[7, 26, 27]. However, evidence connecting primary CW cellulose mutants with biotic stress
response has only been described for the cesa3/cevl mutant, impaired in the primary CW
CESA subunit CESA3 [28, 29]. The constitutive activation of JA/ET signaling pathways in
the cesa3/cevl mutant, typically associated with primary CW cellulose-deficiency, was
demonstrated to contribute to its enhanced resistance to three leaf-biotrophic pathogens [30].
Deeper connections linking primary CW perturbations, fluxes in hormonal regulation, and
pathogen defence remain to be fully clarified. Moreover, an abundance of studies
characterized defence mechanisms activated in response to leaf-infecting pathogens, while
the role of hormones during root-infecting pathogen invasion is largely under-studied [31].
Besides, the complex interaction between Fo and its host indicates a communication at the
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root primary CWs precisely fine-tuned at a high temporal and spatial resolution, which
remains largely unknown.

To investigate the Fo-host interaction prior to xylem colonization, we performed a time
course dual transcriptome study on Fo5176-infected Arabidopsis roots at the different
colonization stages that we classified by confocal microscopy. Our data uncovered a fast and
relevant role of primary CW cellulose modulation in plant response to Fo. We hypothesized
that primary CW cellulose-deficiencies would directly impact Fo5176 infection either by
facilitating fungal colonization due to the weakened CWSs, or by restricting fungal
proliferation due to increased physical (lignin) and/or chemical (hormones) defences. By
further elucidating ways through which primary CW-cellulose mutants mitigate vascular
pathogen invasion, we shed light on the inextricably-linked connections between primary
CWs, phytohormone-signaling, and defence response activation.

Results

Arabidopsis root and Fo5176 transcriptomics reveal temporal adaptations
during their interaction

To study the Fo5176 infection progression at the microscopic level we imaged the roots of
hydroponically- and plate-grown Arabidopsis plants exposed to the fluorescently labelled
strain F05176 pGPD::GFP [32] over a period of 6 days (Figure 1A). Microconidia
germination and attachment to the root were observed at 1 dpt. Fungal hyphae entered the
roots at 2 dpt, mainly at emerging lateral roots, colonizing the apoplastic space of the
epidermis layer. At 3 dpt the hyphae were visible in the cortex both inter- and intracellularly.
At 4 dpt the first fungal vascular penetrations were observed in some plants and all roots had
at least one vascular penetration event at 6 dpt.

We then explored the temporal transcriptional changes in both F05176 and Arabidopsis roots
at the identified colonization stages (Figure 1A). For each time point, mock-treated roots
were included and four biological replicates were generated. All samples were collected at
the middle of the day to reduce the influence of the circadian clock in the results. As an
additional reference, we included F05176-treated roots for 30 minutes, when no microconidia
germination was observed (Odpt), and Fo5176 was grown exponentially in vitro. By Illumina
sequencing of 3’'mRNA libraries, we obtained more than 234 billion reads from all samples,
which were mapped to the Arabidopsis TAIR10 gene models [33] and the F05176 genome
[10] (Supplementary Table 2). These data have been deposited in the NCBI Gene Expression
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Omnibus [34]. For the early time points of 0 dpt and 1 dpt, reads mapping to the fungal
genome were heavily underrepresented (0.07% and 0.35%, respectively, of total reads;
Supplementary Table 2). The fungal reads steadily increased from 2 dpt on, reaching 50% at
3 dpt (Figure 1B). The number of fungal mapped reads correlated with the increased fungal
biomass quantified during root colonization (Figures 1B and C). Only those genes
represented with more than 3 counts per million (CPM) across all samples and conditions
(almost 58% of the Arabidopsis genes and 46% of F05176; Supplementary Table 2) were
considered to be actively expressed and included in further analysis.

To determine overall changes in the host and the pathogen transcriptomes over time, a multi-
dimensional scaling (MDS) analysis was performed. Following this approach, 5 samples
from the plant mapped reads that do not cluster with the rest of the samples from the same
time point were identified: 0 dpt mock, 1 dpt Fo, 3 dpt Fo, 4 dpt Fo and 6 dpt Fo
(Supplementary Figure 1). After the removal of these 5 samples, we continued with the
analysis of at least 3 independent biological replicates for each investigated time point under
control and infection condition (Figure 1D). Fo5176 mapped reads from 0 and 1 dpt were
excluded from the analysis due to the insufficient amount of reads obtained for those time
points. In both organisms, the infected samples formed clusters distinct from control-treated
samples starting at 2 dpt, and the largest difference between infected clusters was observed
between 2 dpt and 3 dpt (Figure 1D and 1E). These results suggest different behavior of plant
and pathogen transcript profiles when the fungus reaches the root cortex (2 to 3 dpt; Figure
1A). Moreover, F05176 transcriptomes at 4 and 6 dpt were very similar, coinciding with the
fungal entrance in the vasculature. This indicates that the fungal gene expression pattern
changes along with continued growth towards the vasculature and accumulation of fungal
biomass in the root. We continued the transcriptomic study by comparing gene expression at
all time points; i.e. 0 - 6 dpt for Arabidopsis and 2 - 6 dpt for Fo5176 (Figures 1F and 1G).
These analyses revealed a total of 7053 plant genes and 2902 fungal genes being
differentially expressed (DEGS) at least at one time point (adj. p-value < 0.05, log,FC >|[1];
Figures 1F and 1G, Tables 1 and 2, respectively). The majority of these DEGs were
downregulated in the host and upregulated in Fo5176 (Figure 1F and 1G). To validate the
expression data, for each organism we randomly picked six genes expressed at different
expression levels and performed RT-qPCR using de novo generated RNA samples

(Supplementary Figure 2).
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Figure 1. F0o5176 infection of Arabidopsis roots leads to temporal dynamic changes in the plant and the
fungal transcriptomes. (A) Microscopic analysis of root infection by Fo5176 over 4 days after microconidia
treatment (dpt) . Left panels: Representative confocal images of F05176 (green) colonizing the different cell
layers of Arabidopsis roots (magenta). Scale bars: 20pum. Right panels: Schematic view of cross sections of
Fo05176 (red) infected roots illustrating the confocal images in the left panels. Each image represents a minimum
of 9 hydroponically-infected and 4 plate-infected roots/dpt. (B) Percentage of transcripts based on the RNA-seq
analysis mapped to the fungal reference genome at all investigated time points using a splice aware sequence
aligner (STAR). Values represent the mean * standard error of four biological replicates. (C) Fo5176 biomass
determination over time based on RNA and determined by RT-qPCR using a fungus-specific primer (F05176 -
Tub) relative to an Arabidopsis reference gene (At GAPDH). Values represent the mean + standard error of

four biological replicates. (D) and (E) Multidimensional scaling analysis (MDS) of transcriptional profiles of
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Arabidopsis (D) and Fo5176 (E). (F) and (G) Number of differentially expressed genes (DEGSs) up- (green) or
downregulated (blue) at each root colonization stage (0-6dpt) in Arabidopsis (F) and Fo5176 (G).

DEGs were further analyzed for their expression pattern over time by fuzzy c-means
clustering [35]. This soft clustering approach was selected to enable the sorting of genes to
centroids depending on the similarity of their expression profile over time and their
membership to the cluster. Based on the membership threshold, a gene can be present in more
than one cluster. The fungal DEGs grouped in 5 expression clusters showing different
temporal gene expression patterns (Table 1 and Supplementary Figure 3A): increase (Cluster
1 and 2), increase-decrease (Cluster 3 and 4), or decrease (Cluster 5). 5 fungal DEGs were
excluded from clustering, as they do not show any expression in planta (g14801, g5058,
08821, 98822, g8995). We observe that the gene expression profiles of different clusters peak
at different days, suggesting that the genes contained in these clusters serve a function during
that specific stage of the infection. We aimed to further identify the transcriptomic profile of
fungal metabolism involved in plant cell wall modification. Due to limited Gene Ontology
(GO)-annotations available for F05176, we focused our analyses on the plant CW-related
genes within these clusters. We further separated glycosyl hydrolases that might act directly
on cell wall moieties from other cell wall related functions (Table 1). The majority of the
genes encoding for cell wall related genes clustered together in Cluster 3 (Supplementary
Figure 3B), whose expression progressively increases until 4dpt, when the fungus reaches the
vasculature.

Fuzzy clustering of the gene expression profiles for the Arabidopsis DEGs identified 8
expression clusters showing different temporal gene expression patterns (Figure 2A):
decrease (Cluster 1 and 2), increase (Cluster 3 and 4), decrease-increase (Cluster 5 and 6), or
increase-decrease (Cluster 7 and 8). To obtain a picture of the biological processes associated
with root response to F05176, each cluster was subjected to a GO term enrichment analysis
(Table 2) [36]. This analysis revealed that downregulated genes are enriched in biological
processes related to cell wall synthesis and remodeling: plant-type cell wall biogenesis
(GO:0009832), plant-type cell wall organization (GO:0009664), plant-type secondary cell
wall biogenesis (GO:0009834), and cell wall polysaccharide metabolic process
(G0O:0010383). Among others, we detected downregulation of seven out of the ten cellulose
synthase genes (CESAs): CESAL, CESA2, CESA3, CESA4, CESA5, CESA7 and CESAS8
[37]; other cellulose synthesis genes: CTL1 and CTL2 [21], and more than 20
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arabinogalactan proteins (AGPs) [38]. Cluster 1 was particularly enriched in these GO
categories (Figure 2B and Table 2). Conversely, upregulated genes from 3 dpt showed overall
enrichment in biological processes associated with defence (Table 2): plant-type
hypersensitive response (G0O:0009626), camalexin metabolic process (GO:0052317), innate
immune response (GO:0045087), defence response to fungus (G0:0050832), JA, ET and SA
responses (GO:0009753, GO:0009723, GO0:0009751), and JA-mediated signaling
(G0O:2000022, GO:0009867). Among them, we found chitinase family proteins associated
with the CAZY-family GH19 (Table 2), potentially needed for defence against fungal
pathogens; several plant defensins [39]; genes reported to be involved in plant immune
responses: WRKY33 [40], PR4 [41], PEPR1 [42]; peroxidases (PRX33, PRX34; [43] and
hormone-related genes like JAZs and ERFs transcription factors [44-46]. Many of these
genes clustered together in Cluster 3 (Figure 2B, Table 2). Taken together, these results
suggest that infected Arabidopsis roots undergo major transcriptional reprogramming leading

to overall repression of growth followed by activation of stress and defence responses.
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Figure 2. Temporal dynamics of Arabidopsis DEGs during infection reveal a significant alteration of cell

wall biology and hormonal process in response to Fo5176. (A) Clusters of Arabidopsis coexpressed DEGs

during infection using fuzzy c-means clustering. (B) Biological Processes Enriched in Selected Clusters from

(A) using GO enrichment analysis. Enriched GO-terms are depicted as circles, lines connecting the circles show

relation between GO-terms. In each group of GO-terms, the most significant category is labelled with the GO-

term description. The genes downregulated over time during Fo5176 root colonization (coexpressed in Cluster 3

in (A)) are enriched in plant cell wall biological processes (left panel, green). The Cluster 7 (right panel)

represents general defence responses (dark blue) and responses to hormonal signalling (light blue).
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Down-regulation of primary cell wall cellulose synthesis results in
enhanced Fo5176 resistance

We observed significant downregulation of genes encoding for proteins involved in primary
cell wall cellulose synthesis from 3 dpt on: CESAs, CTL1, COBRA, and KORRIGAN (Table
2). Plant roots are predominantly surrounded by cellulose-rich primary CWs. Therefore, we
sought to determine the potential outcome of primary CW-cellulose synthesis reduction
during plant response to F05176. With this aim, we characterized the infection phenotypes of
the corresponding previously described primary CW cellulose-deficient mutants ctl1-2,
cobra-6, procustel-1, cesa3-3, and korl-4 [27]. All cellulose-deficient mutants tested
displayed a significant reduction in vascular penetrations compared to their respective
wildtype (WT) backgrounds — standard Col-0 for ctl1-2, cobra-6, prcl-1 or Col-0 JAZ10,-
GUS-PIus*™* (JGP) for cesa3-3, korl-4 (Figure 3A and B; Supplementary Tables 3A and B)
[27, 47, 48]. No significant differences among the cellulose-deficient mutants themselves
were observed (Figure 3A and B; Supplementary Tables 3A and B). To corroborate whether
reduced vascular penetration events corresponded to reduced root colonization, we harvested
surface-sterilized roots of Fo5176-infected plants and quantified fungal colonies originating
from these roots. We observed a significantly reduced number of colonies growing from ctl1-
2, cobra-6, and prcl-1 plants compared to WT (Figure 3C). Similarly, we observed reduced
colonies originating from cesa3-3 plants compared to WT (Figure 3D).
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Figure 3. Primary cell wall cellulose-deficient mutants exhibit enhanced resistance to Fo5176. (A) and (B)
Root vascular penetration of WT (Col-0 in (A) and Col-0 JGP in (B)) and primary cellulose deficient mutants at
various days post-treatment (dpt) with Fo5176 pSIX1::GFP microconidia. Values represent the mean + standard
error of at least 3 independent experiments, each one containing at least 12 seedlings. Statistical significance
calculated via repeated measures two-way ANOVA with Tukey post-hoc test (p-value < 0.05 (genotype), p-
value < 0.05 (time), p-value < 0.05 (genotype x time)). Significant differences at the last time point shown (7
dpt) are indicated on the graph using letters; statistics of remaining time points summarized in Supplementary
Tables 3A and B. (C) and (D) Quantification of F05176 pSIX1::GFP colonies after surface sterilization of
infected roots at 7dpt. Box plots: centerlines show the medians; box limits indicate the 25™ and 75" percentiles;
whiskers extend to the minimum and maximum. N > 3 independent experiments, each one containing at least 6

roots. Statistical significance was calculated via one-way ANOVA with a Tukey post-hoc test (p-value < 0.05).

To investigate underlying biological contexts that may contribute to the observed resistance
in primary CW cellulose-deficient mutants, we conducted a transcriptomic analysis of 14
days-old WT and ctl1-2 roots. Differential gene expression analysis resulted in only 50 DEGs
between the genotypes (adj. p-value < 0.05, log,FC >|1|; Table 3). Among them, we observed
the up-regulation of biological processes related with plant defence which were also activated
in roots during Fo5176 infection: various peroxidases and ET- and JA-related genes (Tables 1

and 3). Our transcriptomic data supports previously reported results of cellulose-deficient
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mutants exhibiting up-regulation of defence response-related genes [49]. Taken together,
these data suggest that plants impaired in primary CW cellulose synthesis could be “primed”

for defence response activation, which we aimed to confirm.

Lignin deposition is a consequence of Fo5176 infection but is not essential
for plant defence
Plants exposed to microbes have been reported to increase lignin deposition in their CWs to

reinforce this structural barrier [25]. Our time course transcriptome revealed a significant up-
regulation of several early-stage lignin biosynthesis genes from 3 dpt on: phenylalanine
ammonia-lyase 1 and 2 (PAL1, 2), and cinnamate-4-hydroxylase (C4H) (Table 2). In
addition, PRXs implicated in lignin cross-linking at the CW were also upregulated in our
transcriptome data set (Table 2). Accordingly, we could detect an increase in lignin
deposition in Fo5176-infected WT roots starting at 4 dpt (Figure 4A, upper panel). Therefore,
the ectopic lignification associated with primary CW cellulose-deficiency in regions
surrounding the plant vasculature could explain the resistance of these mutants to F05176
[24, 25, 50]. Indeed, ctl1-2 roots exhibit increased deposition of lignin in response to F05176
already at 1 dpt (Figure 4A).To further understand the role of lignification during infection,
we evaluated the response of lignin-deficient mutants to F05176. The mutants used — 4cl1-1
and 4cl1-2, c4h3-1, and ccoAomtl-5 — are impaired in various early stages in the lignin
biosynthesis process and are all lignin-deficient (Figure 4B [51]). All the lignin-deficient
mutants tested exhibited vascular penetration events similar to WT, except for c4h3-1, which
exhibited significantly reduced vascular penetration events at 6 and 7 dpt (Figure 4C;
Supplementary Table 3C). Our results indicate that Arabidopsis roots deposit lignin in their
CWs in response to F05176 colonization, but lack of lignin synthesis does not impair plant
defence against the fungus. Therefore, we conclude that ectopic lignin accumulation does not

seem to account for the resistance observed in ctl1-2 and other cellulose-deficient mutants.
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Figure 4. Ectopic lignification in cellulose-deficient mutants does not contribute to Fo5176 resistance. (A)
Representative images of lignin staining of WT (Col-0) and ctl1-2 mock and Fo5176-infected roots at 1, 4, and
5 days post-treatment (dpt) with Fo5176 pSIX1::GFP microconidia. A minimum of 10 plants per genotype from
at least 3 independent experiments were observed per dpt with similar results. (B) Schematic representation of
the lignin biosynthesis pathway with focus on the bifurcation between phenylpropanoids and salicylic acid
synthesis pathways. Mutants of biosynthesis enzymes in coloured text are used in this study (see (C)). Figure
adapted from [96]. (C) Root vascular penetration of WT (Col-0) and lignin-deficient mutants at various days
post-treatment (dpt) with Fo5176 pSIX1::GFP microconidia. Values represent the mean + standard error of at
least 3 independent experiments, each one containing at least 13 seedlings. Statistical significance calculated via
repeated measures two-way ANOVA with Tukey post-hoc test (p-value < 0.05 (genotype), p-value < 0.05
(time), p-value < 0.05 (genotype x time)). Significant differences at the last time point shown (7 dpt) are

indicated on the graph using letters; statistics of remaining time points summarized in SupplementaryTable 3C.

ET, but not JA signaling, induced by cellulose-deficiency contributes to
Fo05176 resistance
Together with the described ectopic deposition of lignin, primary CW cellulose-deficient

mutants have been reported to over-accumulate JA and ET compared to their WT
counterparts [24, 50, 52]. Phytohormone-mediated signaling is absolutely imperative to

proper defence response activation, and pre-existing enhanced accumulation of JA or ET
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could provide an explanation for enhanced disease resistance in primary CW cellulose-
deficient mutants [7, 24, 26, 53]. Our time-course transcriptomic data indicated an up-
regulation of JA biosynthesis-related genes, including ALLENE OXIDE CYCLASE (AOC) 1
and 2, over the course of infection (Table 1). These same genes were constitutively
upregulated in ctl1-2 compared to WT (Table 3). Therefore, we tested whether JA-deficiency
would negatively impact the resistance observed in cellulose-deficient mutants. We observed
that the JA-biosynthesis mutant aos [54] demonstrated similar vascular penetrations
compared to its wildtype (WT), WT (Figure 5A; Supplementary Table 3D). We generated a
ctl1-2 aos double mutant and observed that the aos mutation does not alter the resistance
phenotype observed in ctl1-2 (Figure 5A; Supplementary Table 3D). We then asked whether
impairing JA-mediated signaling, but not biosynthesis, could explain the resistance observed
in cellulose-deficient mutants. To this end, we made use of coil-34, a null mutant of COI1
[55]. We observed that coil-34 mutants exhibit less vascular penetrations than WT, while
those of the ctl1-2 coil-34 double mutant were not significantly different from ctl1-2 at any
time-point (Figure 5B; Supplementary Table 3E). Therefore, our data indicate that neither
increased JA biosynthesis nor signaling explain the resistance phenotype associated with

cellulose-deficiency.
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Figure 5. JA-mediated response does not contribute to the Arabidopsis resistance to Fo5176. (A) and (B)
Root vascular penetration of JA biosynthesis (A) and signaling (B) mutants in WT (Col-0) and ctl1-2 genetic
backgrounds at various days post-treatment (dpt) with F05176 pSIX1::GFP microconidia. Values represent the
mean * standard error of at least 3 independent experiments, each one containing at least 10 seedlings.
Statistical significance calculated via repeated measures two-way ANOVA with Tukey post-hoc test (p-value <

0.05 (genotype), p-value < 0.05 (time), p-value < 0.05 (genotype x time)). Significant differences at the last time
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point shown (7 dpt) are indicated on the graph using letters; statistics of remaining time points summarized in
Supplementary Tables 3D and E.

We then asked whether upregulated ET signaling contributed to the observed Fo05176
resistance in ctl1-2. Transcriptomics analyses revealed that several ET response related genes
were upregulated during Fo5176 infection, and one of them, ERF94/ORA59, was also
constitutively upregulated in ctl1-2 (Tables 1 and 3). Based on these observed trends, we
sought to understand the impact of impairing ET signaling in a cellulose-deficient
background. To this end, we made use of the ET-signalling mutant ein2-5 [56-58] and
generated a ctl1-2 ein2-5 double mutant. ein2-5 displayed a significant increase in Fo5176
vascular penetrations compared to its WT and restored the ctl1-2 resistance to WT levels, as
the ctl1-2 ein2-5 double mutant was as susceptible as WT to Fo5176 (Figure 6A,
Supplementary Table 3F). Importantly, the ctl1l-2 ein2-5 does not suppress root growth
stunting of ctl1-2 plants (Figure 6B and C), demonstrating that shorter root length of primary
CW cellulose-deficient mutants is not a contributing factor to their resistance to Fo5176. In
addition, our results indicate that ET-mediated signaling plays a major role in Arabidopsis
defence against F05176 root colonization and is a preeminent reason for the resistance to this

fungus observed in ctl1-2.
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Figure 6. Up-regulation of ET signaling contributes to the resistance of cellulose-deficient mutants during
Fo5176 infection. (A) Root vascular penetration of the ET signaling mutant ein2-5 in WT (Col-0) and ctl1-2
genetic backgrounds at various days post-treatment (dpt) with Fo5176 pSIX1::GFP microconidia. Values
represent the mean + standard error of at least 3 independent experiments, each one containing at least 16
seedlings. Statistical significance calculated via repeated measures two-way ANOVA with Tukey post-hoc test

(p-value < 0.05 (genotype), p-value < 0.05 (time), p-value < 0.05 (genotype x time)). Significant differences at
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the last time point shown (7 dpt) are indicated on the graph using letters; statistics of remaining time points
summarized in Supplementary Table 3F. (B) Representative images of 8-day-old light-grown seedlings impaired
in ET signaling in WT (Col-0) or ctl1-2 background. (C) Quantification of root length of plants grown as
depicted in (E). Bars represent the mean * standard deviation of N > 40 plants averaged over three independent
experiments. Statistical significance calculated via one-way ANOVA with Tukey post-hoc test (p-value < 0.05).

Significant differences indicated using letters.

Cellulose-deficiency contributes to enhanced resistance to the vascular
bacterial pathogen Ralstonia solanacearum

Down-regulation of cell wall-related processes has also been observed in early infection
stages of Arabidopsis colonization by the bacterial root vascular pathogen, Ralstonia
solanacearum [59]. Consistent with observations during F05176 pathogenesis, the primary
CW cellulose-deficient mutants ctl1-2, cobra-6, and prcl-1 exhibited significantly increased
resistance to R. solanacearum, as these mutants showed lower disease scores compared to
WT (Figure 6A; Supplementary Table 4A). We sought to understand whether ET signaling
also contributes to the resistance conferred by cellulose-deficiency during R. solanacearum
infection. We observed that the ein2-5 mutant is significantly more susceptible to R.
solanacearum than ctl1-2, but is slightly more resistant than the WT (Figure 6B,
Supplementary Table 4B). Furthermore, no significant difference was observed in the
infection phenotypes of ctl1-2 compared to ctll-2 ein2-5 double mutants (Figure 6B,
Supplementary Table 4B). Our data indicate that the cellulose alterations in primary CWs
contribute to broad disease resistance to root vascular pathogens, due to the role of ET

signaling, specifically in resistance to F05176.
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Figure 6. Cellulose-deficient mutants exhibit enhanced resistance to the bacterial pathogen Ralstonia
solanacearum. (A) and (B) Disease scoring of cellulose-deficient mutants (A) and the ET signaling mutant
ein2-5 in WT (Col-0) and ctl1-2 genetic backgrounds (B) at various days post-treatment (dpt) with the vascular
bacteria R. solanacearum. Qualitative data represented as line plots represents the average of at least 3
independent experiments, each one including > 24 plants per genotype. Based on plant symptoms on each day,
an average disease score was calculated per time point represented in line graphs. The disease scoring index
measured symptoms on a scale of 1 to 4 (0 = no wilting, 1 = 25% wilted leaves, 2 = 50%, 3 = 75%, and 4 =
death) as described in the methods. Statistical significance based on absolute number of plants assigned to either
the least (< 1) or most (>3 < 4) diseased category calculated via Fisher’s exact contingency test indicated in

Supplementary Tables 4A and B.

Discussion

In this study, we provide detailed information about the intricate processes which govern root
immune responses to Fo5176 using a multi-faceted approach. The intercellular infection
strategy used by Fo to advance towards the root vasculature makes it an ideal candidate for
understanding host-pathogen interactions in the apoplast with a focus on cellulose-rich plant
primary CWSs. Our dual transcriptomics approach, based on the characterization of F05176
root infection strategy via confocal microscopy, allowed us to provide spatial and temporal
resolution of plant root and fungal genes involved in the F05176-Arabidopsis interaction. We
observed significant and rapid down-regulation of CW-related genes during the early stages
of fungal proliferation in the apoplast, particularly of those related with primary CW-
cellulose biosynthesis. Due to the importance of this polysaccharide in plant root biology we
focused on characterizing defence response in the corresponding cellulose-deficient mutants.

Our experimental data allowed us to conclude that down-regulation of the primary CW-

157



ANNEX

cellulose synthesis machinery vastly reduces the capacity of Fo5176 to reach the root

vasculature due to the up-regulation of ET-signaling in primary CW mutants.

Dual transcriptomics reveals an important role for cell wall-related genes
during Fo defence
The use of dual transcriptomics allows for the simultaneous study of microbe and host

adaptation to the interaction at the gene expression level. Our time course analysis spans the
Fo05176 infection process from microconidia adhesion and germination at the root surface to
xylem colonization (Figure 1).

Our dataset showed that F05176 regulates its transcriptomic profile while it invades the root.
Over time, an increasing amount of genes show upregulated expression compared to the
fungal microconidia germinated in vitro. We identified more than 400 DEGs continuously
up- or downregulated in planta compared to in vitro at every investigated time point (Table 1;
Clusters 1, 2, and 5 in Supp Fig 3). These genes seem to be responsible for the fungal
adaptation to the host and are not necessarily connected to changes in the fungal lifestyle in
the different root layers. Most of the CW modifying genes co-expressed following a non-
homogenous expression pattern through the root layers: they were upregulated until the first
xylem colonization events (4dpt) and then their expression decayed (Table 1; Cluster 3 in
Supp Fig 3). This significant activation of the fungal CW modification machinery in the cell
root layers that precedes the vasculature concur with the need of the microbe to pass through
the plant primary CWs. The fungal hyphae have to switch from a nutrient-rich growth in PDB
to a nutrient-poor situation in plants. Using the CW maodifying artillery, Fo could improve the
availability of nutrient resources from plant CWs as well as restructure its own CW to enable

root colonization.

The fungus remains undetected by the plant while it stays at the root surface (1dpt), reflected
in no significant transcriptional reprogramming compared with mock treated plants. A clear
host response to F05176 was exhibited at the early time point of 2pt, when the epidermal
apoplast was invaded. The downregulation of primary CW-cellulose synthesis was one of the
first responses of the plant to the pathogen, while we could not detect a strong activation of
defence mechanisms at this time point ([60]; Figure 2B; Table 2). From 3dpt on, the
expression of defence-related genes significantly increased, like the JA- and ET-responsive
defensin PDF1.2 [61] and the NADPH oxidase RBOHD required for ROS production during
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innate immunity [60] (Figure 2B; Table 2). This corresponds to the time point when the
fungal hyphae reach the cortex layer (Fig. 1A) [31]. Our data suggest that the root is not
significantly affected until the microbe reaches the cortex, in agreement with a recent work
showing that the root epidermal cell layer responds to microbes only when a certain threshold
of damage has been exceeded [62]. Time-course transcriptome analysis revealed that the
mechanism by which roots respond to Fo5176 infection is an evolutionary process that
transitioned from growth inhibition to active defence. Our data expand and precise the
published studies about Arabidopsis root transcriptional reprogramming upon Fo05176
infection [12, 13] (Table 4).

Fo5176-resistance in cell wall cellulose-deficient mutants requires ET
signaling

We observed down-regulation of primary CW CESA genes at the early Fo5176 infection
stages corresponding to hyphal penetration into the epidermal layers (Figure 1A). This
response could be induced by the fungus to weaken host cell walls or could be a response
from the plant to temporarily pause developmental growth to favor resource allocation
towards defence response. Our work demonstrates that, despite their weakened cell walls,
plants with reduced primary CW-cellulose are more resistant to root vascular pathogens. We
initially observed that the primary CW-cellulose deficient mutants ctl1-2, cobra-6, and prcl-
1, cesa3-3 and korl-4 were all more resistant to Fo5176 in terms of reduced vascular
penetration and fungal colony counting than their respective WTs (Figure 3). To better
understand the broad-spectrum effects of primary CW-cellulose-deficiency on defence
response, disease phenotypes upon infection with the vascular bacterial pathogen R.
solanacearum were also evaluated. This pathogen is the causative agent of bacterial wilt, and
its infection strategy has been well-established to involve modification and degradation of the
plant cell wall [49, 63]. Consistent with our observations of F05176 infection, a clear trend
towards resistance was observed in ctl1-2, cobra-6, and prcl-1 compared to WT (Figure 7A).
Our results suggest that mutation of primary cell wall genes, including CESAs, also confers

enhanced resistance to root vascular pathogens of different Kingdoms.

A connection between primary CW-cellulose-deficiency and biotic resistance has been
hypothesized based, among others, on the ectopic deposition of lignin shown by the
corresponding plant mutants [24]. Lignin has been shown to contribute to plant resistance to

foliar bacteria [25], however deposition of lignin in roots during fungal infection has not been
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demonstrated. Our data confirmed the reinforcement of the WT root CWs with lignin in
response to Fo5176 infection (Figure 4A) as a consequence of the upregulation of lignin
biosynthesis and deposition-related genes from 3 dpt on (Table 2). However, we observed
that lignin-deficient mutants do not exhibit enhanced susceptibility to F05176 compared to
WT (Figure 4C). Therefore, our data indicate that root lignification is a programmed response
to FO5176, but is not essential as a physical barrier to block fungal advance. In addition, ctl1-
2 mutants increased the amount of lignin in the roots in response to F05176 much earlier than
the WT (1dpt vs 5dpt; Figure 4A). These observations indicate that WT plants need to
activate resources in order to achieve this lignification only upon successful perception of the
fungus, while the lignin deposition machinery of ctl1-2 plants is readily activated upon
Fo5176 detection. We observed increased expression of genes encoding for peroxidases,
PRX37 and PRX52, in ctl1-2 compared to WT, while the expression of lignin biosynthesis
genes was not altered by ctl1-2 mutation (Tables 3). Both PRX37 and PRX52, also
upregulated in WT roots over the course of F05176 infection, are involved in lignin
deposition [64, 65]. Thus, indicating that ectopic lignification in ctl1-2 and its rapid over-
lignification response to F05176 is likely influenced by the activity of PRXs and other late-

stage lignin biosynthesis proteins.

Our data corroborated previous reports that connect modifications in primary cell wall
cellulose with differential regulation of JA/ET-related genes in ctl1-2 (Table 3) [24, 29, 66].
Moreover, evidence exists to support a connection between hormone regulation and defence
response signaling pertaining to vascular pathogens, such as Fo5176, corroborated in this
study by the up-regulation of hormone-related genes during infection (Table 2) [67-69]. It
was previously demonstrated that F. oxysporum specifically hijacks non-defence response-
related aspects of JA signaling mediated by COI1 to induce Arabidopsis infection [70]. This
host manipulation led to an enhanced wilting resistance observed in the JA-signaling mutant
coil-34, but not in the synthesis mutant aos [8, 70]. Accordingly, Arabidopsis coil-34
exhibited reduced susceptibility to the soil-borne bacterial pathogen R. solanacearum [63,
70]. Importantly, the Arabidopsis coil-mediated resistance to Fo was only associated with
late stages of the infection (approximately 21 dpt) but not with reduced fungal penetration
and xylem colonization, as similar amounts of Fo were detected in the mutant and the wild-
type [70]. Our data confirmed this result and further expanded it, as we showed that neither
JA biosynthesis nor signaling influence the ability of Fo5176 to reach the xylem in primary

cell wall cellulose-deficient mutants (Figure 5).
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Based on the observations that ectopic lignification nor defects in JA signaling could fully
explain the enhanced resistance observed in primary CW-cellulose-deficient mutants, we then
investigated the role of ET signaling. It was previously suggested that ethylene response
factor 1 (ERF1), a downstream component of the ET and JA pathways, acted as a positive
defence response signal in the context of Fo infection using a spray infection method [46,
67]. Our data confirm previous studies showing that ET-dependent genes are activated as the
primary response during pathogen response activation prior to JA-mediated signaling [71,
72]. We observed upregulation of genes encoding ET responsive transcription factors (ERF1,
62, 73, 94 and 113) during Fo5176 infection from 2 dpt on, while JA-responsive genes were
significantly upregulated only at 3 dpt on, including various JAZs (Table 2). Additionally,
ET-responsive transcription factor ERF94 was constitutively expressed in ctl1-2 plants
compared to WT (Table 3). We observed that a blockage of ET signaling impaired plant
defence against F05176 and is sufficient to disrupt ctl1-2-associated resistance phenotypes
(Figure 6). An additional explanation for the general resistance of cellulose-deficient mutants
to Fo5176 could simply be due to their shorter root length. As previously reported, all the
primary CW cellulose-deficient mutants tested in this study display the classic primary CW
cellulose-deficient mutant dwarfed root phenotype [19, 23, 73, 74]. It could be more difficult
for the fungus to reach shorter roots or to find an area of weakness for penetration due to lack
of available root space. Impairing ET-signaling did not alter the dwarfed root phenotype of
ctl1-2, but restored the observed Fo5176 resistance (Figure 6). Thus, negating the possibility
that root length is a contributing factor to the enhanced defence response observed in ctl1-2.
Our data strongly support a role for ET-dependent but JA-independent root defence against
F05176. We observed that impairing ET signaling in the context of primary CW-cellulose-
deficiency eliminates the observed resistance phenotype to Fo5176. Interestingly, our data
indicate that plant response to R. solanacearum is not ET signaling-dependent (Figure 6B).
This observation indicates that primary CW-cellulose defects increase plant defence to
various root vascular pathogens, but the molecular mechanisms underlying these resistant
phenotypes are heavily dependent on the pathosystem. Our observations ultimately point to
an important role for hormones, specifically ET, in enhanced disease resistance in primary

CW-cellulose-deficient mutants.

161


https://paperpile.com/c/kY8JRc/Ucvv+3XQk
https://paperpile.com/c/kY8JRc/Ucvv+3XQk
https://paperpile.com/c/kY8JRc/ygdp+Y7NV
https://paperpile.com/c/kY8JRc/ygdp+Y7NV
https://paperpile.com/c/kY8JRc/H4EL+NSgE+fJYI+70WK

ANNEX

Conclusions
In this study we show how plant roots and their vascular pathogens tightly control their gene

expression dynamics during their interaction. Our time-resolved dual transcriptomic approach
represents a useful tool to identify root and fungal molecular players implicated in the
infection process. Specifically, our findings reveal a critical role of rapid reduction of
primary CW cellulose synthesis in plant defence against root vascular pathogens.
Furthermore, we highlight a novel role for ET signaling as a molecular basis for resistance
associated with primary CW cellulose-deficiency during Fo05176 infection, which is
surprisingly JA-independent. In summary, we shed light on the complex interaction between

hormone-mediated signaling, root CW composition, and defence response activation.

Materials & Methods

Arabidopsis growth conditions
Arabidopsis plants were grown under long-day conditions (16h light, 8h dark) with optimized

light intensity (130-150 uE m™ s) at 20-22 °C, unless otherwise indicated. Seeds used for all
in vitro experiments were either gas or liquid-sterilized and grown on %2 MS media (Duchefa;
catalog number M0222.0025) supplemented with 1% (w/v) sucrose (when indicated) and
0.9% bacteriological grade agar (Difco; catalog number 214530). For hydroponic
experiments, Arabidopsis seeds were germinated at 24° C, long day conditions, on 2 mm
foam plugs suspended on 200 ml %2 MS + 1% sucrose media in 330ml pots at pH 5.7
adjusted by KOH. The media was exchanged 6 days after germination to %2 MS and seedlings

were further grown.

Mutant genotypes were confirmed using primers previously reported or designed for this
work (Supplementary Table 1): ctl1-2 (SALK_093049) [21, 73], cobra-6 (SALK_051906)
[75], procustel-1 [19, 20], korl-4 [27], lignin-deficient mutants (4cll-1, 4cll-2, 4cl2-1,
ccoAomtl-5, c4h3-1) [76], aos (CYP74A) [54], coil-34 [47], ein2-5 [57, 77]. The cesa3-3
allele was identified as a negative regulator of JA signalling in a forward genetic EMS screen
[47]. The mutant allele exhibited ectopic expression of the JA-responsive reporter
JAZ10p:GUSPIus and increased JAZ10 transcript levels in both shoots and roots. The
causative GAT to AAT transition leading to a D378N mutation underlying the cesa3-3
phenotype was identified via mapping-by-whole-genome-sequencing of bulk segregants as
described [47], and confirmed by allelism tests with the characterized cesa3 mutant allele
cevl [28, 29].
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Fungal constructs, growth, and infection assays
To obtain the Fo5176 pGPD::GFP line, the previously reported pPK2-hphgfp construct

containing a Hygromycin resistance-GFP fusion protein under the control of the constitutive
gpdA promoter (pGPD) [78] was inserted into Fo5176 by Agrobacterium mediated

transformation as described before [79].

F05176 growth and in plate infection assays were conducted as previously described [32, 80].
Briefly, sterilized Arabidopsis seeds were sown on sterilized Whatman paper strips (VWR
International, catalog number 514-8013) placed on top of the media as described above.
Plants were grown vertically in long-day conditions for 8 days and infected as previously
reported. Vascular penetrations were counted using fluorescence stereomicroscopy and root
length measurements were quantified via scanned images. Infection time-points are referred
to as “days post-treatment” (dpt). Statistical analyses were conducted in GraphPad Prism 8
(version 8.4.3).

For hydroponic infections, the roots of 10-day-old seedlings were infected with 20ul of a
solution containing 10" microconidia/ml Fo5176. All pots were incubated for 30 minutes at
100 rpm on a rotary shaker. The media of the infected plants was then replaced with fresh %2
MS media. The plants were further grown under the same conditions until the roots were

harvested for RNA extraction or for imaging at 0, 1, 2, 3, 4, and 6 days post treatment.

For Fo5176 transcriptomics in the absence of a plant host, 10" microconidia/ml were
germinated in 2 MS + 1% (w/v) sucrose overnight at 180rpm at 28°C in the dark. The
germinated microconidia were harvested via two centrifugation steps at 4000 xg for 15
minutes at 10° C, washed twice with water, discarding supernatant in between washes. The
pellet was frozen in liquid nitrogen (LN;) and subsequently freeze-dried. The lyophilized

pellet was used for RNA extraction.

For colony quantification after F05176 infection, roots of infected plants were harvested at 7
dpt and weighed. Roots were surface sterilized for 1 minute in 80% ethanol (alcosuisse),
followed by 1 minute in 0.25% sodium hypochlorite (Chemie Brunschwig AG), lastly
followed by three 1 minute washes in sterile water. The water from the final wash was
collected as a sterilization control. 4-10 sterile glass beads (2.85-3.45 mm diameter, Carl
Roth GmbH + Co, Germany) were added to tubes and washed/sterilized root material was
then ground in 1mL of sterile water using a GenoGrinder (Retsch MM301, Retsch GmbH +
Co, Germany) for approximately 3 minutes at maximum speed. 100ul of the sterilization

control and 1mL of ground root material were plated separately on %2 Potato Dextrose Broth
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(BD Difco, catalog number: 0549-17-9) + 1% agar plates (BD Difco, catalog number:
214530) supplemented with 25ug/ml chloramphenicol (Sigma Aldrich, catalog number:
C0378) and 55ug/ml hygromycin (Sigma Aldrich, catalog number: H9773). Plates were then
sealed with parafilm and incubated at 28°C. Fungal colonies were quantified after 3 days of

incubation. Colony quantifications were normalized to root fresh weight (mg).

Ralstonia solanacearum growth and infection assay

R. solanacearum pathogenicity tests were carried out using the soil-drench method as
previously described [81]. Briefly, Arabidopsis was grown for 4 to 5 weeks on Jiffy pots
(Jiffy Group, Lorain, OH, U.S.A.) in a controlled chamber at 22°C, 60% humidity, and an 8-h
light and 16-h dark photoperiod. 3 vertical holes were made in Jiffy pots, and the pots were
immediately submerged for 30 minutes into a solution of overnight-grown R. solanacearum
adjusted to ODgop = 0.1 with distilled water (30mL of bacterial solution per plant). Inoculated
plants were then transferred to trays containing a thin layer of soil drenched with the same R.
solanacearum solution and were kept in a chamber at 27°C, 60% humidity, and 12 h of light
and 12 h of dark. Plant wilting symptoms were recorded every day and were expressed
according to a disease index scale. The disease index measured symptoms on a 1 to 4 scale (0
= no wilting, 1 = 25% wilted leaves, 2 = 50%, 3 = 75%, and 4 = death). Infection time-points
associated with soil-drenching infection are referred to as “days post-inoculation” (dpit).

Statistical analyses were conducted in GraphPad Prism 8 (version 8.4.3).

Confocal imaging
Arabidopsis Col-0 seedlings were infected with the fluorescently labeled strain F05176

pGPD::GFP, placed on chambered cover glasses (Thermo Scientific™ Nunc™ Lab-Tek™)
and covered with thin blocks of solid ¥2 MS medium. Images were taken with a Zeiss LSM
780 Axioobserver microscope, using the LD C-Apochromat 40x / 1.1 W Korr M27 objective
and Immersol W (Zeiss) between lens and coverslip. GFP (fungus) was excited at 488 nm
and emitted fluorescence was detected at 514 nm. RFP (Arabidopsis autofluorescence) was
excited at 561 nm and emission was detected at 641 nm, being the Pinhole for both channels
36.28 um. Z-stacks of individual roots were obtained imaging every 1.91 um to obtain a

transversal optical section (Zen Lite 2012).
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RNA extraction and sequencing
For the dual time course transcriptome analysis, roots from 2 pots were pooled for each

condition and time point separately for RNA-extraction. Roots were harvested by manual
removal from foam plugs and were dried gently using tissue paper. Roots were weighed and
immediately frozen in liquid N,. The root samples were stored at -80° C until RNA was
extracted. 4 replicates were harvested per time point for infected and control plants and 2

replicates for the in vitro grown microconidia.

For the RNA-Seq of ctl1-2 and WT (Col-0) plants, roots from 14 days-old seedlings grown
on plates as described above were harvested and immediately frozen in LN,. Three
independent replicates were used for the transcriptome assay.

Root material or germinated microconidia were ground with mortar and pestle in LN,. 50 -
100 mg of ground material was used for RNA extraction using the RNeasy plant mini Kit
(Qiagen). Extraction was performed according to the user manual provided by the supplier
(RNeasy Mini Kit handbook, Fourth edition, June 2012, Qiagen). Extraction buffer RLC with
10 pl/ml B-mercaptoethanol freshly added was used to extract the RNA. An on-column DNA
digestion (RNase-Free DNase Set, Qiagen) was performed. Before elution of the RNA the
column was incubated 1 min with 30 ul RNAse-free water to resolve the RNA. Concentration
of the RNA was determined by Nanodrop (Thermo Fisher) and integrity of the RNA was
examined by gel electrophoresis on a 1% agarose gel. For samples with low concentration,
the RNA content was additionally measured by Qubit Fluorometer using the RNA BR assay
kit (Qubit, Thermo Fisher).

3’'mRNA-libraries were prepared using the 3’mRNA-Seq library Prep Kit (QuantSeq,
Lexogen). The manual from the supplier was followed with the following modifications. At
least 1 ug RNA was used as input. For first strand synthesis of cDNA the incubation time at
step 4 was increased to 60 min. For library indexing and amplification 13-17 amplification
cycles of the given PCR were used depending on the amount of input RNA. 17 pl of the
purified library was transferred to a fresh tube. The finished libraries were stored at -20° C
until quality control and pooling. The quality of the libraries was assessed with D1000
ScreenTape on Agilent 4200 Bioanalyzer at the Functional Genomic Center Zirich (FGCZ)
with the included software from the manufacturer. Libraries were pooled equi-molecularly

for sequencing.

Sequencing of the time course experiment was performed in an Illlumina HiSeq2500

sequencer (single-end 125 bp) with a read depth of around 5 mio reads per sample. Samples
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were divided in three charges and sequenced in different runs of the sequencer. Sequencing
of the ctl1l-2 vs WT experiment was performed in an Illumina NovaSeq6000 sequencer
(single-end 100 bp) with a read depth of around 8 mio reads per sample. Resulting reads were
assigned to the samples based on their index-number by FGCZ. Raw reads separated by

sample were obtained in FastQ-format from FGCZ.

Read mapping
Read mapping and quantification was performed on SUSHI (FGCZ) [82]. The reads were

trimmed (Trimmomatic, version 0.36) [83] and adapters were removed (Flexbar, version
3.0.3) [84]. Reads > 20bp were kept. Reads were mapped by STAR (version 2.6.1c) [85]
against the Arabidopsis thaliana genome (TAIR10 [33]) and Fusarium oxysporum Fo5176
[10]. Uniquely mapped reads were counted by featureCounts [86], based on the R package
Rsubread (version 1.32.1) [87].

Differential expression analysis and co-expression analysis of DEGs
Differential expression analysis was conducted using the Bioconductor package edgeR

(version 3.24.3) [88]. The raw read-counts were imported to EdgeR and counts were
normalized using trimmed means of M-values (TMM) normalization [89]. Genes with > 3
counts per million (CPM) were assigned as actively transcribed genes. Dispersion was
estimated using the quantile - adjusted conditional maximum likelihood (QqCLM) method.
Differential expression was computed using gImTREAT, p-value was adjusted using

Benjamini-Hochberg correction.

Significantly differentially expressed genes (DEGs) were considered those with alL.og, fold-
change > |1| and a FDR < 0.05 and were used for clustering expression profiles along the time

points of the experiment (Mfuzz version 2.46.0, Bioconductor) [35].

Gene functional analysis
Gene ontology (GO) term enrichment for Arabidopsis was performed in cluster-wise manner

with ClueGO (version 2.5.7) [90] in Cytoscape (version 3.7.0) [91]. A list of Arabidopsis cell
wall related genes was generated based on the data available on the Cell Wall Genomics

database (https://cellwall.genomics.purdue.edu/, 24 March 2020). A list of Arabidopsis

transcription factors, carbohydrate active enzymes, hormone-related genes and hormone
biosynthetic genes was obtained from [92]. A list of F05176 carbohydrate active proteins was
generated using the online service dbCAN2 with HMMER, DIAMOND and Hotpep tools.
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Genes with a Carbohydrate Active enZYme (CAZY) -domain prediction by at least 2 tools
were considered as CAZY-domain containing genes (http://bcb.unl.edu/dbCAN2/, 8 October
2020 [93)).

RT-qPCR validation of DEGs
Control and infected samples of 4 additional biological replicates were used for validation of

the DEGs. Root material was ground by mortar and pestle in LN2. 1 ml TRI Reagent for
DNA, RNA and protein isolation (Sigma-Aldrich, Merck, Germany) was added and mixed
thoroughly by hand. Tubes were incubated 5 min slowly shaking at room temperature and
0.2ml chloroform was added. Tubes were shaken manually for 15s, followed by 3 min
incubation at room temperature. Samples were centrifuged at 4° C, 12000 xg, 15min; 400 pl
of the supernatant was transferred to fresh tubes. 500ul isopropanol (4° C) was added, the
tubes were inverted three times and incubated for 10 min on ice followed by 15 min
centrifugation at 4°C, 15000 xg. Supernatant was removed and pellets were resuspended in 1
ml 75% ethanol (4° C), mixed by vortexing and centrifuged for 5 min at 4° C, 7500 xg.
Supernatant was removed and samples were air-dried on ice for 10 min. Pellets were
resuspended in 45 pl of RNAse-free water. 5 ul of RNA was kept on ice to measure
concentration and evaluate integrity as described above. Remaining 40 ul were frozen in LN2
and kept at -80° C until cDNA-synthesis.

cDNA synthesis was performed using Maxima H Minus cDNA-synthesis-kit (Maxima H
Minus First Strand cDNA Synthesis Kit, with dsDNase; Thermo-Fisher) according to the

instructions of the supplier. 1 ug of RNA was used in each reaction as a template.

RT-gPCR was performed on a LightCycler 480 (Roche), using Fast SYBR Green Master Mix
(ThermoFisher Scientific). 4 ul 1:16 diluted cDNA, 5 ul of SYBR Green Master Mix and 0.5
ul of each primer (Supp. Tab. 4) was prepared in a 384-well plate. The RT-gPCR-program
was set as follows: initial denaturation for 3 min, 95°C; 50 cycles of denaturation at 95° C, 15
s, annealing at 60° C, 10 s, elongation at 72° C, 15 s; final elongation at 72° C, 30 s; melting
curve of 0.11° C/s temperature increase from 42° C to 95° C; cooling down to 20° C, 30 s.
Two control sets of primers were used for Arabidopsis GAPDH 3’-end and 5’-end [94]. The
mean of the two reference transcripts were used for normalization of signal for the other
genes tested. F05176 B-Tubulin (F05176.94360) was used as a reference gene for Fusarium

-AACt
2

oxysporum gene expression. For the calculation of the expression the method was used
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[95], and the fold changes in expression were represented as the ratio of the mean value of

infected/ mean value of control Ct.

Lignin staining

Plants infected as described above (“Fungal constructs, growth, and infection assays™) at the
indicated time points were incubated for 10 minutes with soft agitation in phloroglucinol
stain prepared as follows: 25mg phloroglucinol (Brunschwig, catalog number ACR24176-
0250), 25mL 37% hydrochloric acid (Sigma Aldrich, catalog number 30721-1L), 25mL
methanol. Phloroglucinol stain was removed using a plastic pipette and replaced with a 3:1
mixture of glycerol: water. Plants were placed on plates containing ¥2 MS media + 1%

sucrose and immediately imaged using a stereomicroscope.

List of abbreviations

Cw Cell wall

Fo Fusarium oxysporum

SA Salicylic acid

JA Jasmonic acid

ET Ethylene

ROS Reactive oxygen species
CESA Cellulose synthase subunit
CTL1 CHITINASE-LIKE1

GPI Glycophosphatidyl-inositol
coB COBRA

KOR KORRIGAN

168


https://paperpile.com/c/kY8JRc/pDdF

ANNEX

SUPPLEMENTARY
MATERIAL

169



MDS Dimension 2

ANNEX

61 o 0 dpt
B 41 dpt
e 2 dpt
4 » 3 dpt
e 4 dpt
e B8 dpt
5 | B
o
o
0 M °
17 o
®0 - Oo
=] oOo
-2 r T "
2 0 2 4

MDS Dimension 1

o infected
e control

Supplemental Figure 1. Complete MDS-Analysis of Arabidopsis transcriptional profiles. Multidimensional

scaling analysis (MDS) of transcriptional profiles of Arabidopsis. Samples clearly deviating from the rest of the

samples at the same time point and condition (surrounded by a red square and crossed out) were not used for

further analysis.
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Supplemental Figure 2. RNAseq validation by RT-qPCR. (A) and (B) The expression of 6 randomly picked
DEGs from Arabidopsis (A) or F05176 (B) expressed at different levels based on the RNA-sequencing (left
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panels) was confirmed by RT-gPCR (right panels) using de novo generated RNA samples. The RT-gPCR-based
expression of each gene was determined relative to the corresponding reference gene; i.e.At GAPDH in (A) and
Fo5176 B-Tub in (B).
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Supplemental Figure 3. Temporal dynamics of Fo5176 DEGs during root infection reveal a significant
alteration of proteins containing catalytic and carbohydrate-binding modules (CAZY). (A) Clusters of
Fo05176 coexpressed DEGs during infection using fuzzy c-means clustering. (B) Number of DEGs encoding
proteins with carbohydrate active enzyme-domains (CAZY) and glycosyl hydrolases in the different clusters.

DEGs with the entry “no cluster” were not associated to a cluster by the clustering algorithm.

Tables

Table 1. Fo5176 differentially expressed genes (DEGs) during Arabidopsis root
infection over time. Significant DEGs in Fo5176 during Arabidopsis root infection
compared to in vitro germinated microconidia. Logarithmic fold-change (logFC) and
corrected p-value (FDR) are presented in columns for each time point separately, gaps
correspond to non-significant changes in gene expression at those time points. The genes are
clustered based on their co-expression pattern (Supplementary Figure 2A). DEGs with the
entry “no cluster” were not associated to a cluster by the clustering algorithm, DEGs with the
entry “excluded” were not taken into account for clustering. All DEGs were further analysed
for presence of carbohydrate active domains in their corresponding encoded protein
sequences using the dbCAN2-meta server (http://bcb.unl.edu/dbCAN2/, 8 October 2020) and
were highlighted in yellow (Supplementary Figure 2B). The genes were described based on
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IPR and PFAM; IPR_description: protein family classification by InterPro, PFAM: protein
family classification by PFAM (both obtained from [10]).

Table 2. Arabidopsis differentially expressed genes (DEGs) in response to Fo5176
infection over time. (Sheet 1) Significant DEGs in Arabidopsis roots upon infection with
Fo5176 at different time points after treatment (dpt) with Fo5176 microconidia compared to
mock-treated roots. Logarithmic fold-change (logFC) and corrected p-value (FDR) are
presented in columns for each time point separately, gaps correspond to non-significant
changes in gene expression at those time points. The genes are clustered based on their co-
expression (Figure 2A). DEGs with the entry “no cluster” were not associated to a cluster by
the clustering algorithm. Genes encoding proteins containing a CAZY -domain or related with
plant cell wall biology are highlighted in yellow and orange, respectively. (Sheet 2) GO-
enrichment analysis of the clusters from (Sheet 1). GO-ID: Gene ontology identifier, GO-
term: Gene ontology descriptive term, Bonferroni-corrected p-value, % of associated genes:
percentage of genes in that GO-term that are present in the analysed cluster, No. of genes:
absolute number of genes associated to the GO-term.

Table 3. Differentially expressed genes in ctl1-2 mutant compared to WT. (Sheet 1)
Significant DEGs in ctl1-2 14-days old roots compared to its WT (Col-0). Logarithmic fold-
change (logFC) and corrected p-value (FDR) are presented. Genes encoding proteins
containing a CAZY-domain, related with plant cell wall, or with hormone biology are
highlighted in yellow, orange and green, respectively. (Sheet 2) GO-enrichment of all
upregulated genes from (Sheetl) GO-ID: Gene ontology identifier, GO-term: Gene ontology
descriptive term; % of associated genes: percentage of genes in that GO-term that are present
in the analysed cluster; No. of genes: absolute number of genes associated to the GO-term.

Table 4. Comparison of published Arabidopsis root-Fo5176 transcriptomic studies. All
published Arabidopsis root DEGs in response to F05176 (Chen et al. (2dpt) [12] and Lyons et
al. (1dpt and 6dpt) [13]) were compared to the DEGs we obtained in our study. Genes
highlighted in grey are identified as DEGs in our transcriptomic. Cell wall- and hormone-
related DEGs reported in any of the previous studies and ours are highlighted in orange and
green, respectively.

Supplemental Tables

Supplemental Table 1. Primers used in this study

Gene name Primer 1 Primer 2

cesa3-

3 Hpy188I TGTTTGCCTATACTGTTTC

(AT5G05170)* CCA GTGCACGAGGCTCTATGCTA
coil-34

(AT2G39940)°  GGTTCTCTTTAGTCTTTAC CAGACAACTATTTCGTTACC
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LEC-IX.2 CCTCGCTAAGGTTCTGCC CAAACCCGGAAGCCGAAATG
(AT5G65600) AT

RT-gPCR

WAKL10 TCGTGCTAGCGGAGCTAA TCCTTGCAATTTTTGCGGCT

(AT1G79680) TC

RT-gPCR

GLRLK1 CGCAGCCGAATCTTGAAC GAATGCTTGCAGGCTTGGTA

(AT4G21390)  AC

RT-gPCR

CERK1 GATTTCTGCGAAAGGTGC CGGGTAACTATCACCGAGCC

(AT3G21630) GG

RT-gPCR

FLA11 CTGAGAAAGGCGGCTCTG ATGGCTGCAACGGTAGTGAT

(AT5G03170)  TT

RT-gPCR

JAZ1 TTCTGAGTTCGTCGGTAGC AGGCTTGCATGCCATTCCTA

(AT1G19180) C

RT-gPCR

F05197.914528 GCCATTTCCAACCACGCTT TCATGGGGATGACGGTCGTA

RT-gPCR T

F05176.94544 GCTGGCACTTACACTCCCT TGCTCTCATCACAGGCGAAG

RT-gPCR T

F05176.g13621 CCCACCCCTCTTACTCTCC GTGCGAGATACACCGAGGAG
RT-gPCR A

F05176.98380 AAGGCTATGGCCAAGTTC CAAGTCCGACATGAGTCCCC

RT-gPCR cc

F05176.94128 CATGAGTTGCCGTTCTCGT CGCCGAGGTTGGTAACAGTA

RT-gPCR G

F05176.g10760 TCGACCGAGACTGTCTTT CAGCCCTTGACGACATGTGA

RT-gPCR GC

F05176.94360 AACTCCGATGAGACCTTC GACATGACAGCAGAAACGAG
RT-gPCR TG

AT GAPDH 3° TTGGTGACAACAGGTCAA AAACTTGTCGCTCAATGCAATC
RT-gPCR GCA

AT GAPDH 5° TCTCGATCTCAATTTCGCA

RT-gPCR AAA CGAAACCGTTGATTCCGATTC

& Amplification products were digested with Hpy188lI; cut products of 212, 58, 48bp were
confirmed as WT, while cut products of 261 and 58bp were confirmed as cesa3-3 mutants.
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® These primers were used for gene-specific sequencing to confirm point-mutation

Supplemental Table 2. Overview of read counts mapping to Arabidopsis and Fo5176.
(Sheet 1) Read mapping overview of sequencing libraries mapped to the Arabidopsis
reference genome (TAIR10, [33]) or the Fo5176 reference genome [10]. (Sheet 2)
Arabidopsis and F05176 mapped genes with > 3 CPM (counts per million). Genes with <3
CPM in all samples were excluded from differential gene expression analysis. (Sheet 3) Read
mapping overview of sequencing libraries of ctl1-2 and WT (Col-0) mapped to the
Arabidopsis reference genome (TAIR10, [33]) and overview of genes detected with CPM > 3
compared to all genes used for analysis.

Supplemental Tables 3A-G. Statistical analysis of root vascular penetrations upon
Fo5176 pSIX1::GFP infection. Repeated measures two-way ANOVA with post-hoc Tukey
test for multiple comparisons corresponding to root vascular penetration events (p-value <
0.05 *, 0.01 ** 0.001 *** 0.0001 ****). Days on which there were no statistically
significant differences (p-value > 0.05) are not included in the tables.
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