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Summary

Plant cells are surrounded by cell walls that support, protect them and act as the immediate
contact surface with the extracellular environment. Perturbations in cell walls often lead to
misregulated hormonal responses, including jasmonate (JA) accumulation, a crucial regulator of plant
defense and growth responses. However, it remained unclear which cellular processes arising from
cell wall perturbations are involved in transducing the signal intracellularly and initiate JA production
in plastids. In this thesis, | used Arabidopsis cellulose-deficient mutants in KORRIGANz (KOR1) to
unveil such processes.

In fact, korz mutants exhibit strong induction of JA marker genes and elevated levels of the
bioactive hormone conjugate (+)-7-iso-jasmonoyl-L-isoleucine (JA-lle) specifically in seedling roots. |
further examined the cell wall-triggered induction of JA-lle biosynthesis in a cell type-specific context
and revealed that ectopic JA-lle signalling in endodermal and pericycle cells was caused by cell-non-
autonomous signals deriving from adjacent cortex cells.

To identify components involved in initiating JA-lle production upon cell wall alterations, |
screened for suppressors of JA-lle in korz, and isolated 12 putative candidates. Among those,
mutations in the putative glycosyltransferase ESMERALDA 1 (ESMDz1) suppressed elevated JA-lle
production in korz roots, as well as reduced korz root cell expansion by putatively modifying cell wall
composition and properties. Consistently, restoring KORz1 function specifically in cortex cells also
restored the JA-lle phenotype in korz.

Subsequent hyperosmotic treatments phenocopied the suppression of korz root morphology
as well as ectopic JA-lle production. Conversely, hypoosmotic treatments activated JA-Ile signalling
in WT plants at similar locations. This ultimately led to a model in which the equilibrium of plant cell
walls containing the intracellular hydrostatic water pressure is disturbed. As a consequence, altered
cortex cell morphology may exert mechanical stress towards inner tissues, triggering ectopic JA-lle
production. Hence, changes in turgor pressure leading to mechanical compression may be a crucial
elicitor of JA-lle biosynthesis and could occur during other mechanical stresses such as wounding or
herbivory.

Remarkably, the consequences of ectopic JA-lle signalling in korz roots were neither to affect
root growth nor canonical defense responses, but included so far unidentified roles of the hormone.
Specifically, JA-lle was important to redirect root growth towards sites with higher water availability.
Additionally, root-derived JA-lle-dependent signals in korz impacted shoot growth and defense
responses, suggesting a root-derived signal for whole-plant coordination. Collectively, my results
provide new perspectives towards understanding how plants sense and decode extracellular stimuli

to initiate acclimation responses.



Zusammenfassung

Pflanzenzellen sind von Zellwdanden umgeben, die sie unterstitzen, schitzen und als
unmittelbare Kontaktflache mit der extrazelluldaren Umgebung fungieren. Stérungen in Zellwanden
fuhren haufig zu fehlregulierten hormonellen Reaktionen, einschlief3lich der Akkumulation von
Jasmonat (JA), einem entscheidenden Regulator von Stressreaktionen und Wachstumsprozessen. Es
ist jedoch unklar, welche zelluldren Prozesse, die sich aus Zellwandstérungen ergeben, an der
intrazellularen SignalUbertragung und der Initiierung der JA-Produktion in Plastiden beteiligt sind.
Um solche Prozesse aufzudecken, benutzte ich in dieser Arbeit Arabidopsis-Mutanten mit
Cellulosemangel welche im Gen KORRIGAN1 (KORz1) beeintrachtigt sind.

Keimlingswurzeln von kori-Mutanten besitzen eine starke Induktion von JA-Markergenen
und erhdhte Spiegel des bioaktiven Hormonkonjugats (+)-7-iso-Jasmonoyl-L-Isoleucin (JA-lle). Ich
untersuchte die durch die Zellwand ausgeldste Induktion der JA-lle-Biosynthese in einem
zelltypspezifischen Kontext und stellte fest, dass die ektopische JA-lle-Signalibertragung in Zellen
von Endodermis und Perizykel durch zellunabhdngige Signale verursacht wurde, welche von
benachbarten Cortexzellen stammen.

Um Komponenten zu identifizieren, die an der Initiierung der JA-lle-Produktion bei
Zellwandveranderungen beteiligt sind, suchte ich in korz nach Suppressoren von JA-lle. Mutationen
in der Glycosyltransferase ESMERALDA 1 (ESMD1) unterdrickten die erhdhte JA-lle-Produktion in
kori-Wurzeln und wiesen eine verringerte Wurzelzellenexpansion auf, was vermutlich auf
Modifizierungen der Zellwand beruht. Ebenso konnte durch die Wiederherstellung der KORz-
Funktion in Cortexzellen der JA-lle-Phanotyp in korz unterdrickt werden.

Hyperosmotische Behandlungen phdnokopierten die Unterdrickung von kori-
Wurzelmorphologie und ektopischer JA-lle-Produktion. Umgekehrt aktivierten hypoosmotische
Behandlungen die JA-lle-Biosynthese in Wurzeln von Wildtyppflanzen. Eventuell kénnen gestorte
Pflanzenzellwdnde dem intrazelluldaren hydrostatischen Wasserdruck nicht ausreichend
entgegenwirken. Folglich kann die radiale Ausdehnung der Cortexzellen mechanischen Stress im
inneren Gewebe ausiben und die JA-lle-Produktion ausldsen. Anderungen des Turgordrucks, die zu
mechanischer Kompression fihren, koénnten daher ein entscheidender Ausloser der JA-lle-
Biosynthese sein und auch bei anderen mechanischen Belastungen wie Verwundung auftreten.

Erstaunlicherweise beeinflusste die ektopische JA-lle-SignalUbertragung in kori-Wurzeln
nicht die Wurzelelongation, sondern zeigte bisher nicht identifizierte Rollen des Hormons auf.
Insbesondere war JA-lle wichtig, um das Wurzelwachstum in Richtung héherer Wasserverfigbarkeit
umzuleiten. Zusatzlich beeinflussten kori-Wurzeln das Wachstum und die Abwehrreaktionen der
Blattrosette in Abhdngigkeit von JA-lle, was auf ein von Wurzeln ausgehendes Signal fir die
Koordination der gesamten Pflanze schlief3en Idsst. Zusammengefasst zeigen meine Ergebnisse neue
Aspekte, um zu verstehen, wie Pflanzen extrazelluldre Reize wahrnehmen, dekodieren und

Akklimatisierungsreaktionen ausldsen.

v
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IUPAC-IUB (recommendations 1983).
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Section | - Introduction

1. The phytohormone Jasmonate

In response to injury or infection, animals as well as plants rapidly produce oxygenated
polyunsaturated fatty acid (PUFA) derivatives (also known as oxylipins), which can function as
signalling molecules and mediate stress acclimation (Dennis and Norris, 2015; Wasternack and
Feussner, 2018). Plant oxylipins include the phytohormone jasmonic acid (JA), its precursors and
derivatives (collectively referred to as Jasmonates, JAs), which control a wide range of developmental
and stress responses (Wasternack and Feussner, 2018). Specifically, JAs are important to protect
plants against herbivorous insects and necrotrophic pathogens and play a role in tolerance against
abiotic stresses such as mechanical wounding, cold, drought and salt (Wasternack and Feussner,
2018). Furthermore, their important functions in plant development include growth inhibition,
promotion of senescence, and reproductive organ development (Huang et al., 2017; Wasternack and

Feussner, 2018).

JA biosynthesis and metabolism

In vascular plants such as Arabidopsis thaliana (Arabidopsis), JAs act through their bioactive amino
acid conjugate (+)-7-iso-jasmonoyl-L-isoleucine (JA-lle) (Fonseca et al., 2009). The biosynthesis of
JA-lle involves the orchestration of enzymes from three subcellular compartments (Fig. 1), reviewed
in (Wasternack and Strnad, 2018). The pathway initiates in plant plastids from 18:3 and 16:3
polyunsaturated fatty acids, namely a-linolenic acid and hexadecatrienoic acid. These compounds are
bound in the form of monogalactosyldiacylglycerols (MGDGs), which are stored in the inner
membrane of the plastidial envelope as well as in thylakoid membranes (Li and Yu, 2018). They are
thought to be released by specific acyl-lipid hydrolases, i.e. lipases, reviewed in (Wasternack and
Hause, 2013). However, to date the only lipase shown to be involved in the formation of JAs is the
flower-specific DEFECTIVE IN ANTHER DEHISCENCE (DAD1) phospholipase A1, which de-esterifies
a-linolenic acid and is essential for JA-lle biosynthesis and promotes male fertility (Ishiguro et al.,
2001). Following de-esterefication of 18:3 and 16:3 substrates, plastid-localized members of the
13-LIPOXYGENASE family (4 members in Arabidopsis: LOX2, LOX3, LOX4, and LOX®6) catalyse the
insertion of molecular oxygen at position 13 of the a-linolenic acid and hexadecatrienoic acid carbon
chains (Bannenberg et al., 2009). The resulting products from this reaction are the hydroperoxides
13(S)-hydroperoxy-octadecatrienoic acid (13-HPOT) and 11(S)-hydroperoxy- hexadecatrienoic acid
(12-HPHT) that then undergo conversion to the allene oxides (135)-12,13-epoxy-octadecatrienoic acid

(12,213-EOT) and (115)-10,11-epoxy-octadecatrienoic acid (10,11-EOT), a reaction catalysed by a single



copy gene called ALLENE OXIDE SYNTHASE (AOS) in Arabidopsis (Laudert et al.,, 1996). An
Arabidopsis aos knockout mutant is completely deprived of JAs and hence does not exhibit JA-lle

mediated responses (Park et al., 2002).

a-linolenic acid Hexadecatrienoic acid
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\ ]
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Figure 1: JA-lle biosynthesis in Arabidopsis. The pathway initiates from de-esterification of plastidial
membrane lipids (mainly galactolipids) to yield linolenic acid and hexadecatrienoic acid. Enzymes catalysing the
following reactions are given in boxes. The alternative pathway yielding the formation of JA according to (Chini
et al., 2018) is indicated by blue arrows. Abbreviations: 13-HPOT (23(S)-hydroperoxy-octadecatrienoic acid),
11-HPHT (21(S)-hydroperoxy-hexadecatrienoic acid), 12,13-EOT (23(S)-12,13-epoxy-octadecatrienoic acid,
10,11-EOT  (11(S)-10,11-epoxy-octadecatrienoic acid), OPDA (12-oxo-phytodiencic acid), dnOPDA
(dinor-oxo-phytodienoic acid), OPC-8 (3-ox0-2-(2-(Z)-pentenyl)-cyclopentane-1-octanoic acid), OPC-6
(3-0x0-2-(2-(2)-pentenyl)- cyclopentane-1-hexanoic acid), OPC-4 (3-ox0-2-(2-(Z)-pentenyl) cyclopentane-1
butanoic acid), tnOPDA (tetranor-OPDA), 4,5-ddh-OPDA (4,5-didehydro JA), JA ((+)-7-iso-jasmonic acid), JA-lle
((+)-7-iso-jasmonoyl-isoleucine).

As the produced allene oxides are highly unstable, they are rapidly converted by members of the
ALLENE OXIDE CYCLASE (AOC) family (Stenzel et al., 2003) into 12-oxo-phytodienoic acid (OPDA)
and dinor-oxo-phytodienoic acid (dnOPDA). Interestingly, dn-OPDA was recently shown to be a
bioactive jasmonate in the early land plant Marchantia polymorpha which is unable to synthesize JA-lle
(Monte et al., 2018). In Arabidopsis though, dn-OPDA levels are very low and the octadecanoic

pathway leading from a-linolenic acid to OPDA produces the majority of precursors for JA-lle



biosynthesis (Chinietal., 2018). OPDA and dn-OPDA are then exported from the plastid and imported
into the peroxisome, presumably through the transporters JASSY (Guan et al., 2019) and COMATOSE
(CTS) (Theodoulou et al, 2005), respectively. The peroxisome-localized enzyme
OXO-PHYTODIENOIC ACID REDUCTASE 3 (OPR3) reduces OPDA and dn-OPDA to the
cyclopentanones 3-oxo-2-(2-(2)-pentenyl)-cyclopentane-1-octanoic (OPC-8) and hexanoic (OPC-6)
acids (Breithaupt et al., 2006). A multifunctional enzyme complex then catalyses several rounds of
3-oxidation (Li et al., 2005; Delker et al., 2007), resulting in (+)-7-iso-jasmonic acid (JA) production.
Finally, in the cytosol, JA is conjugated to JA-lle by the GLYCOSIDE HYDROLASE 3 (GH3) enzyme
JASMONATE RESITANT 1 (JAR1) (Staswick et al., 1992; Staswick and Tiryaki, 2004; Westfall et al.,
2012). In an alternative pathway, OPDA can be directly converted to dn-OPDA, then to
4,5-didehydrojasmonate (4,5-ddh-JA), which is finally reduced to JA by the cytosolic enzyme OPR2

(Chini et al., 2018).

In addition to forming the JA-lle conjugate, JA can undergo further metabolic routes through many
enzymatic modifications, reviewed in (Koo, 2018; Heitz et al., 2019). This includes for example the
conjugation to other amino acids such as JA-Val, JA-Leu, JA-Met, and JA-Ala, whose endogenous
levels after wounding are much lower than JA-lle (Staswick and Tiryaki, 2004; Yan et al., 2016).
Moreover, JA can undergo hydroxylation by JASMONIC ACID OXIDASE (JOX) /[
JASMONATE-INDUCED OXYGENASE (JAO) to 12-hydroxy-JA (Caarls et al., 2017; Smirnova et al.,
2017), sulfation by SULFOTRANSFERASE 2A (ST2A) to 12-HSO,-JA (Gidda et al., 2003) or
methylation by JASMONIC ACID CARBOXY METHYL TRANSFERASE (JMT) to Methyl-JA (MelA)
(Seo et al., 2001). However, the biological activity of these JA conjugates remains disputed or
unknown in Arabidopsis, suggesting they may simply be catabolites and regulate JA levels, reviewed
in (Koo, 2018; Heitz et al., 2019). Indeed, a jox quadruple mutant accumulates more JA and higher
expression levels of JA signalling marker genes at basal conditions and after wounding (Caarls et al.,

2017; Smirnova et al., 2017).

The bioactive JA-lle hormone can also be further metabolized by cytochrome P450 monooxygenases
of the CYPg4 family, which generate 12-hydroxy-JA-lle and 12-carboxy-JA-lle in successive oxidation
reactions (Kitaoka et al., 2011; Koo et al., 2011; Heitz et al.,, 2012). Another JA-lle catabolic route is
characterized by the deconjugation of JA-lle into JA through amidohydrolases IAA-ALANINE
RESISTANT 3 (IAR3) and IAA-LEUCINE RESISTANT-LIKE 6 (ILL6) (Widemann et al., 2013). Although
these metabolic routes were initially thought to be important for control of JA-lle signalling only,
recent studies also propose an independent signalling activity of certain catabolites such as

12-hydroxy-JA-lle (Jimenez-Aleman et al., 2019; Poudel et al., 2019; Marquis et al., 2020).



JA-lle perception and signalling

The activation of JA-lle-dependent transcriptomic, proteomic, and metabolic changes is energetically
costly (Baldwin, 1998; Havko et al., 2016) and is hence kept being repressed at basal conditions when
endogenous JA-lle levels are low such as in vegetative tissues (Glauser et al., 2009; Schulze et al,,
2019). In the absence of JA-lle, JA-lle-dependent transcription factors (TFs) of the basic
helix-loop-helix (bHLH) family, the most prominent being MYC2, 3, and 4 (Lorenzo et al., 2004;
Fernandez-Calvo et al., 2011), are kept repressed by a modular repressor complex. This complex is
composed of JASMONATE ZIM-DOMAIN (JAZ) proteins, which form a group of transcriptional
modulators with thirteen members in Arabidopsis (Chini et al., 2007; Thines et al., 2007; Yan et al.,
2007; Thireault et al., 2015) that can suppress target TFs by recruiting the transcriptional repressor
TOPLESS (TPL) or TPL-related proteins (TPRs) either directly or through the adaptor protein NOVEL
INTERACTOR OF JAZ (NINJA, Fig. 2) (Pauwels et al., 2010; Shyu et al.,, 2012). TPL in turn recruits
histone deacetylases like HDA6 or HDA1g, leading to a reduced chromatin accessibility and repression

of gene expression (Pauwels et al., 2010; Zhu et al., 2011).
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Figure 2: Scheme of JA-lle perception and signalling. At low JA-lle levels, the JAZ-NINJA-TPL repressor
complex inhibits G-Box binding TFs, such as MYC2, MYC3, and MYCg, by recruiting HISTONE DEACETYLASES
like HDA6 and HDA19. Upon developmental or environmental stimuli, JA-lle levels increase and promote the
direct interaction between JAZs and the F-Box protein COl1 which is part of an SCF-type E3 Ubiquitin ligase. As
a consequence, JAZs are polyubiquitylated (Ub) and degraded by the proteasome, and the expression of JA
responsive genes is mediated by the released TFs in cooperation with the MEDIATOR COMPLEX (e.g. MED25).

Upon a JA-inducing stimulus, the bioactive hormone JA-Ile facilitates the preferential binding of JAZs

to the F-box protein CORONATINE INSENSITIVE 1 (COl1), which is part of an SKP, Cullin, E3 (SCF-E3)



ubiquitin ligase (Xie et al., 1998), leading to the formation of the JAZ-COI1 co-receptor complex (Fig.
2) (Sheard et al., 2010). As a consequence, JAZs are polyubiquitylated and targeted for degradation
by the proteasome (Chini et al., 2007; Thines et al., 2007; Blazquez et al., 2020). This in turn liberates
TFs to recruit transcriptional mediator complexes like MED25 and hence activate JA-lle-responsive
gene expression (Cevik et al., 2012; Zhang et al., 2015a). As JAZs are early JA-lle-responsive genes
(Yan et al., 2007; Chung et al., 2008), the intracellular pool of transcriptional regulators is replenished

and provides a negative feedback loop for control of JA-lle signalling.

The expression levels of early JA-lle responsive genes, which in addition to JAZ transcripts also include
MYC2, start increasing 5 minutes following wounding or exogenous MeJA treatment and reach their
highest expression level within 1 h (Chung et al., 2008; Hickman et al., 2017). They are followed by
mid-term transcripts such as the JA biosynthesis genes AOS, LOX3, LOX4, and OPR3, which reach
their peak around 2 - 4 h after the initial stimulus (Chung et al., 2008). At longer time points (> 4 h
after wounding or MeJA treatment), several canonical JA-lle-dependent defense response genes such
as VEGETATIVE STORAGE PROTEIN 1 and 2 (VSP1, VSP2), or PLANT DEFENSIN 1.2 (PDF1.2) reach
their maxima (Kilian et al., 2007; Chung et al., 2008; Shin et al., 2012). In general, JA-lle-dependent

signalling is tightly regulated and normally induced only when required.

JA-lle function

JA-lle-mediated signalling is essential to regulate plant responses against insect herbivores,
necrotrophic pathogens and mechanical wounding (Wasternack and Feussner, 2018). In fact,
Arabidopsis mutants deficient in JA-lle production or signalling are more susceptible to a variety of
herbivorous insects, which either have dietary preferences and feed on a specific set of plant species
(specialist herbivores) or endure on a variety of plant species (generalist herbivores). This includes
lepidopteran caterpillars like Pieris rapae or Spodoptera littoralis (Reymond et al., 2004; Zhang et al.,,
2015b), spider mites like Tetranychus urticae (Zhurov et al., 2014), and thrips such as Frankliniella
occidentalis (Abe et al., 2008). Similar susceptibility phenotypes in JA mutants were also observed in
other plant species like tobacco and tomato (Li et al., 2004; Paschold et al., 2007; Kallenbach et al.,
2012). Even vertebrate herbivores like the cottontail rabbit (Sylvilagus nuttallii) and the Eastern
Hermann'’s tortoise (Eurotestudo boettgeri) preferentially eat material from JA-deficient plants over
wild-type (WT) plants, suggesting a general role of JA-lle in defense responses against herbivory
(Mafli et al., 2012; Machado et al., 2016). Moreover, the detrivorous crustaceans Porcellio scaber and
Armadillidium vulgare changed to a herbivorous lifestyle in presence of JA-deficient plants (Farmer
and Dubugnon, 2009), further emphasizing that animals of different classes can sense JA-mediated

defenses. Interestingly, when comparing the transcriptomes of Arabidopsis WT and JA-insensitive



plants subjected to insect herbivory, transcripts involved in secondary defense compound production
were identified, including genes associated to indolic glucosinolate metabolism (Reymond et al.,
2004). Indeed, the production of several groups of secondary metabolites in various plant species is
dependent on JA-lle signalling, reviewed in (Goossens et al., 2017), with glucosinolates in Arabidopsis,
nicotine in tobacco and the anti-cancer drug paclitaxel in Taxus being prominent examples involved
in defense responses (Yukimune et al., 1996; Mewis et al., 2006; Shoji et al., 2008; Lenka et al., 2015).
In addition to herbivory, JA-lle also controls defense responses after mechanical wounding. When
comparing the transcriptome between mechanically wounded Arabidopsis plants and plants that
were subjected to insect herbivory, gene expression profiles were very similar (Reymond et al., 2000).
Moreover, JA and JA-lle levels rapidly increase within minutes after mechanical wounding (Glauser et
al., 2009; Koo et al., 2009), rendering mechanical wounding an excellent elicitor to study JA responses.
The JA pathway is also crucial in mediating defense responses against necrotrophic pathogens, which
kill their host cells to acquire nutrients from dying tissues (Yan and Xie, 2015). Mutants deficient in JA
biosynthesis or signalling are more susceptible to necrotrophic fungi like Alternaria brassicicola
(Thomma et al., 1998), Fusarium oxysporum (Thatcher et al., 2016) and Verticillium dahlia (Thaler et

al., 2004) as well as to oomycetes from the Pythium genus (Staswick et al., 1998; Vijayan et al., 1998).

The initiation of JA-lle signalling in response to wounding or herbivory is usually accompanied by an
inhibition of vegetative growth (Yang et al., 2012). In fact, exogenously supplied JA as well as
repetitive wounding are known to inhibit root and shoot growth (Zhang and Turner, 2008; Chen etal.,
2011; Gasperini et al., 2015). Growth inhibition through JA-lle signalling can be caused by reducing
root meristem activity and cell elongation (Chen et al., 2011), by inhibiting cell expansion and delaying
the onset of endoreduplication in leaves (Noir et al., 2013), and by executing changes in carbon
partitioning (Havko et al., 2016; Guo et al., 2018b). These trade-offs between growth and defense
were recently challenged by the identification of mutants that exhibit elevated defense responses
without showing growth alterations. Specifically, the introgression of a photoreceptor mutant in
PHYTOCHROME B (phyb) resulted in the restoration of the reduced growth phenotype of a jaz
quintuple mutant (jazQ: jaz1 jaz3 jaz4 jazg jazio) exhibiting constitutive JA-lle signalling (Campos et
al., 2016). In this case, light and JA-lle signalling act in parallel to requlate overall growth and defense

phenotypes.

Contrary to their negative growth effects in vegetative tissues, JAs are crucial for the development of
reproductive organs. In Arabidopsis, JA-lle-deficient or insensitive mutants are male sterile, due to
compromised stamen elongation and anther dehiscence, as well as pollen unviability, reviewed in

(Browse and Wallis, 2019). Exogenous application of JAs can rescue male sterility in JA biosynthesis



but not in signalling mutants (Feys et al., 1994; Park et al., 2002). The JA pathway also participates in
promoting stamen development and pollen viability in tomato (Dobritzsch et al., 2015; Schubert et
al., 2019a), where it is essential for the development of the female organs (Li et al., 2004; Schubert et
al., 201g9b). Interestingly, the role of JA-lle in requlating fertility was co-opted later in evolution, as
JA-signalling mutants in the early land plant Marchantia polymorpha are unaffected in reproductive
organ development but still exhibit canonical growth and defense phenotypes (Monte et al., 2018).
Taken together, JAs regulate multiple aspects in development and stress responses and are hence

essential for plant fitness and survival.

2. Activation of the JA pathway

Although steps in JA-lle biosynthesis and signalling are well characterized, reviewed in (Wasternack
and Feussner, 2018), it is still unknown how cells sense damage signals and which intracellular events
lead to the activation of JA biosynthesis enzymes to initiate JA-lle production. Numerous lines of
evidence across multiple plant species indicate that JA biosynthesis enzymes are present under basal
conditions (Bachmann et al., 2002; Strassner et al., 2002; Stenzel et al., 2003; Swain et al., 2017).
However, their overexpression did not lead to an increase in basal hormone levels (Staswick and
Tiryaki, 2004; Sharma et al., 2006; Chen et al., 2018), suggesting that JA-lle biosynthesis is initiated
through post-translational activation of plastidial enzymes. Indeed, such an activation mechanism
was speculated for LOX enzymes, which carry a putative Ca** binding Polycystin-1, Lipoxygenase,
Alpha-Toxin (PLAT) domain (Farmer et al., 2014). Intriguingly, an increase in Ca** ions leads to
PLAT-domain binding of mammalian 5-LOX enzymes, leading to their re-localization from soluble to
membrane-bound enzymes where they can presumably access their substrates (Hammarberg et al.,
2000; Kulkarni et al., 2002). Ca** was also hypothesized to be involved in triggering JA-lle
biosynthesis, as mutations in Ca** signalling components caused alterations in JA biosynthesis and /
or signalling (Scholz et al., 2014; Matschi et al., 2015). Additionally, a gain of function mutant of the
vacuolar cation channel TWO PORE CHANNEL 1 (TPCa) resulted in increased basal expression of
JA-lle-responsive genes, elevated JA and OPDA levels after wounding and a higher oxygenation
efficiency of a-linolenic acid (Bonaventure et al., 2007b; Bonaventure et al., 20073; Lenglet et al.,
2017). Furthermore Ca** fluxes are important to facilitate distal JA-lle production, which is mediated
by members of the clade 3 GLUTAMATE-RECEPTOR-LIKE (GLR) proteins (Mousavi et al., 2013;
Nguyen et al.,, 2018; Toyota et al., 2018). Despite the underlying indications, it is still unknown how
Ca** changes activate JA-lle biosynthesis upon different stresses such as wounding or herbivory.
Moreover, it is also unclear whether Ca** is directly activating plastidial enzymes, and if so, how are

Ca** changes transmitted into the plastid.



Given that tissue damage causes a rapid (<30’) increase in JA and JA-lle levels (Glauser et al., 2009), it
was also proposed that JA and JA-lle may derive from various hormone precursors that are then
rapidly converted to bioactive JA-lle rather than from MGDG directly (Stelmach et al., 2001; Dave and
Graham, 2012). A similar mechanism is present for auxin, where several storage forms exist that can
be rapidly converted into indole-3-acetic acid (IAA) (Korasick et al., 2013). However, in Arabidopsis
JA-lle precursors (e.g OPC-4, OPC-6, OPC-8, and JA) are present in low quantities at basal conditions,
and their levels increase after a stimulus (Glauser et al., 2008; Kienow et al., 2008; Glauser et al., 2009;
Schulze et al., 2019). Similar response levels were also observed for other JA metabolites such as
12-hydroxy-JA and 12-hydroxy-JA-lle (Glauser et al., 2008; Poudel et al., 2019). Contrarywise, OPDA
levels are relatively high at basal conditions, but the possibility of its rapid conversion to JA remains
debated (Grebner et al., 2013). The most abundant pool of JAs in Arabidopsis are arabidopsides, which
are galactolipids containing esterified cis-OPDA and dn-OPDA (Glauser et al., 2009; Genva et al.,
2019). In contrast to other JAs, arabidopside levels are not affected in distal systemic leaves after
wounding (Glauser et al., 2009; Koo et al., 2009), which contradicts their putative contribution to
JA-lle biosynthesis. Hence, the most accepted hypothesis is that JA-lle production relies upon the

activation of the whole pathway starting from MGDG precursors.

Nevertheless, it remains unclear how are JA biosynthesis enzymes activated to initiate JA-lle
production and what are the upstream signalling events sensing damage. A wide-range of exogenous
and endogenous signals have been proposed as elicitors of de novo JA-Ile biosynthesis, reviewed in
(Campos et al., 2014). Among the exogenous elicitors, herbivore- and microbial-associated molecular
patterns (HAMPs and MAMPs) derived from pathogenic organisms can be recognized by putative
pattern recognition receptors (PRR), which consequently activate defense responses (Zhang et al.,
2017). Several of these elicitors, such as flagellin and elongation factor-Tu from bacterial pathogens,
chitin from fungal pathogens or fatty acid-amino acid conjugates from lepidopteran herbivores, were
reported to activate multiple defense pathways including JA (Schmelz et al., 2009; Campos et al.,
2014; Kim et al., 2014; Steinbrenner et al., 2020). However, although some of their receptors are
known, the downstream signalling events leading to the induction of the JA pathway remain obscure.
Furthermore, there is no reported evidence that mutants in the PRR receptors are affected in JA-lle

production and signalling following wounding.

Endogenous elicitors, such as damage-associated molecular patterns (DAMPs), are instead derived
from the plant and are produced during tissue wounding as well as attacks from herbivores and
pathogens (Hou et al., 2019; Li et al., 2020b). They are considered danger signals and have been

proposed to elicit JA-lle production (Campos et al., 2014). One example is the peptide AtPep1, which



is released upon wounding and pathogen attack and can stimulate the expression of JA-lle-dependent
defense genes such as PDF1.2 (Huffaker et al., 2013). Interestingly, the degradation of plant cell walls
by enzymes produced by pathogens may generate cell wall fragments, of which some are also
considered DAMPs that can trigger the JA pathway, reviewed in (Mielke and Gasperini, 2019). Among
them, pectin-derived breakdown fragments called a-(1,4)-linked oligogalacturonides (OGs) can be
putatively perceived by WALL-ASSOCIATED KINASE 1 and 2 (WAK1, WAK2) receptors in Arabidopsis
(Decreux et al., 2006; Kohorn et al., 2009; Brutus et al., 2010). In fact, treatment with OGs of certain
chain length (degree of polymerization of 10 - 25) induce the production of JA in tomato (Doares et
al., 1995) and exhibit elevated expression levels of JA-lle-responsive genes including AOS, LOX2,
LOX3, and LOX4 (Moscatiello et al., 2006; Souza et al., 2017). Recently, the cellulose-derived fragment
cellobiose was also reported to elicit specific defense responses and caused elevated expression of JA
biosynthesis genes AOS, LOX3, and LOX4 (Souza et al., 2017), although the respective cellobiose
receptor has not been identified yet. Therefore, although several elicitors are capable of triggering JA

production, the molecular mechanisms mediating the initiation of JA biosynthesis remains obscure.

Cell wall alterations can trigger the JA pathway

Mechanical wounding, herbivory and pathogen infection, which all can lead to JA-lle production, have
in common that they breach the cell wall. In fact, a number of chemical and genetic alterations within
the plant cell wall can induce JA-Ile biosynthesis and / or signalling, reviewed in (Mielke and Gasperini,
2019). Plant cell walls are polysaccharide-rich structures, which provide mechanical strength while
allowing flexibility for cell growth and proliferation. They can be categorized into primary and
secondary walls, depending on their structural and functional differences. Primary cell walls are
mainly comprised of cellulose (Fig. 3), hemicelluloses and pectic polysaccharides and are synthesized
during cell division at the cell plate, where they encase newly formed cells and increase their area
during cell growth, reviewed in (Lampugnani et al., 2018). Once plant tissues cease growing, they may
be additionally surrounded by lignified secondary walls adding further compressive and tensile

strength, reviewed in (Cosgrove and Jarvis, 2012).

Cellulose chains (unbranched poly B-1,4-D-glucan chains) are synthesized by a hexameric cellulose
synthase complex (CSC) at the plasma membrane which uses cytosolic uracil-diphosphate glucose
(UDP-glucose) as a substrate (Fig. 3), reviewed in (Carpita, 2011). The CSC is composed of proteins of
the CELLULOSE SYNTHASE (CesA) family, which are inserted into the plasma membrane. Three
CesAs form a rosette, and six rosettes ultimately form a CSC that spans the plasma membrane and
synthesizes cellulose microfibrils at the cell wall (Kimura et al., 1999; Polko and Kieber, 2019). For

primary cell wall biosynthesis in Arabidopsis, proteins CesA1, CesA3, and CesA6 proteins are



necessary to form a functional CSC (Persson et al., 2005). Mutations in some of the CesA genes, like

CesA1 and CesA3, lead to severely stunted growth phenotypes due to impaired cellulose production

(Cano-Delgado et al., 2000; Gillmor et al., 2002).
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Figure 3: Genetic mutations in specific cell wall biosynthesis and sensing components activate the JA
pathway. The plant cell wall represents the extracellular barrier and is mainly composed of complex
polysaccharides including cellulose (schematically represented by orange rods), hemicelluloses (by purple lines),
and pectins (by green ribbons). Cell wall biosynthesis and sensing components whose loss of function results in
the activation of the JA pathway are highlighted in magenta and include: CELLULASE SYNTHASE 3 (cesa3),
KORRIGAN1 (kor1), COBRA (cob), and FERONIA (fer). Nevertheless, intracellular components linking alterations
in cell wall biosynthesis to JA-lle production are still unknown. The Figure is a modified version from (Mielke and
Gasperini, 2019).

Cellulose microfibrils are cross-linked by hemicellulose chains through hydrogen bonds in order to
form a complex network, reviewed in (Park and Cosgrove, 2015). Unlike cellulose, hemicelluloses are
branched polymers, which have a cellulose-like backbone but couple different monosaccharides, such
as glucose, xylose, arabinose, and mannose, by B-(1,4)-links, reviewed in (Pauly et al., 2013). The most
abundant hemicellulose in Arabidopsis is xyloglucan. Other hemicelluloses include glucomannan,
galactomannan or arabinoxylan (Pauly and Keegstra, 2016). Hemicellulose oligomers are synthesized
in the Golgi and are afterwards delivered to the wall via the secretory pathway where they are further
assembled into longer chains by members of the glucan endo-transglucosylase/hydrolase family

(Park and Cosgrove, 2015; Anderson and Kieber, 2020).
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The complex network of cellulose microfibrils and hemicelluloses is embedded in a gel-like pectin
matrix. Pectins are galacturonic acid-containing multiblock polymers which eventually carry complex
side chains, reviewed in (Atmodjo et al., 2013). Similarly to hemicelluloses, these polysaccharides are
synthesized in the Golgi and reach the cell wall through secretory vesicles (Toyooka et al., 2009). The
most abundant form of pectin in primary walls is homogalacturonan (HG), which is composed of
unbranched a-1,4-linked galacturonic acid chains that can be decorated with xylose to form
xylogalacturonan or apiose to form apiogalacturonan (Anderson, 2016). HG is delivered to the wall in
a methylesterified neutral state, but can then be de-esterified by pectin methyl esterases (PME),
which leads to the exposure of negative charges that can form strong cross-links with Ca** (Senechal
etal., 2014). Otherimportant pectins include rhamnogalacturonan-1 (RG-1) and rhamnogalacturonan-
I1 (RG-Il). RG-l and RG-Il possess a backbone of alternating rhamnose and galacturonic acid subunits
or a HG-like backbone respectively, and are both decorated by structurally complex side chains
(Atmodjo et al., 2013). Moreover, specific side chains of RG-Il can form borate diester linkages to

crosslink RG-1l molecules (Funakawa and Miwa, 2015).

Cellulose, hemicelluloses, and pectins are thought to have a number of functional interactions which
are crucial for determining the mechanical characteristics of plant cell walls. Indeed, physical
interactions between all components have been described, and the list of identified covalent linkages
between them is constantly growing (Anderson and Kieber, 2020). Although the major components
of primary cell walls are well known and intensively studied, much research is still required to
understand these dynamic structures whose composition and architecture changes during plant
growth and development. Especially the signalling components driving this communication system
are still poorly understood and have only recently started to emerge, reviewed in (Voxeur and Hofte,

2016).

The first evidence that genetic alterations in plant cell walls might exhibit altered JA-lle responses was
provided by the isolation and characterization of the CesA3 mutant constitutive expression of VSP1
(cevi), which ectopically produces JA and ethylene (ET) and exhibits higher basal expression levels of
JA-lle-dependent defense genes VSP1, VSP2, and PDFx.2 (Ellis and Turner, 2001; Ellis et al., 2002).
Constitutive expression of these defense-related genes was furthermore observed in other mutant
alleles of CesA3, such as ectopic lignification 1 (eliz) (Cano-Delgado et al., 2003) and isoxaben resistant
1 (ixr1) (Hernandez-Blanco et al.,, 2007). Moreover, a mutant in COBRA, which encodes a
glycosylphosphatidylinositol (GPIl)-anchored protein that modulates cellulose deposition,
constitutively overexpresses JA biosynthesis genes AOS, LOX2, and OPR3 and exhibits a basal

overproduction of JA levels (Ko et al., 2006). Additionally, chemical inhibition of cellulose biosynthesis
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by treating plants with the herbicide isoxaben, triggers the degradation of the negative JA biosensor
Jasg-VENUS (JgV) (Larrieu et al., 2015) and induces high JA levels (Denness et al., 2011; Engelsdorf et
al., 2018). Nevertheless, intracellular signalling steps that link defects in cell walls to the activation of

JA biosynthesis remain largely unknown (Fig. 3).

Plant cell wall surveillance signalling

The plant cell wall is a highly responsive and dynamic structure whose composition and properties
need to be coordinated with developmental and environmental stimuli to ensure proper growth and
stress responses (Bacete and Hamann, 2020; Rui and Dinneny, 2020). Thus, cell wall properties are
constantly monitored at the plasma membrane and their status is transmitted intracellularly to
signalling cascades aimed at readjusting growth. The existence of a pathway, constantly monitoring
the integrity and status of plant cell walls regarding developmental and stress signals was first
proposed by (Somerville et al., 2004), based on an equivalent pathway present in yeast (Heinisch et
al., 1999). In Arabidopsis, a loss-of-function mutant of the Catharanthus roseus Receptor-Like Kinase
1-like (CrRLK1L) THESEUS 1 (THE1), suppresses the short hypocotyl phenotype of a cesa6 mutant
without restoring its low cellulose content (Hematy et al., 2007). Members of the CrRLK1L family
harbour a cytoplasmic kinase domain and an ectodomain exposed towards the plant cell wall, and
several have been implicated in sensing and transducing cell wall-derived signals (Wolf, 2017).
Specifically, they were found to integrate developmental and environmental cues by binding to
secreted peptides of the RAPID ALKALINIZATION FACTOR (RALF) family leading to the regulation
of immune and growth responses (Haruta et al., 2014; Ge et al., 2017; Stegmann et al.,, 2017).
Moreover, the malectin-like domains in the CrRLK1L FERONIA (FER) facilitate direct binding to
pectins in the cell wall (Feng et al., 2018). FER can also directly interact with extracellular leucine-rich
repeat extensin proteins, allowing cells to sense mechanical constraints in the cell wall and
consequently adjust vacuolar size and cell elongation (Dunser et al., 2019). Interestingly, fer loss of
function mutants accumulate high basal levels of JA-lle precursors (Fig. 3) (Guo et al., 2018a).
Specifically, FER inhibits JA-lle signalling by phosphorylating and destabilizing MYC2, while upon

RALF23 elicitation FER stabilizes MYC2 and promotes JA-lle-dependent responses (Guo et al., 2018a).

In addition to CrRLKL, stretch-activated ion channels, other receptor-like kinases (RLKs), leucine-rich-
repeat extensins, mechanosensors and osmosensors are thought to be involved in maintaining cell
wall integrity in Arabidopsis (Wolf, 2017; Bacete and Hamann, 2020). In conclusion, there is growing
evidence that cell wall surveillance pathways are essential for maintaining the communication
between the extracellular matrix and the cell interior in order to orchestrate responses upon

developmental and stress signals.
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Turgor pressure and plant mechanoperception

Plant cells can maintain a high internal hydrostatic water pressure (turgor pressure), that can reach
values of around 20 atmospheres (Beauzamy et al., 2014). It is generated by osmotic water uptake
that leads to vacuolar expansion and pushes the plasma membrane against the cell wall (Fig. 4). The
wall is counteracting the internal pressure and prevents cells from bursting, and is set under
mechanical tension as a consequence. In growing plant cells, cell wall biosynthesis and remodelling
co-ordinately give in to the turgor, thus allowing the cell to expand. Hence, turgor pressure is

considered as the driving force of growth (Hamant and Traas, 2010).

However, turgor pressure is nondirectional, meaning that anisotropic growth can only be achieved by
modifying the cell wall as a counteracting force. In fact, directional growth is controlled by several
mechanisms. Numerous cell wall-modifying enzymes, such as expansin, PMEs, xyloglucan
endotransglycolases / hydrolases (XTHs), and endo-(1,4)-3-D-glucanases, are capable of loosening
the wall at specific sites to allow for directional growth (Cosgrove, 2018). In addition, cortical
microtubules, which guide the deposition of load-bearing cellulose microfibrils (Paredez et al., 2006),
predominantly align transversally to the growth axis and hence along the direction of maximal tension

(Colin et al., 2020).

Turgor pressure decreases or increases according to the water pressure within the cell (Fig. 4). As a
consequence, environmental conditions can have a strong impact on turgor. Hyperosmotic conditions
during low water availability or high salinity can reduce turgor and even plasmolyze the cell, while
hypoosmotic conditions during flooding or mechanical compression increase the pressure and hence
the mechanical tension of the wall (Fig. 4) (Beauzamy et al., 2014). Therefore, in order to maintain
turgor within tissues, plant cells rely on the movement of water and water-attracting osmotically
active substances (osmolytes). The intra- and intercellular movement of water is mainly accomplished
by gated water channels called aquaporins. They are localized at the plasma membrane as well as
membranes of other cellular compartments and seem to mediate the majority of water transport
between symplast and apoplast (Chaumont and Tyerman, 2014). Another mode of water transport
within the symplast is mediated by plasmodesmata. Depending on the size exclusion limit of these
symplasmic connections, also the passive transport of osmolytes is warranted (Sager and Lee, 2018).
Osmoregulation through the transport of osmolytes is key to control the internal turgor. The major
classes of molecules used for osmoregulation in plant cells are ions, sugars, and amino acids, which

can be directionally relocated by specific transporters (Beauzamy et al., 2014).
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Figure 4: Simplified scheme of the cellular adjustment of turgor pressure in plants. Depending on water
availability and osmotic conditions, passive and active transport of water and osmolytes regulate internal turgor
pressure. Hyperosmotic treatments result in increased water export and volume loss of vacuole (red) and
cytoplasm (yellow). In contrast, hypoosmotic conditions lead to increased water uptake and result into the
expansion of the vacuole and subsequent loss of cytoplastic volume and compression of the plasma membrane
(grey) against the cell wall (blue), which as a consequence is set under mechanical tension. Depending on the
strength of hypo- and hyperosmotic conditions, plant cells might experience morphological changes in their
volume.

As turgor pressure is directly linked to the extracellular osmotic conditions, plants evolved means to
sense osmotic cues and their mechanical consequencesin orderto initiate internal responses (Hamant
and Haswell, 2017). For instance, members of the MECHANOSENSITIVE CHANNEL OF SMALL
CONDUCTANCE-LIKE (MSL) family were shown to be important for osmoregulation as they mediate
responses to hypoosmotic stress in plant cells and organelles (Veley et al., 2012; Basu and Haswell,
2020). Another example is the channel MATING PHEROMONE INDUCED DEATH 1 (MIDa1)-
COMPLEMENTING ACTIVITY 1 (MCA1) which enhances Ca** influx in response to hypoosmotic shock
and mechanical stimuli (Nakagawa et al., 2007). Intriguingly, MCA1 was also found to be required for
the induction of JA biosynthesis upon osmosensitive alterations in the cell wall triggered by isoxaben
(Engelsdorf et al., 2018). Indeed, osmotic changes can lead to alterations in cell morphology such as
cell swelling (Basu and Haswell, 2020), which in turn might activate mechanical stress within tissues
(Hamant and Haswell, 2017). Additionally, mechanical wounding can lead to the formation of
hydraulic pressure waves (Huber and Bauerle, 2016), which are hypothesized to play a role in the
activation of JA-lle biosynthesis in distal tissues (Farmer et al., 2014; Farmer et al., 2020).
Nevertheless, the molecular mechanisms linking turgor changes and mechanical stress remain largely

unknown and have yet to be connected to the JA pathway.
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3. Preparatory work for this thesis

In a genetic screen designed to identify negative requlators of JA-lle signalling, (Acosta et al., 2013)
searched for ethyl methanesulfonate (EMS)-mutagenized M, seedlings with constitutive activation of
the JA-lle-responsive reporter JAZ1op:GUSPlus (JGP). Whereas basal JGP activity in the WT as well as
in JA-deficient aos plants is very weak and limited to the hypocotyl, cotyledon wounding triggers
robust reporter induction across the wounded cotyledon as well as in the unwounded hypocotyl,
cotyledon, and root of the WT but not of aos (Fig. 5A). Hence, JGP represents an excellent reporter to
reveal sites of increased JA-lle production or signalling (Acosta et al., 2013). The screen isolated two
allelic mutants with ectopic JGP activation in the primary root that did not extend into aerial organs
(Fig. 5B). Whole genome sequencing of twice backcrossed (BC) BC,F, bulk segregants mapped the
putative causative mutations to single nucleotide polymorphism (SNPs) in KORRIGAN1 (KOR1). The
mutants were named kori-4 and kori-5 and correspond to L573F and P172L amino acid exchanges,

respectively (Fig. 5C).
A JAZ10p:GUS B
basal wounded JAZ10p:GUS
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Figure 5: A forward genetic screen to identify negative regulators of JA-lle signalling yielded two novel korz
alleles. (A) Representative JAZ10p:GUS reporter activity in 5-do seedlings of WT and aos at basal conditions and
2 h after cotyledon wounding (red arrow). Note the increase of reporter activity in the WT but not in the mutant.
(B) Representative JAZ10p:GUS reporter activity in 5-do seedlings of kori-4 and kori-5 at basal conditions. Note
the constitutive reporter expression in the primary root of both mutants. (C) Schematic representation of KOR1
gene structure describing the 2 novel korz alleles found in the screen. Black boxes depict exons and lines introns.
Scale bars in (A) and (B) = 0.5 mm. Data from (A) was taken from (Acosta et al., 2013).

KORz1 is a member of putative plasma membrane-bound endoglucanases (GLYCOSYL HYDROLASE

9A1, GHgA1) and is comprised of an N-terminal cytosolic tail domain, a transmembrane domain and
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a C-terminal extracellular endo-1,4-3-glucanase catalytic domain (Fig. 6A) (Nicol et al., 1998;
Urbanowicz et al., 2007). Partial loss-of-function and knock-down alleles of korz exhibit a variety of
phenotypes in Arabidopsis including dwarfism, elongation defects, organ swelling, an altered cell wall
architecture and decreased cellulose content (Fig. 6B and C, Tab. S1) (Nicol et al., 1998; Lane et al,,
2001; Sato et al., 2001; Szyjanowicz et al., 2004; Lei et al., 2014). Stronger alleles cause cytokinesis
defects, early growth arrest and calli formation (Zuo et al., 2000; Krupkova et al., 2007). In addition,
several kori alleles are temperature-sensitive and exhibit exacerbated phenotypes at elevated
temperatures (Lane et al., 2001). However, a true knockout-allele of korz has not been described yet
and is thought to be lethal (Lei et al., 2014). As KOR1 is conserved throughout different plant species,
dwarf phenotypes of knockdown-alleles were also observed in poplar and spruce (Maloney and

Mansfield, 2010; Maloney et al., 2012).

KORRIGAN 1

N —[ Cyt I TMD 1 Extracellular endoglucanase activity domain ]— (]
1-70 71-91 92-621

wT jial-1 WT jiat-1

160 { =
140 -
120 - .
100 1
80 -

WT  jiat-1

’

Cellulose content (ug / mg)

Figure 6: Structure of KOR1 and mutant phenotypes. (A) Schematic representation of Arabidopsis KORx.
Specific domains include a cytosolic tail domain (Cyt, green, amino acids 1-70), a transmembrane domain (TMD,
grey, amino acids 71-91) and an extracellular endoglucanase activity domain (blue, amino acids 92-621). (B)
Morphology of the korz mutant allele jiaz-1 in comparison to the WT. Images show 7-week-old flowering plants,
4-week-old rosettes, root elongation as well as primary root tip morphology. Note the overall dwarfism of jiaz-1
in comparison to the WT. (C) Crystalline cellulose content of 4-d-old, dark-grown WT and jiaz-1 plants. Double
asterisks indicate significant differences from the WT at the same data point (P < 0.01, Student’s t test). Error
bars represent standard deviation. (D) Expression of KOR1p:GUS-KOR1 in Col-o. Note that KOR1 is expressed
throughout the plant body. Scale bars = 1 mm (top image); 0.1 mm (bottom images). Images and data in (B) and
(C) are from (Lei et al., 2014) and images in (D) from (Rips et al., 2014).

Co-localization of Green Fluorescent Protein (GFP)-KOR1 with specific plasma membrane- and
organelle markers revealed, that the protein is predominately localized at the plasma membrane and
the trans-Golgi network (TGN) and undergoes constant intracellular cycling (Robert et al., 2005;
Nagashima et al., 2020b). The ectodomain of KORz1 carries 8 N-Glycosylation sites, which are
processed in the endoplasmic reticulum (ER) and are important for the subcellular localization and

hence proper function of the protein (Liebminger et al., 2009; Rips et al., 2014). Most likely KOR1
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N-glycans are important for proper ectodomain folding, as lack of glycoprotein quality control in the
ER as well as underglycosylation lead to KOR1 accumulation and presumably degradation in the

tonoplast (Rips et al., 2014; Nagashima et al., 2020a).

The importance of KOR1 on cellulose biosynthesis was further substantiated by uncovering its
interaction with CesAs involved in primary and secondary cellulose biosynthesis via in vitro affinity
chromatography, yeast-two-hybrid screens, and bimolecular fluorescence complementation (BiFC)
experiments in tobacco (Lei et al., 2014; Mansoori et al., 2014; Vain et al.,, 2014). These interaction
studies corroborate the evidence on KOR1 co-localization with components of the CSC at the plasma
membrane and the TGN (Lei et al., 2014; Vain et al., 2014). Consistently, loss of KOR1 leads to
defective motility of CesA6 and CesA3 trajectories at the plasma membrane (Paredez et al., 2008; Lei
et al., 2014). The enzymatic activity of KOR1 has been thus far been analysed only in vitro where
recombinant KOR1 variants from poplar or Arabidopsis hydrolysed the cellulose derivate
carboxymethylcellulose (Master et al., 2004; Liebminger et al., 2009; Lei et al., 2014). However, the
precise function of KORz in cellulose biosynthesis, the exact molecular mechanism of the enzyme and
its in vivo substrates are still unknown. An early study proposed that KOR1 is necessary for the
cleavage of sterol-linked primers during cellulose elongation (Peng et al., 2002). Other hypotheses
state that KOR1 may reduce cellulose crystallinity and hence relieve the tension of cellulose
microfibrils (Takahashi et al., 2009), or that KOR1 may hydrolyse (3-glucoside primers in the apoplast
during initiation of cellulose biosynthesis or even cleave cellulose chains to reduce fibril length (Ding
and Himmel, 2006). Nevertheless, KOR1 is broadly expressed throughout the plant and across all
developmental stages, reinforcing its pivotal role in plant cell wall biosynthesis and remodelling (Fig.

6D) (Rips et al., 2014).

Interestingly kor1-1 knock-down plants showed reduced susceptibility to the necrotrophic fungus
Botrytis cinerea (Finiti et al., 2013) and an increased susceptibility to the hemibiotrophic bacteria
Pseudomonas syringae pv tomato (Lopez-Cruz et al., 2014). Upon infection, kor1-1 leaves exhibited
increased levels of JA and JA-lle, as well as a potentiated expression of defense-related transcripts
compared to WT plants (Lopez-Cruz et al., 2014). Additionally, KOR1 localization in the TGN is
important for proper root growth during salt stress (Nagashima et al., 2020b). Nevertheless, it is still

unclear how KOR1 impacts plant stress and defense responses at the molecular level.

The newly identified kor1-4 and kor1-5 alleles were the founding genetic material for this thesis and
provided the basis to decipher the link between plant cell wall alterations and the initiation of JA-lle

biosynthesis.

17



4. Aims and objectives

Although JA-lle biosynthesis and signalling are fairly well understood, knowledge on what signals
stimulate the initiation of JA-lle biosynthesis in plastids and how plastids sense these signals is still
completely missing. In fact, insect herbivory and mechanical wounding trigger the initiation of several
concomitant signalling pathways in addition to JA-lle production, with the consequence of being
unable to dissect molecular signals lying upstream of JA-lle biosynthesis (Campos et al., 2014). We
therefore hypothesized that specific cell wall perturbations stimulate JA-lle production in plastids via
an unknown signalling pathway, and that the elucidation of such pathway(s) could lead to the
understanding on how JA-Ile biosynthesis is initiated more broadly. These putative pathways could
include sensors or channels at the plasma membrane which sense cell wall-derived cues and transduce
the information intracellularly and to plastids where JA-lle biosynthesis is initiated (Fig. 3). To test my

hypothesis, | had the following objectives:

Objective I: Are kor1 alleles suitable tools to study pathways linking altered cell walls to JA-lle
production?

First, | aimed to determine if the constitutive upregulation of JA-lle signalling in my korz allele was
indeed caused by the absence of a functional KOR1 by evaluating complementation lines. | next
evaluated if the JGP phenotype was dependent on hormone production by generating korz aos double
mutants and by measuring endogenous hormone levels. | also wanted to define how do korz mutants
respond to other JA-lle inducing stimuli, and which of the two korz alleles is most suitable for further

studies.

Objective II: Is the activation of ectopic JA signalling in korz cell-autonomous or non-cell
autonomous?

Although KORz is expressed throughout the plant and korz mutants are cell wall mutants everywhere
(Rips et al., 2014), activation of JA-lle signalling in korz alleles was restricted to specific root portions
(Fig. 5B). As JA-lle precursors are mobile (Schulze et al., 2019; Li et al., 2020a), ectopic JGP reporter
activity in korz could be a result of either cell-autonomous or cell non-autonomous signals. To
discriminate between these possibilities and identify the tissue responsible for triggering JA-lle
biosynthesis, | aimed to generate a detailed cellular map of where is ectopic JA-lle signalling occurring
in kor1. | then expressed a functional CIT-KOR1 fusion protein in specific cell layers of the root to

evaluate which tissue is responsible for triggering JA-lle production in korz.
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Objective Ill: What are the genetic components involved in initiation of JA-lle biosynthesis in
kora?

For this aim, | used a combination of reverse and forward genetic approaches. First, | analysed the
kor1 root transcriptome to search for possible upstream regulators of JA-lle production. Mutants from
potential candidates acting upstream of JA-lle, as well as reported cell wall integrity sensors were
crossed into korz, and resulting double mutants combinations were analysed for their capacity to
abolish increased JA-lle signalling. In parallel, | have also performed an unbiased forward genetic
screen on an EMS mutagenized korz population for JGP suppression. One of the identified
suppressors was functionally characterized and provided evidence on the physiological trigger of the

JA-lle pathway in korz.

Objective IV: What are the roles of ectopic JA-lle signalling in korz mutants?

As the activation of JA-lle signalling normally triggers defense responses at the expense of plant
growth (Yang et al., 2012), it is likely that the root activation of JA-lle signalling in korz mutants could
contribute to the reduction of growth and activation of defense responses of cellulose-deficient korz
plants. It is also possible that ectopic JA-lle signalling may impact other less-known JA-Ile-regulated
processes, or that JA-lle production in korz is physiologically insignificant. To test this multitude of
possibilities, | aimed to characterize a variety of korz phenotypes and compare them with the JA-

deficient korz aos background.
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Section Il - Results

1. Are kora alleles suitable tools to study pathways linking altered cell walls to JA-lle

production?

Before starting to further characterize korz mutants with respect to the JA pathway, | first confirmed
whether the causative mutations of the observed JGP phenotype are kori-dependent. An allelism test
between kori-4 and the T-DNA insertion mutant kor1-6 in the JGP background did not abolish

constant activation of JA-lle signalling in the primary root (Fig. 7A).

JAZ10p:GUS B Figure 7: Untagged and tagged KORz1

‘ versions fully restore the korz mutant
phenotype. (A) Representative JAZ10p:GUS
reporter activity in 5-do seedlings of kori-4,
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complemented with KOR1p:KOR1  and
KOR1p:CIT-KOR1.  Note the increased
JAZ10p:GUS reporter activity in kori-4 and
allelism test (orange arrowheads), and its
absence from complementation lines (empty
arrowheads). (B) CIT-KOR1 expression in 5-do
kori-4 JGP seedling roots under the control of
its native KOR1 promoter (KOR1p:CIT-KOR1).
Samples were cleared in ClearSee and
counterstained with the cellulose (cell wall) dye
Direct Red 23. (C) Primary root length box plot
summary of 7-do seedlings in indicated
genotypes. Medians are represented inside the
boxes by solid lines, circles depict individual
measurements (n = 5i1-61). Letters denote
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samples as determined by ANOVA followed by
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This verified that mutations in KORz1 trigger the constant activation of JA-lle signalling in mutant roots
and that the CIT-KORz1 fusion protein is functional. Interestingly, the strength of the JGP phenotypes
in the three kor1 alleles clearly differed (Fig. 8A). While korz-5 showed JGP activity in the whole
primary root, kor1-4 and kor1-6 had milder phenotypes with GUS staining localizing predominantly in
the root early differentiation zone, but not in the root division zone nor at older root portions (Fig.
8A). Despite KOR1 being expressed everywhere and the occurrence of stunted shoot growth of
characterized mutants (Rips et al., 2014), constitutive JGP activation was not detected in aerial tissues
of korz alleles (Fig. 8A). | further confirmed the activation of JA-lle signalling in korz alleles by
quantifying transcript levels of JAZio and an additional JA-lle-dependent gene JASMONATE
OXYGENASE 3 (JOX3). The data confirmed elevated basal levels of JA-lle marker transcripts in roots
but not in shoots (Fig. 8B and C). In addition, shoot wounding and exogenous treatment with MeJA
induced JGP reporter expression in kori shoots and roots (Fig. 8A), further validating the root

specificity of basal JGP activity.

I next determined whetherthe JGP phenotype is dependent on bioactive hormone production. | hence
generated JA-deficient kor1-4 aos and kori-5 aos double mutants, in which basal JGP reporter activity
was indeed fully abolished (Fig. 8A). Similar to aos, korz aos mutants only displayed JGP activation
upon treatment with exogenous MeJA but not after wounding (Fig. 8A). Likewise, JAZ10 transcript
levels in kori-4 aos were similar to the WT at basal conditions and did not increase after shoot
wounding, further confirming that constitutive JA-lle signalling in korz mutants was dependent on
increased JA-lle biosynthesis (Fig. 8D and E). Consistently, bioactive hormone JA-lle levels, as well as
its precursors OPDA and JA, were significantly increased in kori-4 roots (Fig. 8F to H). A typical
phenotype frequently observed in cellulose mutants is the ectopic lignification of the primary root,
which is considered to be a compensatory mechanism due to the lack of proper cellulose biosynthesis
(Zhong et al., 20023; Cano-Delgado et al., 2003; Hematy et al., 2007). By performing
phloroglucinol-HCl staining of seedlings | could also observe ectopic lignin patches in korz-4 roots in

comparison to the WT, that were still present in the absence of JA-lle (Fig. 8I).

To determine which of the korz alleles is the most suitable tool for my further studies, | next
investigated their morphological phenotypes. The kori-5 allele showed the most severe impairment
in shoot growth and root elongation, while kori-4 and korz-6 had milder phenotypes (Fig. S1A and B).
Hence, root length of korz alleles correlated with the activation of JA. Because of its severe stunted

growth, kor1-5 plants barely produced seeds and were hard to propagate or to transform.
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Figure 8: Mutations in KOR1 exhibit constitutive root JA-lle production and signalling. (A) Representative
JAZ10p:GUS reporter activity in 5-do seedlings of indicated genotypes at basal conditions, 2 h after cotyledon
wounding (orange asterisks) and 2 h after 10 uM MeJA treatment. Note the presence of JAZ10p:GUS reporter
activity in roots of korz mutants at basal conditions (orange arrowheads), and its absence in korz aos mutants
(empty arrowheads). Scale bars = 0.5 mm. (B and C) qRT-PCR of basal (B) JAZz0 and (C) JOX3 expression in
shoots and roots of indicated genotypes. JAZ10 and JOX3 transcript levels were normalized to those of UBC21.
(D and E) gqRT-PCR of JAZ10 expression basally and 1 h after shoot wounding in (D) aerial organs and (E) roots
of WT, aos, kori-4, and kori-4 aos. JAZ1o0 transcript levels were normalized to those of UBC21. Bars in (B to E)
represent the means of three biological replicates (+SD), each containing a pool of ~60 organs from 5-do
seedlings. (F to H) Absolute (F) OPDA, (G) JA, and (H) JA-Ile content in WT and kori-4 roots. Bars represent the
means of three biological replicates (+SD), each containing a pool of ~600 roots from 5-do seedlings. (I)
Representative phloroglucinol-HCI stainings showing lignin deposition (fuchsia color) in primary roots of
indicated genotypes. Scale bars = 200 um. Letters and asterisks denote statistically significant differences
among samples as determined by (B to E) ANOVA followed by Tukey’s HSD test (P < 0.05), or by (F to H)
Student’s t-test (P *< 0.05, ***< 0.001).

Given that kori-4 exhibited milder growth defects but still displayed a robust JA phenotype, |
employed this allele for all further analyses. Collectively, my data indicate that KOR1 is a negative
regulator of root JA-lle biosynthesis. Therefore, korz mutants represent valuable genetic tools to

study how cell-wall derived signals are linked to intracellular hormone production.

2. Is the activation of ectopic JA-lle signalling in korz cell-autonomous or non-cell

autonomous?

Constitutive activation of JA-lle signalling in kori-4 roots occurs predominantly in endodermis
and pericycle cells of the root early differentiation zone

Given that ectopic JGP reporter activity was confined to specific kori-4 root portions (Fig. 8A), |
wanted to identify the precise cell types displaying increased JA-lle signalling. However, this question
could not be addressed with the JGP reporter as it is secreted into the apoplast and is therefore not
suitable for detailed cellular analysis (Acosta et al., 2013). | therefore generated a transcriptional
reporter line expressing 3x-VENUS coupled to a nuclear localisation signal (NLS-3xVEN) under the
control of JAZ1op (JAZ10p:NLS-3xVEN), which could be visualized by in vivo live cell imaging. Similar
to the JGP reporter, JAZ10p:NLS-3xVEN expression was not present basally in primary roots of WT or
aos plants, but was strongly induced after MeJA treatment in both WT and aos roots (Fig. S2).
Consistently mechanical wounding of cotyledons triggered the reporter induction in roots of the WT

but not in aos (Fig. S2).

In contrast to the WT, primary roots of kor1-4 exhibited basal reporter expression chiefly in the early
differentiation zone of the primary root, where optical confocal sections revealed the presence of the

signal mainly in endodermis and pericycle cell files (Fig. 9B and C). | then quantified the presence of
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the reporter along longitudinal cell files of epidermis, cortex, endodermis, and pericycle cells from 20
roots and generated a frequency map for each cell layer (Fig. gD). On average, the reporter was
weakly activated around the onset of cell elongation and proceeded to show more frequent activation
in the early differentiation zone, before ceasing approximately 30 cells after the onset of elongation.
The reporter was present only sporadically in a few epidermal or cortex cells, and the predominant
site of its activation was observed in a stretch of 10 to 15 cells in endodermis and pericycle after the

onset of differentiation (Fig. D).
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Figure g: kori-4 roots exhibit increased JA-lle signalling in endodermis and pericycle cells. (A to C)
JAZ10p:NLS-3xVEN expression in (A) WT and (B and C) kor1-4 5-do roots cleared with ClearSee, counterstained
with the cellulose dye Direct Red 23 and visualized as a 3D texture based volume renderings from Z-stacks. (C)
Orthogonal view from of an optical kori-4 root section. The onset of elongation is indicated by empty
arrowheads (first elongated cortex cell), and that of differentiation by filled arrowheads (presence of root hairs).
ep, epidermis; co, cortex; en, endodermis; pe, pericycle. Scale bars (A and B) = 200 um, (C) = 30 um. (D) Heatmap
of JAZ10p:NLS-3xVEN frequency in individual cells from WT and korzi-4 primary roots (n = 21). Presence or
absence of the reporter was evaluated from the onset of elongation in individual cells along consecutive
longitudinal files for each tissue layer. Reporter expression was not observed in the WT nor in kori-4 vascular
tissues of the stele (st). The onset of elongation is indicated by an empty arrowhead and that of differentiation
by a filled arrowhead.
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Cortex-specific CIT-KOR1 expression complements ectopic JA-lle signalling in inner kora tissues
As JA signals can travel from cell to cell and JA-lle precursors are mobile (Schulze et al., 2019; Lietal.,
20203), the activation of JA-lle signalling in kor1-4 endodermal and pericycle cells could be a result of

either cell-autonomous or cell non-autonomous signals.
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Figure 10: Cortex-specific KOR1 expression complements the constitutive JA-Ile signalling in korz-4. (A to
D) Representative images of cell-type specific CIT-KOR1 expression in 5-do kori-4 seedling roots and respective
JAZ10p:GUS reporter activity in these lines. CIT-KOR1 expression was driven by either (A) the epidermal /RTz
promoter (ep-/RT1p:CIT-KOR1), (B) the cortex PEP promoter (co-PEPp:CIT-KOR1), (C) the endodermal SCR
promoter (en-SCRp:CIT-KOR1), or (D) the pericycle- and stele-specific PIN1 or WOL1 promoters
(st-PIN1p:CIT-KOR1, st-WOLp:CIT-KOR1). Samples for CIT-KORa visualization were cleared with ClearSee and
counterstained with the cellulose dye Direct Red 23. Note that cortex-expressed CIT-KOR1 complements
JAZ10p:GUS activity in kori-4 roots (empty orange arrowhead). Scale bars (A to D) = 200 pm (fluorescence
images) and 0.5 mm (GUS-stained seedlings).
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To determine which tissue is the source of JA-lle biosynthesis, | generated lines for cell-specific
expression of CIT-KOR1 in epidermis, cortex, endodermis or stele by using promoters
IRON-REGULATED TRANSPORTER 1 (IRT1p), PLASTID ENDOPEPTIDASE (PEPp), SCARECROW
(SCRp), or WOODEN LEG 1 (WOL1p), respectively (Marques-Bueno et al., 2016). When expressed
under its endogenous promoter, which led to full complementation of JA-lle signalling and root
growth, CIT-KOR1 was visualized in all root tissues (Fig. 7A to C). Similarly, CIT-KOR1 expressed under
cell-type-specific promoters was localized to the expected cell types in the primary root (Fig. 10A to
C). Because the WOL1p:CIT-KOR1 construct displayed very weak fluorescence signals at the intended
locations, | used an additional promoter (PIN-FORMED 1, PIN1p) to drive CIT-KORz in the stele, which
includes the pericycle (Marques-Bueno et al., 2016) (Fig. 10D). After ensuring CIT-KOR1 localized to
the expected tissue-types, | then analysed whether any of these constructs were able to complement
the ectopic JA-lle signalling in kori-4 JGP. Remarkably, JA-lle signalling in kori-4 roots was
complemented only when CIT-KOR1 was expressed in the cortex, but not when expressed in the
epidermis, norin endodermis or pericycle cells which exhibited ectopic JGP expression (Fig. 10A to D).
Primary root length was also partially restored in cortex-complemented transformants only, while it
remained unchanged when expressing the construct in the epidermis, or got even more stunted by
cell-specific expression in endodermis and pericycle (Fig. S3). This suggests that ectopic JA-lle
production in kori-4 is cell non-autonomous, and triggered by a yet unknown mechanism originating

from the cortex.

3. A reverse genetics approach to identify components involved in the initiation of

JA-lle biosynthesis in kor1-4 roots

To identify cellular genetic components regulating JA-lle production in kori-4 roots, | undertook a
reverse genetic approach based on candidate genes differentially expressed in kori-4 roots, and on

plasma membrane localized cell wall integrity sensors known from the literature.

The kor1-4 root transcriptome

To gain a global overview on the transcriptional changes occurring in kori-4 roots, we performed an
RNA-seq analysis of WT, aos, kori-4, and kori-4 aos roots. The study was performed on four
genotypes with the aim to categorize differentially expressed genes (DEG) in kori-4 as being
JA-dependent or JA-independent. The transcriptome of each genotype was first normalized to values
found in the WT, revealing that 769 transcripts were mis-regulated in kori-4 roots, with 439 genes

being upregulated and 330 downregulated [cutoff of 2.5-fold-change (FC), i.e. logFC = +1.32].
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Hierarchical clustering then classified DEG transcripts in kori-4 according to their differential
expression pattern across the three normalized genotypes in 7 groups (Fig. 11A). DEGs in kor1-4 that
were not in common with kor1-4 aos were classified as JA-dependent, with kori-4 aos suppressing

DEG levels found in kor1-4 by at least 50% logFC (classes 1, 2, 5, and 6).
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Figure 11: Global RNA-seq root transcriptome identifies JA-dependent and JA-independent differentially
expressed genes (DEGs) in kor1-4. (A) Heat map representing the expression of 769 differentially expressed
genes (DEGs) in 5-do kor1-4 roots with respect to the WT identified by RNA-seq. Indicated genotypes were first
normalized to the WT, and then organized in 7 classes according to hierarchical clustering analysis. Upregulated
transcripts are coloured in orange, downregulated ones in blue, and unchanged values with respect to the WT
are shown in black (cutoff: logFC = +1.32, p-value < 0.01). Transcripts were considered as JA-dependent (up- or
downregulated in kori-4 but not in kori-4 aos, classes 1, 2, 5, and 6) or JA-independent (up- or down-regulated
in both kori-4 and kori-4 aos, classes 3, 4, and 7). (B) Examples of Gene onthology (GO) enriched terms from
JA-dependent and JA-independent DEGs in kori-4 roots (aspect ‘biological process’; false discovery rate < 0.05).
Full dataset is available in Supplementary Tables S2 & S3. (C and D) gRT-PCR of basal (C) PER52 and (D) TOUCH3
(TCH3) expression in WT and kori-4 roots. Transcript levels were normalized to those of UBC21 and displayed
relative to the WT control. Bars represent the means of three biological replicates (+SD), each containing a pool
of ~60 roots from 5-do seedlings. Asterisks denote statistically significant differences among samples as
determined by Student’s t-test (p < 0.05).
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The JA-dependent group specifies transcripts downstream of the JA pathway and is critical to validate
the upregulation of JA-mediated responses in kori-4 roots (Fig.11A, Tab. S2). Conversely, shared
DEGs between kori-4 and kori-4 aos roots were considered as JA-independent when the logFC in
kori-4 aos remained at least 51% of values found in kori-4, i.e. when kori-4 aos did not drastically alter
the DEG levels found in kori-4. This group can potentially reveal processes that are upstream of JA-

lle production (classes 3, 4, and 7).

JA-dependent DEGs in kori-4 roots

In the JA-dependent cluster, we found a total of 241 DEG genes in kor1-4 roots, of which 123 were
upregulated (classes 1 and 2) and 118 were downregulated (classes 5 and 6). Among these, Gene
ontology (GO) enrichment analysis for ‘biological process’ revealed the upregulation of terms
involved in the JA pathway, secondary metabolism and stress responses. No specific enrichment was

found for downregulated transcripts and hence | focussed on the upregulated cluster (Tab. S2).

The global transcriptome analysis revealed the upregulation of the JA biosynthesis gene
LIPOXYGENASE 3 (LOX3) and the 12-OH-JA catabolizing enzyme SULFOTRANSFERASE 2A (ST2A)
(Gidda et al., 2003; Wasternack and Strnad, 2018), in addition to confirming elevated JAZz0 and JOX3
levels in kor1-4 roots (Fig. 8B and C, Tab. S2). Other typical JA-lle marker genes such as JAZ3, JAZ9,
LOX6, and JOX2 were also significantly upregulated in korz-4 in comparison to the WT, but were below
the chosen cut-off value. Stronger JA-lle-inducing stimuli such as mechanical wounding or insect
herbivory typically result in a higher and larger induction of JA-lle marker genes, including the
majority of the 13 JAZs, MYC2, LOX3, LOX4, AOS, and OPR3 (Reymond et al., 2004; Chung et al., 2008;
Zhang et al., 2020). Overall, our results strengthen our observation on the activation of JA-lle
signalling in kori-4 mutant roots, and suggest that a specific subset of JA-lle-dependent genes may
be activated upon cell wall alterations or that JA-lle responses are activated in a root restricted zone

and hence the effect is diluted in a whole-root transcriptome (Fig. 9B).

Among the other GO clusters we found further genes that are known to be regulated by JA, which for
instance includes transcripts from secondary metabolism (e.g. MARNERAL SYNTHASE 1 [MRN1],
upregulated in jazQ [Major et al., 2017] or SQUALENE MONOOXYGENASE 2 [SQP2], upregulated in
ninja [Gasperini et al., 2015]), amino acid metabolism (e.g. TYROSINE AMINOTRANSFERASE 3 [TAT3],
MYC2/3/4-dependent expression after MeJA treatment [Song et al., 2014]), oxidation-reduction
processes (e.g. At3gs59710, upregulated in ninja [Gasperini et al., 2015]) and nutrient transporters
(NITRATE TRANSPORTER 1.8 [NRT1.8], COl1-dependent upregulation during salt and cadmium stress

[Zhang et al., 2014a]).
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In contrast, it was rather unexpected that the highest upregulated JA-dependent transcript in the
kori-4 roots transcriptome (FARNESOIC ACID CARBOXYL-O-METHYLTRANSFERASE [FAMT]) was not
present in other transcriptomic analyses of MeJA-treated seedlings (Sasaki-Sekimoto et al., 2005) or
in @ ninja mutant that exhibits ectopic root JA-lle signalling (Gasperini et al., 2015). Hence, our
transcriptomic data set might be important to better understand JA responses specific to roots and

could reveal novel physiological roles of JA-lle-mediated signalling.

JA-independent DEGs in kori-4 roots

Among the 528 DEGs found in the kori-4 JA-independent cluster, 316 were upregulated (classes 3 and
4) and 212 were downregulated (class 7). A GO term enrichment analysis for ‘biological process’
revealed an enrichment for genes involved in cell wall organization and biogenesis, oxidation-
reduction processes, stress, ET and calcium signalling as well as response to water deprivation (Fig.

11B, Tab. S3).

It is well described that defects in cellulose biosynthesis result in compensatory mechanisms from
other cell wall components which are reflected both in terms of cell wall composition and
transcriptional changes (Peng et al., 2000; Manfield et al., 2004; Denness et al., 2011). Consistently,
kori-4 roots showed a conspicuous increase in transcripts involved in pectin (e.g. PECTIN LYASE-LIKE
6 [PLL6], PME1y), hemicellulose (e.g. XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 26
and 22 [XTH26; XTH22]) and lignin metabolism (e.g. DIRIGENT PROTEIN 5 [DIRs]), as well as
transcripts involved in cell wall organization (e.g. FASCICLIN-LIKE ARABINOGALACTAN 6 [FLA6];
EXTENSIN 12 [EXT12]) (Tab. S3). Likewise, alterations in hemicellulose and pectin composition have
been described for different alleles of korz (Peng et al., 2000; His et al., 2001; Sato et al., 2001), and
ectopic lignification is present in korz primary roots (Fig. 8l). It is likely that the cell wall structural
changes occurring in kor1-4 give rise to intracellular signalling processes reflected in an upregulation
of transcripts involved in oxidation-reduction processes (e.g. PEROXIDASE 52 [PER52]; MYO-
INOSITOL OXYGENASE 4 [MIOX4], secondary metabolism (e.g. BETA GLUCOSIDASE 27 [BGLU27]),
membrane receptors, and ligands sensing events (e.g. CONCANAVALIN A-LIKE LECTIN PROTEIN
KINASE 52 [LECRK52]), response to water deprivation (e.g. LATE EMBRYOGENESIS ABUNDANT 4-5
[LEA4-5]), regulation in gene transcription (e.g. WRKY DNA-BINDING PROTEIN 28 [WRKY28]), as well

as other stress responses (e.g. PDF1.4).

33 differentially expressed transcripts were found in the GO cluster of oxidation-/reduction processes,
including several PEROXIDASE (PER) genes. This is not surprising as PERs are potent scavengers of

reactive oxygen species (ROS) (Huang et al., 2019), which are known to increase upon cell wall
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perturbations, reviewed in (Bacete et al., 2018). Moreover, several PERs like PER52, which's transcript
was among the highest upregulated genes in the korz-4 transcriptome, are also involved in shaping
the secondary plant cell wall as they participate in lignin biosynthesis (Fernandez-Perez et al., 2015;
Hoffmann et al., 2020). The upregulation of PER52 in kori-4 roots was validated in independent

samples by qRT-PCR (Fig. 12C).

Similarly to heightened ET levels found in cellulose deficient mutants such as cevi and chitinase-like
protein 1 (Ellis and Turner, 2001; Ellis et al., 2002; Zhong et al., 2002b), the kori-4 root transcriptome
revealed an upregulated gene cluster enriched for GO terms in ET biosynthesis and signalling
indicating that this pathway is strongly upregulated in the mutant (Tab. S3). The ET pathway is a
major mediator of many developmental and stress responses (Muller and Munne-Bosch, 2015; Dubois
et al,, 2018), including growth regulation and pathogen resistance, and can result in both synergistic
and antagonistic crosstalk interactions with the JA pathway, reviewed in (Zhu and Lee, 2015). Several
JAZ repressors can interact with and suppress ET-related transcription factors ETHYLENE
INSENSITIVE 3 (EIN3) and EIN3 LIKE 1 (ElL1) to regulate pathogenesis-related genes upon
necrotrophic fungal infection (Zhu et al., 2011). Although, several other transcripts involved in other
phytohormones were misregulated in kori-4 roots (e.g. GIBBERELLIN 2-OXIDASE [GA20X2];
INDOLE-3-ACETIC ACID CARBOXYMETHYLTRANSFERASE 1 [IAMT1]) the transcriptome indicated

that the major perturbations in hormonal responses occur in ET and JA pathways (Tab. S3).

In addition to having an upregulated ET pathway, kori-4 roots displayed an increase in transcripts
involved in Ca** signalling, such as CALMODULIN-LIKE proteins (TCH3, CML25, CML46, and CML47), a
calmodulin binding transcription activator (CMTA3) and a calcium-transporting ATPase (ACA13, Tab.
S3). Calmodulins are principal sensors of Ca** signals that decode and relay information via
interactions with a wide spectrum of targets to modulate their biochemical activities, reviewed in
(Zeng et al., 2015). Several studies have shown that increases in Ca** levels correlate with the
activation of JA-lle biosynthesis and signalling (Scholz et al., 2014; Matschi et al., 2015; Lenglet et al.,
2017). These observations were further substantiated by the identification of clade 3 GLR proteins as
regulators of Ca** fluxes that stimulate distal JA-lle production (Mousavi et al., 2013; Nguyen et al.,
2018; Toyota et al., 2018). The strong upregulation of TCH3 in kori-4 roots was validated in
independent samples by qRT-PCR (Fig. 11D). Hence, upregulated Ca** signalling may be upstream of

JA-lle production in kor1-4.
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A candidate gene approach based on JA-independent DEGs in kori-4 roots did not identify
regulators of constitutive JA-lle production

All kor1-4 DEG genes belonging to the JA-independent cluster (Tab. S3) could be putative regulators
of JA-lle production in mutant roots. To test this assumption, | selected a subset of highly upregulated
genes belonging to this cluster across several GO terms, ordered relative T-DNA insertion mutants
and crossed them to kori-4 to assess if JA-lle signalling is suppressed in resulting double mutants.

Selected genes and relative results are summarized in Table 1.

Table 1: Reverse genetics screen to identify suppressors of JA-lle production in kor1-4 roots

JA
Current henotype in
Gene (AGI code) Mutant  Mutation Reference cross to ZOUbIeyp
kor1-
4 mutant
Selected JA-independent upregulated genes from kori-4 root transcriptome
no suppression
ETHYLENE INSENSITIVE 2, EIN2 einz-1 Qeco* (Alonso et al., F (JGP reporter
(At5g03280) 35 1999) 3 activity &
JAZ10 qPCR)
. . no suppression
T-DNA W, I
TOUCH 3, TCH3 (At2g41100) tchz-2 nsertion  (Wang etal, F (JGP reporter
(SALK_090554) 2011) -
activity)
CALCIUM-TRANSPORTING ATPase 13, acass T-DNAinsertion  (lwanoetal, . ?J"G?fgsrs:::”
3
ACA13 (At3922910) (SAIL_878_Bob6) 2014) activity)
. . . no suppression
PEROXIDASE 52, PER52 (At5go5340) per52-1 T-DNA insertion {Peumslil, Fs (JGP reporter
(SALK_081257) 2013) .
activity)
XYLOGLUCAN . . no suppression
ENDOTRANSGLUCOSYLASE/HYDROLASE ~ xth26-2 (TS'/?EIKA |onsert|80)n va. F (JGP reporter
26, XTH26 (At4g28850) -05575 activity)
T-DNA insertion (Velasquez et
EXTENSIN 12, EXT12 (At4g13390) exti2 GAIL g o) ol o) B3 n.a.
PUTATIVE PECTATE LYASE-LIKE 6, PLL6 T-DNA insertion fo suppression
(At1g11920) pll6-1 (GK_033D05) u.a. Fs (JGP reporter
- activity)
) . . . no suppression
LIPOXYGENASE 4 (Atig72520) lox4A T-DNA insertion (el CeicEel, Fy (JGP reporter
(SALK_o071732) 2011) -
activity)
T-DNA insertion (Wangetal,,
RECEPTOR-LIKE PROTEIN 38 (At3g23120)  rlp38-1 (SALK_017819) 2008) Fy n.a.
Cell wall integrity sensing
partial
THESEUS1, THE1 (At5954380) thei-1 G37D (Zliin‘;aty sl [ suppression
J (JAZ10 GPCR)
RHO-RELATED PROTEIN FROMPLANTS ~ T-DNAinsertion : ?j’;;’fgg::::”
- . .a. 3
2, ROP2 (At1g20090) (WiscDsLox441B8) activity)
T-DNA insertion (Baietal., no suppression
ERULUS, ERU (At5g61350) eru-2 (SALK_083442) - F5 (JAZ10 GPCR)
WALL-ASSOCIATED KINASE 1, WAK1 T-DNA insertion  (Zarattini etal., fo suppression
(At1g21250) waki-1oal K 107175) 2017) E UGP reporter
92125 —107475 7 activity)
WALL-ASSOCIATED KINASE 2, WAK2 T-DNA insertion (Engelsdorf et
wak2-12 F, n.a.
(At1g21270) (SAIL_12_Dos) al., 2018)
T-DNA insertion (Guo et al.,, no suppression
HERKULES 1, HERK1 (At3946290) herki-1 (SALK_008043) 2009) Fy (JAZ10 qPCR)
. . . no suppression
HERKULES 2, HERK2 (At1g30570) herk2-1 T-DNA insertion Lrpaial, Fy (JGP reporter
(SALK_105055) 2009) activity)
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Table 1 (continued)

JA
Current henotype in
Gene (AGI code) Mutant  Mutation Reference cross to zouble P
korz-4 L tant
. . (Boisson-
. T-DNA insertion .
MARIS, MRI (At2g41970) mri-2 (GK_820Dos) Dernier et al., F, n.a.
2015)
RECEPTOR-LIKE PROTEIN 44, RLP44 Abss- T-DNA insertion (Wolfetal., F no suppression
(At3949750) P443  (SAIL_596_E12)  2014) 3 (JAZ10 PCR)
MDIS1-INTERACTING RECEPTOR LIKE mika T-DNA insertion (Wangetal, F na
KINASE1, MIK1 (At4g28650) (SALK_o95005) 2016) 2 o
MDIS1-INTERACTING RECEPTOR LIKE mika-1 T-DNA insertion (Wangetal, F na
KINASE2, MIK2 (At4,908850) (SALK_061769) 2016) 2 o
: . . . no suppression
STRUBBELIG, SUB (Atag11130) sub-g | -ONAinsertion - (Vaddepalliet (JGPreporter
(SAIL_1158_Dog) al.,, 2011) -
activity)
Mechano- / Osmo-sensitive channels and receptors
MID1-COMPLEMENTING ACTIVITY 1, meaa- T-DNA insertion va F na
MCA1 (At493592) 3 (SALK_206846) o 2 o
MECHANOSENSITIVE CHANNEL OF . .
SMALL CONDUCTANCE-LIKE 20, MSL10  msl10-1 (TS'/?S? ':569‘:'0)” i':i;‘;ve” etal, ¢ na.
(At5g12080) —076254
DEFECTIVE KERNEL 1, DEK1 (ATaG55350)  dekz-4  C2106R (;Zi‘;er etal. n.a.
T-DNA insertion (Yuanetal,, no suppression
05€A12 (S AIL_607_Fog) 2014) Fs (JAZ10 qPCR)
REDUCED HYPEROSMOLALITY, INDUCED — o suppqression
CA?* INCREASE 1, OSCA1 (At4g904340) s T-DNA insertion va. F, (JGP reporter
(SAIL_1172_Do2) .
activity)

n.a. = not analyzed
u.a. = uncharacterized allele

Upregulated ET signalling may in principle sequester JAZ repressors via their engagement with
ET-dependent TF, and thus result in increased JA-lle signalling (Zhu et al., 2011). To test if heightened
ET responses are upstream of JA-lle production in kor1-4 roots, | generated an ET insensitive double
mutant by crossing kor1-4 JGP to a mutant in ETHYLENE INSENSITIVE 2 (EIN2), ein2-1, required for ET
signalling (Alonso et al., 1999). The resulting kor1-4 ein2-1 double mutant still displayed constitutive
JGP reporter activity and elevated JAZ1o transcript levels, similar to kori-4 roots (Fig. 12A and B).
Furthermore, when kori-4 JGP seedlings were grown on media supplemented with inhibitors of ET
biosynthesis or signalling, aminoethoxyvinylglycine (AVG) or AgNO; respectively (Schaller and
Binder, 2017), they still exhibited constitutively elevated JA-lle signalling levels (Fig. 12A). Collectively,
these results indicated that the upregulated ET pathway does not act upstream of JA-lle production

in kor1-4 roots.

Although it is still unclear how Ca** changes may impact JA-lle biosynthesis (Mielke and Gasperini,
2019), it was proposed that the PLAT domain of 13-LOX enzymes may bind Ca** ions leading to their
activation (Hammarberg et al., 2000; Kulkarni et al., 2002; Farmer et al., 2014). Interestingly, unlike
LOX3 that was upregulated in the JA-dependent cluster of kori-4 roots, LOX4 was upregulated in a
JA-independent manner (Tab. S3 GO cluster: "Response to stress”). | hence hypothesized that
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elevated Ca** signalling (orions) in kor1-4 may specifically activate the LOX4 enzyme to produce JA-lle
and hence increase signalling and upregulate LOX3/4 and JAZ transcripts. However, abolishing LOX4
function in kor1-4 did not reduce heightened JGP levels, indicating that LOX4 is not upstream of JA-

lle production in the mutant (Fig. 12D).
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Figure 12: A reverse genetics approach did not identify suppressors of ectopic JA-lle production in korz-4.
(A and B) Inhibition of ET biosynthesis or signalling does not suppress the high JA-lle signalling levels in kori-4.
(A) Representative images of JGP expression in kori-4 and kori-4 ein2-1 grown under control conditions, and of
kori-4 grown in the presence of ET biosynthesis inhibitors 50 uM AgNO; or 5 uM Aminoethoxyvinylglycine
(AVG). The JGP reporter was active in all conditions (B) qRT-PCR of basal JAZz0 expression in roots of WT, einz-
1, kori-4, and kor1-4 ein2-1. JAZ10 transcript levels were normalized to those of UBC21 and displayed relative to
the WT controls. Bars represent the means of three biological replicates (+SD), each containing a pool of ~60
organs from 5-do seedlings. Letters denote statistically significant differences among samples as determined
by ANOVA followed by Tukey’s HSD test (P < 0.05). (C and D) Representative images of JGP expression in (C)
kori-4, kori-4 tch3-2, kori-4 acai3, and kori-4 grown on 1 mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetra acetic acid (EGTA) and (D) kori-4 lox4A, kori-4 pers2-1, kori-4 xth26-2, and kori-4 pll6-1. Note
that basal JGP reporter activity in kori-4 roots was not suppressed in any double mutant combinations but was
abolished upon EGTA treatment (empty arrowhead). Scale bars (A, Cand D) = 0.5 mm.

Similarly, kori-4 double mutant combinations with TCH3 or ACA13 (Tab. 1) did not suppress ectopic
JA-lle signalling in korz-4 roots (Fig. 12C). TCH3 was proposed to be involved in mechanosignalling
(Benjamins et al., 2003; Lee et al., 2005; Hamant and Haswell, 2017) while ACA13 belongs to a group
of membrane-bound ATPases that mediate Ca** efflux during stress and developmental processes
(Frei dit Frey et al., 2012; lwano et al., 2014). To question whether Ca>* could be involved in regulating
JA-lle biosynthesis in kor1-4 more generally, | grew kor1-4 JGP seedlings in the presence of the Ca**
chelator ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetra acetic acid (EGTA), which hampers
Ca** signalling by chelating free Ca** (De Vriese et al., 2018). The treatment totally suppressed JGP

reporter activity in mutant roots (Fig. 12C). However, EGTA treatments are very harsh and often result
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in many pleiotropic consequences due to the chelating effects of multiple divalent cations (De Vriese
et al., 2018), precluding accurate results interpretations. Nevertheless, these preliminary studies
indicate that Ca** ions may be involved in JA-lle production in kori-4 roots, although the reverse

genetics screen approach did not identify any specific component.

The transcriptomics data also revealed many genes involved in cell wall biogenesis and organization
as being misregulated in kori-4 in a JA-independent manner (Tab. S3). It has been proposed that
specific cell wall fragments may act as DAMPs to initiate intracellular signalling, including a direct or
indirect upregulation of JA (Campos et al., 2014). | therefore generated several double mutants with
kori-4 which are involved in hemicelluloses, pectins, and lignin metabolism (XYLOGLUCAN
ENDOTRANSGLUCOSYLASE/HYDROLASE 26 [XTH26], PECTATE LYASE-LIKE 6 [PLL6], and PER52

respectively [Tab. 1]), but none of these suppressed basal JGP reporter activity (Fig. 12D).

A second reverse genetics approach did not identify regulators of constitutive JA-lle production
in kori-4 roots

In a complementary reverse genetic approach aimed at identifying upstream components regulating
JA-lle biosynthesis in kor1-4 roots, | investigated whether known cell wall integrity sensors, mechano-
and osmo-sensors located at the plasma membrane are involved in this process, reviewed in (Hamant
and Haswell, 2017; Wolf, 2017; Bacete and Hamann, 2020). In line with my hypothesis, (Engelsdorf et
al., 2018) found isoxaben-induced JA production was partly dependent on the CrRLKL proteins THE1
and FEIl2, and the ion channel MCA1.

Therefore, | crossed knockout alleles of 11 RLKs (FER, THE1, WAK1, WAK2, HERCULES RECEPTOR
KINASE 1 [HERKz1], HERK2, ERULUS RECEPTOR KINASE [ERU], MARIS RECEPTOR KINASE [MRI],
MDIS1-INTERACTING RECEPTOR LIKE KINASE1 [MIK1], MIK2, and STRUBBELIG [SUB]), one receptor-
like protein (RLP44), a Rho GTPase involved in signal transduction (ROP2) and 4 genes implicated in
the perception of mechanical or osmotic cues (MCA1, MSL1io, DEFECTIVE KERNEL 1 [DEK1], and
REDUCED HYPEROSMOLALITY - INDUCED CA** INCREASE 1 [OSCA1]) to kori-4 JGP. The specific
alleles used and the current state of the double mutants are summarized in Table 1. | then assessed if
JA signalling was compromised in the resulting double mutants. Basal JGP reporter activity in kori-4
roots was not abolished in mutant backgrounds of herk2-1, sub-9, osca1-4, rop2-12, and wakz-1 (Fig.
13A). Likewise, elevated JAZ1o0 transcript levels were not suppressed in double mutants with eru-2,
herki-1, oscai-2, and rlp44-3 (Fig. 13C). However, the absence of functional THEz1 in kori-4 thei-1
double mutant was able to partially diminish constitutive root JAZ10 levels, indicating that THEz1

might act as a positive regulator of ectopic JA-lle production in korz (Fig. 13B).

34



JAZ10p:GUS Root JAZ10 expression
12 -
owT b
_ Othe1-1
’ :.’?‘i\_ : P e 9
x\: - A \r< { % -« Dkor1-4
& 7 korl-4 kori-4
kor1-4 herk2-1 gt sub9 Dkor1-4
61 thet-1
e E . 3
— o 4 S—
I V- o\« ) «
kor1-4 “SgeF | kor1-4 % kor1-4 . |
oscai-4 rop2-12 e wak1-1 = 0 v
C 30 -
¢ c awT
be be -
C 251 Oeru-2
2 b Oherk1-1
o
§ 20 + Ooscal-2
g @rip44-3
NI
3 Okor1-4
ng:) 10 A Okor1-4 eru-2
@kor1-4 herk1-1
> a a a a a @ kor1-4 oscal-2
0 @ kor1-4 rip44-3

Figure 13: Second site mutations in genes involved in cell wall integrity-, mechano- or osmo-signalling do
not fully abolish constitutive JA-lle signalling in kori-4 roots. (A) Representative images of JAZ10p:GUS
expression in kori-4 and indicated double mutants. For allele information see Table 1. (B and C) gRT-PCR of
basal JAZ10 expression in roots of indicated genotypes. JAZ10 transcript levels were normalized to those of
UBC21 and displayed relative to WT controls. Bars represent the means of three biological replicates (+SD), each
containing a pool of ~60 organs from 5-do seedlings. Letters denote statistically significant differences among
samples as determined by ANOVA followed by Tukey’s HSD test (P < 0.05). Scale bars in (A) = 0.5 mm

4. Aforward genetic screen identified suppressors of ectopic JA-lle signalling in korz.

The description of the suppressor screen and the identification of the esmd1 mutant were published in
(Mielke et al., 2021, Science Advances). All other data are unpublished.

Given that the reverse genetics approach did not identify genes that could completely abolish the
elevated JA-lle levels in kori-4 roots, | performed an untargeted forward genetics screen. The
suppressor screen consisted of searching an EMS-mutagenized M, population of kori-4 for the
absence of ectopic JGP reporter expression (Fig. 14A). Importantly, GUS from the JGP reporter is
targeted to the plant apoplast, allowing a fast and non-destructive “"GUS live-staining” (Acosta et al.,
2013) and recovery of viable putative suppressors. However, live-GUS staining exhibited a weaker

reporter intensity than the usual destructive GUS staining, which increased the chances of recovering
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false-positive mutants. Hence, | first optimized the live-GUS staining conditions. Several korz alleles
have been reported to exhibit temperature-sensitivity, with more severe growth phenotypes at
increased temperatures (Lane et al., 2001). Given that the phenotype severity of our kor1 alleles
correlated with the intensity of basal JGP reporter expression in the root, | tested if kor1-4 is also
temperature sensitive and whether this could enhance JGP reporter activity. Indeed, when kori-4
seedlings were grown at 26°C instead of the usual 21°C, their primary root length was reduced by an
average of 52% as opposed to WT plants which increased their root length by 31% (Fig. S4A).
Consistently, 5-do kor1-4 seedlings that were shifted to 26°C 24 h prior live-staining displayed a
stronger JGP expression that could even extend to the meristematic division zone of the primary root
(Fig. S4B). Therefore, to increase the screens’ stringency and diminish the recovery of false positives,

| used the 24 h temperature shift before performing live-GUS staining of M, seedlings.

To enlarge both the screening breadth and depth, 20 M, plants were screened from 1,243 M, plants
harvested individually, and 480 M,s were screened from 230 M, plants harvested in pools of 12
individuals. A total of 135,260 seedlings (from 4,003 M, plants) were assayed for lack of JGP activity in
5-do kori-4 seedlings by live-GUS staining as described (Acosta et al., 2013). From the screen, 190
putative suppressors were recovered and backcrossed twice to kori-4 JGP to remove EMS-induced
background mutations and to assess inheritance and segregation (Fig. 14A, Tab. 2). All retrieved

suppressors were then further analysed in secondary screens (Fig. 14B), which included:

1. JGP reporter expression after wounding and MeJA treatment to exclude reporter silencing;

2. Allelism tests with known JA-biosynthesis and signalling mutants aos (Park et al., 2002), opr3-2
(Acosta et al., 2013), jarz-1 (Staswick et al., 1998), and coi1-34 (Acosta et al., 2013), which were
expected to be found in the screen as they would inhibit basal JGP expression;

3. Allelism tests among the identified suppressors to determine complementation groups;

4. Phloroglucinol-HCl staining for ectopic lignification as well as primary root length measurements,

to assess if recovered mutants could suppress typical cell wall mutant features of korz.

Table 2: Suppressor screen summary

Putative . BC.F. Mendelian NGS*
M: screened M; confirmed . . . .
suppressors inheritance segregation sequencing
135,260 )
190 33 33 recessive 16 12

(from 4,003 M.)

* Next Generation Sequencing

Allelism tests with known JA mutants identified a novel allele in CO/z and two novel alleles in OPR3 as

suppressors of JA-lle signalling in kori-4, which were designated as coiz-43 (Caa to Gaa transversion,
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resulting in a premature stop codon Trp183*), opr3-4 (aAt to aCt transversion, resulting in a Gly187Arg
mutation), and opr3-5 (cCg to cTg transition, resulting in a Pro3soLeu mutation) that further

substantiated the specificity of the screen.
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Figure 14: A forward genetic screen to identify novel components involved in the initiation of JA-lle
biosynthesis in kor1-4. (A) Overview of the screening and mapping pipeline. Parental (P) kor1-4 JGP seeds were
EMS mutagenized and resulting M. seedlings were screened for the lack of constitutive JGP reporter activity.
Recovered putative M. mutants were backcrossed (BC.) to the parental line to remove 50% of the EMS-induced
mutations. Inheritance was assessed in BCiF. heterozygous progeny, which was backcrossed (BC:) again to the
parental line to further clean the genetic background. Mendelian segregation was assessed in BC.F. and
selected BC:F. populations. Mutants displaying segregation ratios compatible with single-gene inheritance
were selected for next generation whole-genome sequencing (NGS WGS) by pooling approximately 120
suppressor individuals for genomic DNA extraction (bulk segregants). (B) Concomitantly, the phenotypes of
recovered putative mutants were verified across several stages of mapping population development via
secondary screens. M;, BCiF;, and BC:F; plants were assessed for their reporter activity upon wounding and
MelJA treatment to exclude JGP reporter silencing. M; plants were also crossed to JA biosynthesis and signalling
mutants predicted to suppress the JGP phenotype (coiz-34, jari-1, aos, opr3-2), and resulting F. were analysed
in allelism tests. To assess if recovered mutants could suppress typical cell wall features of korz, seedlings were
analysed for ectopic root lignification as well as root length. Mutants in this category could potentially be
involved in cell wall integrity sensing or signalling.

After performing secondary screens and confirming the phenotypes across different generations, it

was possible to group 12 distinct suppressors in three different phenotypic classes according to their
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phenotypes (Fig. 15). Seven suppressors were represented in “Class I” and exhibited no basal JGP
expression in the root, responded to wounding and MeJA-treatment, showed ectopic lignification and
had a root as short or shorter than korz-4. The three mutants in “Class 11" differed in respect to the
lignin phenotype as they did not exhibit ectopic lignification, indicating that compensatory
mechanisms following cellulose deficiency were not triggered. The two mutants grouped in “Class I11"

had the same features as “'Class II” but displayed longer roots.

mock MeJA lignin stain root length

kor1-4

EMS-suppressor classes (number of recovered mutants)
(

I (2)

Figure 15: Identified suppressors were categorized in three phenotypic classes, according to basal and
MelJA-induced JGP reporter activity, ectopic root lignification (phluoroglucinol stain) and root length. Scale bars
(GUS stains, root length) = 0.5 mm, (lignin stains) = 100 um.
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This full suppression of morphological phenotypes suggests a putative role of the suppressors in CWI
signalling, as a similar full suppression of the cellulose mutant cesa6 is caused by a thei

loss-of-function mutant (Hématy et al., 2007).

Candidate mutations responsible for the 12 mutant phenotypes were identified by Whole Genome
lllumina sequencing of bulk segregants from 100-150 selected suppressor plants deriving from
respective BC,F, mapping populations. lllumina sequencing reads for all suppressor mutants were
aligned to the TAIR10 reference genome and mutations were mapped and identified by comparing
single nucleotide polymorphism (SNP) frequencies to kori-4 JGP (in collaboration with R. Dreos;
University of Lausanne, Switzerland). Candidate genes responsible for the suppressors’ phenotypes

are listed in Table 3.

Table 3: Candidate suppressor genes identified by Whole Genome Illumina Sequencing

Aot e Candidate gene (AGI code) SNP Function (localization) Cemplam.  Gerplar

name class? freq. by cross¢ by transf.d
THO COMPLEX SUBUNIT 1 79/85 mRNA export and splicing NC i
475A | (THO1, At5909860) (93%) (nucleus)
Foily’ggilif;’z?;ilfl 20 (591105/3 putative actin binding protein (cytoplasm) NA -
9D | ESMERALDA 1 66/66 putative O-fucosyl transferase os os
4°7 (ESMD1, At2g01480) (2100%) (Golgi) Y 4
S | HISTONE DEACETYLATION COMPLEX 1 103/103 Component of histone deacetylase - )
(HDC1, At5g08450) (200%) complexes (nucleus)
739A | EMBRYO_?ED[__ES/TQ@;;ZZZﬁ;)PMENT1 j(':;'(/;z:)l Glycine-tRNA-ligase (chloroplast stroma) yes -
1843B | NUCLfﬁgig’?:gg:ﬁiﬁ;\SE = 12)926/01/3)6 Subunit of RNA polymerase Ill (nucleus) - -
1939C | At3949490 1(1913/01/2)9 Hypothetl(zadcrlzslse)ar protein NC )
ELONGATOR PROTEIN 2 75/077 Transcriptional elongation (nucleus) - -
2767A | (ELP2, At1949540) (97%) _ _
RECEPTOR-LIKE PROTEIN 7 87/92 Receptor like protein NC )
(RLP7, At1g47890) (94%) (plasma membrane)
) I ROOT UVB SENSITIVE 1 100/200 Contains domain of unknown function 647 - )
(RUS1, At3945890) (100%) (chloroplast membrane)
1237D I PLEIOTROPIC REGULATORY LOCUS 1 106/107 WDgo protein yes yes
(PRL1, At4g15900) (99%) (nucleus)
epi I PHOTOSENSITIVE 1 93/107 Pyrimidine reductase ) )
(PHS1, At3947390) (87%) (chloroplast)
24558 m OSTEOSARCOMA-AMPLIFIED GENE 9  106/107 Involved in degradation of glycoproteins ves yes
(059, Atsg35080) (99%) (ER)
m MEDIATOR 23 90/90 Mediator/transcriptional coactivator ) )
(MED23, At1g23230) (100%) (nucleus)
32224 N RNA POLYMERASE Il SUBUNIT 3 86/86  Subunit of RNA polymerases II, IV & V
(NRPB3, At2g15430) (100%) (nucleus) ) )

2Phenotypic classes according to Fig. 15

b SNP frequency

¢was the suppressor confirmed by crossing korz mutants to an allele of the putative suppressor (e.g. T-DNA)?, NA (no suppressor allele
available), NC not complementing

dwas the suppressor confirmed by transformation with the WT candidate?, - (not done)

Two strategies were used to verify if the candidate genes are indeed responsible to suppress JGP
expression in kor1-4. On the one hand, available T-DNA insertion alleles for putative suppressors were
crossed to kori-4 JGP and kori-6 JGP to test whether ectopic JA-lle signalling can be suppressed by

independent allele combinations in resulting double mutant combinations. This option was chosen as

opposed to a standard allelism test (e.g. crossing the 475A suppressor to a thoz KO mutant allele and
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analysing the F, for presence or absence of constitutive JGP expression) due to the resulting
heterozygosity of the kori-4 allele in F, progeny. On the other hand, WT coding sequences (CDS) of
each candidate suppressor under control of their own promoters were cloned and transformed into
the relative suppressor mutants to verify their ability to complement JGP expression. Due to lack of
available T-DNA alleles, technical issues during cloning and time restriction, it was not possible to
verify the gene identity for all suppressors (Tab. 3). Nevertheless, in the time available, | successfully
confirmed the causative mutations governing the JGP phenotype in kor1 for 6 of the newly identified

suppressors.

Among the 6 confirmed suppressors, 2 are localized in the nucleus (HISTONE DEACETYLATION
COMPLEX 1 [HDCz1] and PLEIOTROPIC REGULATORY LOCUS [PRL1]). HDCz is a component of
histone deacetylase complexes that facilitates histone deacetylation and hence regulates gene
transcription (Perrella et al., 2013; Perrella et al., 2016). PRL1 encodes for a WD4o0 repeat protein,
which is involved in a plethora of processes related to plant growth, responses to sugars and multiple
hormones including auxin, absicic acid (ABA), cytokinin, and ET, through either transcriptional or
post-translational regulation (Nemeth et al., 1998; Bhalerao et al., 1999; Zhang et al., 2014b; Jiet al.,
2015). Their nuclear localization might indicate that these suppressors may be involved in regulating
gene transcription in kor1, such as JA-lle biosynthesis or signalling genes, or they might affect JGP
activity through indirect pathways. As the JGP reporter in all suppressor mutants responds to
wounding, these nuclear suppressors can provide valuable tools to identify subsets of JA-lle-requlated
genes following cell wall alterations. Interestingly, EMBRYO-DEFECTIVE-DEVELOPMENT 1 (EDD1)
and ROOT UVB SENSITIVE 1 (RUS1), both localize to plastids, the organelles where JA-lle
biosynthesis initiates. EDD1 is a glycyl-tRNA ligase, which is required for normal development during
embryogenesis and organ formation (Uwer et al., 1998; Moschopoulos et al., 2012). RUS1 encodes for
a protein carrying a domain with unknown function that mediates root UV-B sensing, starch
metabolism, and chloroplast development (Tong et al., 2008; Zou et al., 2021). These candidates
might directly control or influence the very first steps of JA-lle biosynthesis, regulate the activity or
abundance of plastidial JA biosynthesis enzymes, affect JA substrate levels (e.g. MGDG, linolenic
acid), or affect organellar morphology and functionality and hence indirectly influence JA-lle
production. Another confirmed suppressor was a mutant in OSTEOSARCOMA-AMPLIFIED GENE 9
(0S9), which fully suppressed all JA- and cell wall-related phenotypes in kori-4 (Fig. 15, Tab. 3). OSg
isa lectin localized in the Golgi lumen that isimportant for the degradation of misfolded glycoproteins
(Huttner et al., 2012). Hence it is possible, that the target of OSg might be our mutant version of

KORa1. A striking confirmed suppressor identified in the screen was ESMERALDA 1 (ESMD1) with

40



known functions in cell wall homeostasis (Verger et al., 2016). | therefore decided to characterize this

suppressor mutant (487D) in greater detail.

5. Mutations in ESMD1 suppress elevated JA-lle signalling in korz

Specifically, mutant alleles of ESMDz1 fully suppressed the morphological growth phenotypes of
pectin biosynthesis mutants in QUASIMODO1 (quaz1-1) and QUASIMODO:2 (quaz-1) (Verger et al,,
2016). QUA1 and QUA2 encode for a galacturonyltransferase and a pectin methyltransferase
respectively, and mutants exhibit impaired cell adhesion as well as reduced contents in the major
pectin constituent HG (Bouton et al., 2002; Mouille et al., 2007). However, esmdz restored the growth
phenotypes of these mutants without altering HG levels or cell wall composition in general, an
observation that is reminiscent to mutants involved in CWI signalling (Hematy et al., 2007; Verger et
al., 2016). Hence and based on protein sequence similarity, ESMD1 was proposed to have an O-
fucosyltransferase activity with which it might modify target proteins involved in CWI (Verger et al.,

2016).

Theisolated allele from the genetic screen, hereafter named esmdzi-3 carryies an Arg373Cys mutation,
fully suppressed the elevated JA-lle signalling in kori-4 roots (Fig. 16A, B and D), while still retaining
the capacity to induce JAZ1o0 transcripts after wounding (Fig. S5A to C). A tagged mTurquoise2
(mTurq)-ESMDa fusion protein expressed under the control of the ESMDz1 native promoter fully

reverted the kori-4 esmdi-3 phenotype back to korz-4 (Fig. 16A, Fig. S5A).

Consistently, introgressing another mutant allele esmdz-1 (Verger et al., 2016) into kori-4 also led to
partial suppression of JAZ10 expression levels (Fig. 16B). As | could not retrieve homozygous mutants
from asegregating F, esmdi population (esmd1-4, GABI_216Do3, Fig. 16D), and esmdz-1 was a weaker
JA-lle suppressor than esmdz-3 (Fig. 16B), it is likely that full ESMD1 knockouts lead to lethality and
that both alleles used herein have a partial loss-of-function. Because esmdz mutants were able to
suppress growth phenotypes of quaz and qua2 mutants without altering cell wall composition (Verger
et al., 2016), | verified which other korz phenotypes are reverted by esmdi-3. In contrast to qua
mutants, esmdi-3 did not impact the short root growth of kori-4 plants while it affected its cell wall

composition (Fig. 16C).
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Figure 16: Mutations in ESMDz suppress elevated JA-lle signalling levels in kor1. (A) Representative images
of JAZ10p:GUS reporter expression in kori-4, its suppressor kori-4 esmdz-3, its ESMD1p:ESMD1-mTurquoise(mT)
complementation line, and in esmdz-3. Note the lack of JAZ10p:GUS reporter activity in roots of korz-4 esmdi-3
(empty arrowhead), and its presence in kor1-4 and the complemented line (orange arrowhead). Scale bars = 0.5
mm. (B) gRT-PCR of basal JAZ10 expression in roots of indicated genotypes. JAZ10 transcript levels were
normalized to those of UBC21. Bars represent the means of three biological replicates (+SD), each containing a
pool of ~60 organs from 5-do seedlings. (C) Primary root length box plot summary in 7-do WT, kor1-4, kor1-4
esmdi-3, and esmdi-3 seedlings. Medians are represented inside the boxes by solid lines, circles depict individual
measurements (n = 58-66). (D) Schematic representation of ESMD1 (At2go1480) gene structure describing the
esmdz alleles used in this study (orange arrows). Grey boxes indicate untranslated regions (UTRs), black boxes
depict exons and lines introns. Letters in (B and C) denote statistically significant differences among samples as
determined by ANOVA followed by Tukey’s HSD test (P < 0.05).

Loss of ESMDz1 impacts cell wall composition

In line with KORa role in cellulose biosynthesis and in agreement with previous reports (Peng et al.,
2000; Szyjanowicz et al.,, 2004; Lei et al.,, 2014), cellulose content was reduced in kori-4 roots and
shoots (Fig. 17A and B). However, cellulose levels were not affected by esmdz-3, and were still low in
kori-4 esmdz1-3 and similar to WT in esmd1-3 (Fig. 17A and B). According to previous reports from
esmdi etiolated hypocotyls (Verger et al., 2016), we expected no major changes caused by esmdz in
terms of monosaccharide composition analysis, which determines the abundance of hemicellulose
and pectin constituents. Instead, several minor changes were detected with a conspicuous decrease
in rhamnose abundance that was detected in esmdz-3 and kori-4 esmdz-3 genotypes with respect to
the WT, accounting for a reduction of 32-38% in roots and 15% in shoots (Fig. 17C and D). The analysis
of cell wall constituents was performed in collaboration with Catalin Voiniciuc (Leibniz Institute of
Plant Biochemistry Halle, Germany). | also found that ectopic lignification in kori-4 roots, which
putatively is produced as a compensation for the lack of cellulose (Cano-Delgado et al., 2003), was

totally abolished in kori-4 esmdi-3 (Fig. 17E). Overall, the analysis of the kori-4 esmdi-3 double
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mutant suggests a complex compensatory network, in which some phenotypes were epistatic to
kori-4 (short root length, cellulose deficiency) and others to esmdi-3 (lack of increased JA-lle
signalling, reduced rhamnose abundance, lack of ectopic lignification). The results therefore indicate

that constant activation of the JA pathway in korz may be due to indirect consequences of cellulose

deficiency.
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Figure 17: Mutations in ESMDz1 alter the composition of the cell wall. (A and B) Crystalline cellulose content
from alcohol insoluble residue (AIR) extracted from (A) shoots and (B) roots of indicated genotypes. Bars
represent means of five biological replicates depicted as dots (+SD), each consisting of pools from (A) ~100
shoots or (B) ~300 roots from 12-do seedlings. (C and D) Cell wall monosaccharide composition analysis from
AIR extracted from (C) shoots or (D) roots of indicated genotypes. Bars represent the means of (C) four or (D)
three biological replicates (+SD), each containing a pool of (C) ~100 shoots or (D) ~300 roots from 12-do
seedlings. Fuc, fucose; Gal, galactose; Ara, arabinose; Glc, glucose; Rha, rhamnose; Xyl, xylose; Man, mannose;
GalA, Galacturonic acid. Letters in (A and B) and asterisk and circle symbols in (C and D) denote statistically
significant differences among samples or individual sugars as determined by ANOVA followed by Tukey’s HSD
test (P < 0.05) in (A) and (B); (P < 0.001) in (C) and (D). Absence of symbols in (C and D) indicates that no
statistically significant differences were present. (E) Lignin deposition visualized by phloroglucinol-HCl stain (in
fuchsia) in 5-do primary roots of indicated genotypes. Scale bars = 200 um.

ESMD1 expression domains coincide with sites of elevated JA-lle signalling in korz

As knowing ESMD1 localization sites might be informative to further hypothesize how ESMD1
regulates JA-lle biosynthesis in korz roots, | analysed its expression sites with transcriptional and
translational reporters in the primary root. Although an ESMD1-GFP fusion protein was expressed in
the Golgi when transiently overexpressed in leaf epidermal cells of Nicotiana benthamiana (Verger et

al., 2016), | was unable to visualize the functional ESMD1p:ESMD1-mT construct nor an alternative
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ESMDp:ESMD1-CIT variant in WT Arabidopsis roots. This suggests that ESMD1 levels are either too
low to be detected and/or tightly reqgulated. | thus generated and mapped a transcriptional reporter

driving NLS-3xVEN expression under control of the native ESMD1p promoter.

ESMDip promoter activity was detected in the
elongation and differentiation zone of the
primary root, but not in the division zone (Fig.
18A). Transverse optical sections in my zone of
interest (early differentiation zone) then
allowed me to narrow the signal down to the
epidermis, cortex, and endodermis cell files
(Fig. 18B and C), hence partially overlapping
with the sites of constitutive JA-lle signalling in

kori-4 (Fig. 9B and C).
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Figure 18: ESMDz1 is expressed in outer tissues of
the root elongation and differentiation zone.
(A to C) ESMD1p:NLS-3xVEN expression in 5-do WT
primary roots. Cell wall pectins were
counterstained with propidium iodide. (B)
Orthogonal view of a section in the early
differentiation zone through (A, dotted line)
visualized as 3D texture based volume rendering
from a Z-stack. (C) Increased magnification in the
early differentiation zone from (A, boxed). Note
that the transcriptional reporter is present only in
outer tissues of epidermis (ep), cortex (co), and
endodermis (en). Scale bars: (A) = 200 pm, (B) =
25 um, and (C) = 5o pm.

6. Turgor-driven mechanical changes induce JA-lle signalling.

Loss of ESMDz reduces kor1-4 root swelling

After determining that ESMDz1 promoter activity coincides with sites of elevated JA-lle production in
kori-4 roots (Fig. 18), | noticed that the radially swollen root of korz-4, a phenotype also described in
other korz alleles (Lane et al., 2001; Lei et al., 2014), was significantly thinner in korz-4 esmdzi-3 (Fig.
19A). Specifically, root diameter at the onset of differentiation was 47% thicker in kori-4 in
comparison to the WT (Fig. 19A and B). While root width in esmdz-3 was not affected, esmdi-3

effectively reduced the root diameter of kori-4 (Fig. 19A and B).
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Figure 19: kora root swelling is alleviated in esmdz and different cell-type-specific CIT-KOR1 expression
lines. (A) Representative primary root images in 7-do seedlings of WT, kori-4, kor1-4 esmdi-3, esmdz-3, and
kor1-4 complemented with CIT-KOR1 under the control of its native KOR1p promoter, or epidermis- (ep-/RTzp),
cortex- (co-PEPp), endodermis- (en-SCRp), or stele-specific (st-WOL1p) promoters. Orange dashed lines denote
the beginning of the differentiation zone, as indicated by the appearance of root hairs. Scale bar = 200 pm. (B)
Box plot summary of primary root diameter at the onset of differentiation as specified in (A). Medians are
represented inside the boxes by solid lines and circles depict individual measurements (n = 22-23). Letters
denote statistically significant differences among samples as determined by ANOVA followed by Tukey’'s HSD
test (P < 0.05).

To characterize the morphological differences occurring between kori-4 and kori-4 esmdi-3 that
might affect JA-lle production, | analysed root transversal sections across the early differentiation
zone (Fig. 20A to F). In agreement with root diameter, kori-4 total root area was twice that of the WT
and resulted from enlarged areas of all examined cell-types (Fig. 20A and C, Fig. S6A to E). kor1-4

epidermal cells had the smallest expansion in cell area compared to the WT (1.1-fold), but exhibited a
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significant increase in their cell number that was not present in cortex or endodermis (Fig. 20B and C,

Fig. S6B).
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Figure 20: Enlargement of cortex cells correlates with ectopic JA-lle signalling in korz roots. (A to F)
Anatomy, cell number and cell size comparisons from transverse sections across the early differentiation zone
of the primary root in (A to C) WT, kori-4, kori-4 esmdz-3, and esmdz-3, and in (D to F) kori-4 complemented
with CIT-KOR1 expressed under cell-type-specific promoters. (A and D) Representative split images from cross
sections (left panels) and respective cell segmentations (right panels). Segmented cell-types are color-coded as:
epidermis, turquoise; cortex, magenta; endodermis, yellow; pericycle, mustard; stele, grey. (B and E) Cell
number in epidermis (Epi), cortex (Cor), endodermis (End), and pericycle (Per) of the early differentiation zone
of primary roots in indicated genotypes. (C and F) Fold change in total and cell-specific areas from segmented
transversal root sections in indicated genotypes. Measurements were normalized to those of the (C) WT or (F)
KOR1p:CIT-KOR1, indicated by dashed lines (individual measurements are available in Fig. Ss). Letters in (B, C,
E and F) denote statistically significant differences among samples as determined by ANOVA followed by
Tukey’s HSD test (P < 0.05). Note that WT in (C) and the full complementation line driving expression under
KOR1p in (F), as indicated by the dashed line are always considered as letter ‘A’ in the statistical analyses. All
data represent the means of n = 10-11 roots. Scale bars (A and D) = 5o um.

The largest increase in kori-4 cell area was found for cortex cells (2.6-fold), while endodermis and
pericycle cells were 2- and 2.4-fold larger than the WT, respectively (Fig. 20C, Fig. S6C to E). In
contrast, area measurements in esmdzi-3 were not altered in comparison to the WT. However, all the
observed kori-4 phenotypes were restored to a large extent in kori-4 esmdi-3, which exhibited a full
complementation of epidermal cell number as well as reduced cell areas in all tissues (Fig. 20B and C,
Fig. S6A to E). Remarkably, the biggest area reduction (50%) was observed for the cortex file (Fig.
20C, Fig. S6 C), leading to the hypothesis that enlarged cortex cells might exert mechanical pressure

towards the inner cell files and thus prompt JA-lle biosynthesis.

Enlarged korz cortex cells impact JA-lle production in inner tissues

To test the above hypothesis, | measured root dimeter and cellular areas in root cross sections of
kori-4 transgenic lines expressing CIT-KOR1 under cell-type-specific promoters. As expected, when
complemented with CIT-KOR1 expressed under the native KOR1p promoter, kori-4 root thickness
was completely reverted to WT levels (Fig. 19A and B). Furthermore, while expressing CIT-KORz1 in
either epidermis or stele did not have a major impact on kor1-4 root diameter, its expression in cortex

or endodermis resulted in a substantial decrease of kori-4 root thickness (Fig. 19 A and B).

To verify if loss of JA-lle signalling in korz-4 correlated with size reduction of cortex cells, | next
analysed cell areas in the kori-4 transgenic lines expressing CIT-KOR1 under cell-type-specific
promoters (Fig. 20D to F). Because stele-specific CIT-KOR1 expression neither affected overall korz-4
root diameter nor restored constitutive JA-lle signalling (Fig. 19A and B, Fig. 10D), | did not expect
cellular differences and excluded these lines from further analyses. As anticipated, expressing
CIT-KOR1 under its native promoter fully restored kori-4 root phenotypes (cell numbers and cell
areas) to WT levels (Fig. 20E and F, Fig. S6 F to J). Epidermis-specific CIT-KOR1 expression still

resulted in a typical korz-4 morphology, with a 2-fold increase in root area and increased epidermal
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cell number (Fig. 20E and F, Fig. S6F). In agreement with root diameter measurements Fig. 19,
expressing CIT-KOR1 in either cortex or endodermis cell layers rendered kori-4 phenotypes more
similar to the KOR1p:CIT-KOR1 complemented kor1-4 line by showing a 1.4-fold increase in total root
area, and only a milder enlargement of cortex, endodermis, and pericycle cells (Fig. 20F, Fig. S6F to
J). While the most pronounced consequence of CIT-KOR1 expression in cortex or endodermis was the
decrease of area in cells where the fusion protein was localized, the strongest correlation between
JA-lle signalling and cell-type area was again found for the cortex cell layer. In fact, expressing CIT-
KOR1 in the cortex abolished JGP expression in kori-4 (Fig. 10B) and restored cortex cell area to
almost WT levels (1.2-fold) without fully recovering cellular enlargement of endodermal and pericycle
cells which persisted being 1.6- and 1.7-fold larger than the KOR1p:CIT-KOR1 complemented line (Fig.
20F). In turn, endodermal CIT-KOR1 expression did not abolish elevated JA-lle signalling in korz-4 nor
led to a drastic reduction in cortex expansion which remained 1.7-fold larger, albeit almost completely
restoring endodermal and pericycle cell areas (Fig. 20F). As KORz1 activity in cortex cells is important
to regulate their size and JGP expression in adjacent inner tissues, and ESMD1 is expressed in both
cortex and endodermal cells, it is conceivable that the cortex-endodermis interface is critical for

governing constitutive JA-lle production in korz.

Manipulation of turgor pressure abolishes constitutive JA-lle signalling in korz

JA-lle production can be induced by exogenous applications of specific pectin- and cellulose-derived
fragments acting as putative cell wall-derived elicitors (Moscatiello et al., 2006; Souza et al., 2017;
Mielke and Gasperini, 2019). More notoriously, JA-lle biosynthesis is readily triggered by mechanical
stress (Farmer et al., 2014). To test our hypothesis that increased JA-lle levels in kori-4 resulted from
expanded cortex cells that ‘squeeze’ spatially constrained inner tissues, | grew kori-4 plants under
hyperosmotic conditions to withdraw water from their cells and hence reduce their cellular
enlargement. In fact, cellular expansion is mainly regulated by the interplay of internal turgor pressure
and the external cell wall restraining it, reviewed in (Guerriero et al., 2014; Anderson and Kieber,
2020). Furthermore, changes in osmotic potential are known to influence turgor pressure and were
shown to revert cell expansion as well as isoxaben-triggered JA production (Engelsdorf et al., 2018;
Basu and Haswell, 2020). | hence expected that reducing cortex cell enlargement with hyperosmotic
treatments would alleviate the compression on inner tissues and abolish JA-lle production in korz-4.
Indeed, all tested substances acting as osmotica (mannitol, sorbitol, polyethyleneglycol, and hard
agar) completely abolished ectopic JA-lle signalling in kor1-4 roots (Fig. 21A and B). This was not due
to the inability of activating the JGP reporter, as WT seedlings grown on mannitol-containing media

still responded to wounding (Fig. 21C). Furthermore, while WT root growth was compromised in
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hyperosmotic conditions, kor1-4 roots exhibited a significant amelioration in root growth, as the

mutant root length was longer than in mock conditions (Fig. 21D).

We then analysed cellular parameters by segmenting transversal root sections of the early
differentiation zone in mock- and mannitol-grown seedlings of WT and kori-4 (Fig. 21E to G).
Consistent with our hypothesis, mannitol-grown kori-4 seedlings restored their total area as well as
their epidermal cell number back to WT levels (Fig. 21F and G, Fig. S7A). Remarkably, although cell
size was reduced in all analysed cell types, cortex cell size was fully reverted to the extent of WT while
endodermal and pericycle cells were still 1.2-fold larger (Fig. 21G, Fig. S7B to E). Hence, this further
strengthens the assumption that the activation of JA-lle production in korz is consistent with inner

tissues being mechanically stressed by enlarged cortex cells in a turgor-dependent manner.
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Figure 21: Hyperosmotic treatments alleviate cortex cell swelling and abolish ectopic JA-lle signalling in
kori. (A) Representative images of basal JAZ1op:GUS reporter activity in 5-do kori-4 seedlings grown in the
absence (mock) or presence of 3% sorbitol, 3% Polyethylenglycol (PEG), or 3% agar. Note the presence of
reporter activity in mock conditions (orange arrowhead) and its abolishment in hyperosmotic conditions (empty
arrowheads). (B) qRT-PCR of JAZ10 expression in roots of indicated genotypes grown in basal (mock) or
hyperosmotic (3% mannitol) conditions. JAZ10 transcript levels were normalized to those of UBC21. Bars
represent the means of three biological replicates (+SD), each containing a pool of ~60 roots from 5-do
seedlings. (C) JAZ1op:GUS reporter activity in 5-do WT seedlings grown in the absence (mock) or presence of
3% mannitol under basal conditions, and 2 h after cotyledon wounding (orange asterisks). (D) Box plot summary
of primary root length from 7-do seedlings of WT and kor1-4 grown in basal (mock) or hyperosmotic (3%
mannitol) conditions. Medians are represented inside the boxes by solid lines, circles depict individual
measurements (n = 59-61). Letters denote statistically significant differences as determined by a linear model
for differences in responsiveness between the two genotypes. (E to G) Anatomy, cell number and cell size
comparisons from transverse sections across the early differentiation zone of the primary root in WT and korz-4
roots grown in basal (mock) or hyperosmotic (3% mannitol) conditions. (E) Representative split images from
transversal sections (left panels) and respective cell segmentations (right panels) across the early differentiation
zone of primary kor1-4 roots grown in basal (mock) or hyperosmotic conditions. Segmented cell-types are color-
coded as: epidermis, turquoise; cortex, magenta; endodermis, yellow; pericycle, mustard; stele, grey. (F) Cell
number in epidermis (Epi), cortex (Cor), endodermis (End), and pericycle (Per) of the early differentiation zone
of primary WT and korz-4 roots grown in basal (mock) or hyperosmotic conditions. Bars represent the means of
n = 10 roots (xSD). (G) Fold change in total and cell-specific areas from segmented transversal root sections of
WT and kori-4 grown in basal (mock) or hyperosmotic conditions. Measurements were normalized to those of
the mock-treated WT indicated by a dashed line (individual measurements can be found in Fig. S6). Letters in
(C, D, F, and G) denote statistically significant differences among samples as determined by ANOVA followed
by Tukey’s HSD test (P < 0.05). Analyses in (F and G) were performed for each cell file individually. Note that
mock-treated WT in (F), as indicated by the dashed line, is always considered as letter ‘A’ in the statistical
analysis. Scale bars (A and B) = 0.5 mm, (E) = 5o pm. Data in this Figure were generated by Dr. Mukesh Meena
under my supervision.

Hypoosmotic treatment triggers JA-lle signalling in the WT

As hyperosmotic treatments abolished cortex cell enlargement and JA-lle signalling in korz-4, we then
hypothesised that opposite growth conditions (hypoosmotic treatments causing cellular water influx)
might cause mechanical stress within tissues and result in JA-lle biosynthesis even in WT plants.
Hence, we transferred WT plants to de-ionized water and analysed JGP reporter expression, which
was activated within 6 h in the root and the shoot apical meristem and increased over a time course
of 24 h (Fig. 22A). Because the JGP reporter is suited to reveal JA-lle signalling in tissues but not to
map cellular expression sites (Acosta et al., 2013), | verified which cells activated JA-lle signalling with
the JAZ10p:NLS-3xVEN reporter. A transfer of 24 h into isotonic mock solution did neither activate
the reporter nor impact root morphology (Fig. 22B). In contrast, hypoosmotic treatment severely
affected the root apical meristem as indicated by the cellular penetration of propidium iodide (Fig.
22C). Moreover, we detected JAZ10p:NLS-3xVEN reporter expression in inner tissues starting at the
root early differentiation zone, which was predominantly confined to endodermal and pericycle cells
(Fig. 22C to E). Our data thus indicate that osmotically-driven turgor changes have a general impact

on JA-lle production.
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Figure 22: Hypoosmotic treatment of WT seedlings activates JA-lle signalling. (A) Representative images of
JAZ10p:GUS (JGP) reporter activity in WT seedlings submerged in isotonic solution (liquid MS, mock) or de-
ionized water (H20) for 6, 8, and 24 h. (B to E) JAZ10p:NLS-3xVEN expression in WT roots submerged in (B)
liquid MS or (C to E) H20 for 24 h and counterstained with propidium iodide. (G) Orthogonal and (H) longitudinal
view from epidermis to vascular cylinder in the early differentiation zone. co, cortex; en, endodermis. Scale bars,
200 um (B and C), 30 um (D) and 5o um (E). Data in (B to E) were generated by Dr. Mukesh Meena under my
supervision.

7- What are the roles of ectopic JA-lle signalling in kora?

Endogenous JA-lle levels are normally very low in vegetative tissues of unchallenged plants, often
below the limit of detection (Glauser et al., 2008; Schulze et al., 2019). In contrast, korz roots
constitutively produce the bioactive hormone and exhibit persistent activation of downstream
signalling. As JA-lleis animportant regulator of stress and growth responses, reviewed in (Wasternack
and Feussner, 2018), | next investigated what is the impact of activated JA-lle signalling in korz-4 by

comparing it with the JA-deficient korz-4 aos double mutant.

Elevated JA-lle levels in korz-4 roots do not trigger canonical growth or defense responses
The initiation of JA-lle signalling in response to wounding or herbivory triggers transcriptional
changes necessary to activate defense responses at the expense of plant growth (Yang et al., 2012).

In fact, exogenous JA treatment as well as endogenous increases in hormone levels inhibit root
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growth by reducing root meristem cell number and cell elongation (Chen et al., 2011; Gasperini et al.,
2015). Hence it is possible that the constant activation of JA-lle signalling in korz roots contributes to
restrain root growth as the mutant has reduced cellulose content. Indeed, dwarf phenotypes,
including a stunted primary root growth, were already described for korz mutants, but were usually
attributed to impaired cellulose biosynthesis (Nicol et al., 1998; Lei et al., 2014). Consistently, our korz
alleles displayed reduced root growth phenotypes (Fig. S1B). To define whether the short root
phenotype is caused by a defect in cell proliferation in the root apical meristem (RAM) or by a defect
in cell elongation, | performed cellular measurements in roots of kor1-4 and WT plants. Although RAM
cortex cell number was unaltered between kori-4 and WT, the overall meristem length was
significantly shorter in kor1-4, suggesting an impairment in longitudinal cell elongation (Fig.23A to C).
This was further substantiated as cortex cell length in the differentiation zone of korz-4 was on
average 50% shorter than in the WT (Fig. 23D and E), which confirmed the inability of root korz-4
cortex cells to undergo elongation. To test if constitutive JA-lle signalling contributed to stunt korz-4
root growth, | compared kori-4 root elongation rates to those of the JA-lle deficient kor1-4 aos double
mutant. In agreement with previous reports (Gasperini et al., 2015), there were no differences in root
length between WT and aos plants and also their root growth rate over a duration of six days was
similar (Fig. 23F). However, and contrary to the expectation that activated JA-lle signalling may inhibit
root growth (Acosta et al., 2013; Gasperini et al., 2015), | found no difference in root growth rates
between kori-4 and kor1-4 aos as well (Fig. 23F). This indicates that constant JA-lle production in

kori-4 roots is unlikely regulating root growth.

| next tested if JA-lle-dependent defense signalling may be activated in kori-4 roots in an
aos-dependent manner. In the kori-4 root transcriptome we found several upregulated
JA-lle-dependent genes involved in stress responses (Tab. S2). However, among them there were no
canonical defense transcripts such as VSP2 or PDF1.2, which are induced upon wounding or herbivory
(Penninckx et al., 1998; Liu et al., 2005; Mielke and Gasperini, 2019). To confirm this, | analysed basal
root expression levels of VSP2 and PDF1.2 in kori-4 roots, in which the levels of both transcripts were
indeed not altered in comparison to the WT nor kor1-4 aos (Fig. 23G and H). Collectively, the data
suggest that constitutive JA-lle production in kori-4 roots is not contributing to canonical
JA-lle-regulated growth phenotypes, but might trigger root-specific defense phenotypes that still

need to be assessed.
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Figure 23: Constitutive JA-lle production in kori-4 roots does not regulate canonical growth and defense
responses. (A) Representative differential interference contrast (DIC) images of 5-do WT and kori-4 primary
root meristems. Empty orange arrowheads point to the quiescent center, and full orange arrowheads indicate
the beginning of the elongation zone. Blue arrows indicate the distance measured for meristem length. (B and
C) Root apical meristem (RAM) (B) length (from quiescent center to elongation zone) and (C) cortex cell number
in the division zone in 5-do seedlings of WT and kor1-4. Cortex cell number in the RAM was determined by
counting all cells in the cortex file until the onset of elongation. Data shown are means from n = 10 plants. (D
and E) Representative cortex cells in the root differentiation zone of (D) WT and korz-4 plants. Yellow bars
indicate cell length measured in (E). (E) Quantification of cortex cell length in 5-do seedlings of WT and korz-4
plants. Data shown are means from n = 10 plants, each consisting of 40 cellular measurements along the same
longitudinal cell file starting from the onset of differentiation. Scale bars (A) = 100 pm, (D) = 50 pm. (F) Primary
root length of indicated genotypes between 4- and 9-days post germination. Bars represent the means of 40-
50 plants. Data were used to determine the root growth rate in mm per day by linear regression. (G and H) qRT-
PCR of basal (G) VSP2 and (H) PDFz1.2 expression in roots of indicated genotypes. VSP2 and PDFz.2 transcript
levels were normalized to those of UBC21. Bars represent the means of three biological replicates (+SD), each
containing a pool of ~60 roots from 5-do seedlings. Letters and asterisks in (B and E to H) denote statistically
significant differences among samples as determined by ANOVA followed by Tukey’s HSD test (P < 0.05) in (F
to H) or Student’s t-test (P < 0.001) in (B and E).

Heightened JA-lle levels facilitate korz response to root hydrotropism

Although typical JA-dependent growth and defense phenotypes did not differ between kori-4 and
kori-4 aos (Fig. 23), the short kor1-4 root growth phenotype was alleviated when continuously grown
in hyperosmotic mannitol media (Fig. 21D). | hence verified if the mutant might preferentially grow
towards hyperosmotic conditions to ameliorate its root length, and if this may be influenced by
constant root JA-lle signalling. This process can be tested in split-agar assays used for measuring root

hydrotropic responses (Antoni et al., 2016; Dietrich et al., 2017). Root hydrotropism describes the
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directional growth of roots towards media with greater water availability, a process that requires
signalling by the hormone ABA in cortical cells of the root elongation zone (Takahashi et al., 2002;
Dietrich et al., 2017). As root hydrotropism assays are only comparable among genotypes with similar
root growth rates, lines with normal root growth (WT and aos) and stunted root growth (korz-4 and
kori-4 aos) were assessed independently. As expected, when transferring seedlings to mock (MS/MS)
conditions, seedlings of all genotypes were growing gravitropically without bending at the media

boundary (Fig. 24A and B, Fig. S8A and B).
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Figure 24: Ectopic JA-lle production facilitates kori-4 root growth towards greater water availability.
(A and B) Determination of root hydrotropic response of (A) WT and aos, and (B) kor1-4 and kori-4 aos seedlings.
Representative images and circular histograms summarizing root curvatures of indicated genotypes 24 h after
transfer to split-agar Murashige and Skoog (MS) plates under mock (MS/MS) or hydrotropism-inducing (MS/400
mM mannitol) conditions. Bars indicate the percentage of seedlings exhibiting a root bending angle assigned to
one of the 18 20° sectors on the circular diagram from a total of n = 42 plants. Raw data are in Fig. S8. (C) Root
gravitropic response in indicated genotypes. Representative images depict seedlings grown vertically for 5-d in
the 1% gravity direction (full orange arrowheads indicate initial root tip position), turned by 90° and grown for
additional 24 h in the 2" gravity vector (root tip indicated by empty orange arrowhead) before measuring the
gravitropic bending angle. Circular histograms summarize root growth curvatures with bars indicating the
percentage of seedlings exhibiting a root bending angle assigned to one of the 18 20° sectors on the circular
diagram from a total of n = 31-35 plants. Raw data are in Fig. S8. Letters denote statistically significant
differences as determined by (C) One-Way-ANOVA or (A and B) Two-Way-ANOVA followed by Tukey’s HSD
test (P < 0.05). Scale bars = g mm.

Following transfer to split-agar plates harbouring asymmetric water availability (MS/mannitol), both
WT and aos seedlings redirected their root growth towards MS and away from mannitol with a
positive root curvature (Fig. 24A, Fig. S8A and B). Similarly, kor1-4 seedlings did not grow into the
mannitol media as hypothesized and also readjusted their growth towards higher water availability
exhibiting a positive hydrotropic root curvature (Fig. 24B, Fig. S8C). Unexpectedly, the JA-deficient
kori-4 aos double mutant did not redirect its root growth towards isotonic conditions and instead
grew into the mannitol media (Fig. 24B, Fig. S8C). Consistently, while esmdz-3 roots showed a normal
root hydrotropic response, the kori-4 esmdi-3 double mutant with abolished constitutive root JA-lle
production did not redirect its root growth away from the mannitol media (Fig. S8F to I). To test
whether this JA-dependent effect represented a specific insensitivity towards root hydrotropism, or
was caused by a general inability of kori-4 aos to undergo root bending, | analysed root bending
responses upon sudden changes in gravity direction known as gravitropism (Su et al., 2017). All
genotypes tested (WT, aos, kor1-4, and kori-4 aos) effectively redirected their root growth in response
to a gravitropic stimulus with comparable gravitropic bending angles (Fig. 24C, Fig. S8D and E).
Overall, data thus revealed that the constitutive activation of JA-lle production facilitates the

directional growth of kor1-4 roots towards water.

JA-lle-dependent root-derived signal(s) impact korz shoot growth

Although elevated JA-lle signalling in korz roots did not influence root elongation in young seedlings
(Fig. 23F), I noticed that rosette size of 5-weeks-old short-day grown plants is considerably larger in
JA-lle-deficient kori-4 aos plants compared to kori-4, while WT and aos exhibited comparable shoot
size (Fig. 25A). Interestingly, although kor1-4 had a lower leaf number and overall smaller leaves than
WT and aos rosettes, kori-4 and kori-4 aos did not differ in terms of leaf number but only in terms of
leaf size with kori-4 having 37% smaller leaves than kori-4 aos (Fig. 25B and D). These results suggest
that enhanced JA-lle signalling in kor1-4 is unlikely slowing leaf emergence and may rather affect leaf

expansion.
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Figure 25: Absence of JA-lle in kori-4 increases shoot growth. (A to D) Impact of JA-lle on kori-4 rosette
phenotypes. (A) Representative rosette images of 5-week-old plants from indicated genotypes grown under
short day conditions. (B) True leaves excised from plants in (A). Scale bars (A and B) =1 cm. (C and D) Box plot
summary of (C) total leaf number, and (D) total leaf area in plants from (A). Medians are represented by a solid
line inside the boxes. Circles depict individual data points (n = 10 plants). Letters in (C and D) denote statistically
significant differences among samples as determined by ANOVA followed by Tukey’s HSD test (P < 0.05). The
assays were repeated two times with similar results.

Since increased JGP signalling is still persisting only in roots even in adult korz-4 plants (Fig. Sg), |
hypothesized that root-derived signals arising from activated JA-lle may be responsible for the
observed differences in rosette size between kori-4 and kori-4 aos. To test this possibility, | generated
chimeric plants with varying genotypes between scions (shoots) and rootstocks (roots) via
micrografting (Schulze et al., 2019). The evaluation of leaf number and rosette size in
kori-4(scion)/kori-4(rootstock) and the JA-lle deficient kori-4 aos/kori-4 aos counterparts confirmed
that the self-grafts behaved similarly to the un-grafted controls (Fig. 26A to D). Specifically, leaf
number between kori-4/kori-4 and kori-4 aos/kori-4 aos remained unchanged while rosette size was

69% larger in the JA-lle deficient genotype (Fig. 26C and D).
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Figure 26: kori-4 leaf expansion is regulated by increased JA-lle levels in the root. (A to D) Grafting
experiments showing that ectopic JA-lle production in kori-4 roots affects shoot growth. (A) Representative
rosette images from 6-week-old grafted plants of indicated genotypes grown in short day conditions. (B) True
leaves from 7-week-old grafted plants from (A). Scale bars (A and B) = 1 cm. (C and D) Box plot summary of (C)
total leaf number and (D) total leaf area in plants from (B). Medians are represented by solid lines inside the
boxes. Circles depict individual data points from n = 10 plants. Letters in (C and D) denote statistically significant
differences among samples as determined by ANOVA followed by Tukey’s HSD test (P < 0.05). The assays were
repeated two times with similar results.
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Consistently, leaf number did not differ in rosettes from self-grafts nor chimeric korz-4/kor1-4 aos and
kori-4 aos/kori-4 plants, but total rosette size was 37% larger in korz-4/kori-4 aos with respect to
kori-4/kori-4, and diminished by 41% in kori-4 aos/kori-4 compared to kori-4 aos/kori-4 aos plants
(Fig. 26A, B and D). In other words, constitutive JA-lle production in korz-4 roots reduced rosette size
in kori-4 aos, and blocking ectopic JA-Ile signalling with a kori-4 aos rootstock ameliorated kori-4
rosette size. These results indicate that constitutive JA-lle signalling in kori-4 roots negatively

regulates leaf expansion.

JA-lle-dependent root-derived signal(s) warrant korz increased rosette protection against
herbivorous insects

The intriguing finding of putative JA-lle-dependent root-derived signals regulating shoot growth led
me to hypothesize that such signals may also impact defense phenotypes in rosettes. To test this
assumption, | first optimized a plant-insect bioassay to measure insect performance of the generalist
herbivore Spodoptera littoralis (S. littoralis) on Arabidopsis genotypes compromised in the JA pathway
(Mielke and Gasperini, 2020). The bioassay was then used to assess insect larvae performance in WT,
aos, kori-4, and kori-4 aos plants. As WT and aos plants exhibited a higher leaf number and were thus
developmentally ahead compared to genotypes harbouring the kori-4 allele (Fig. 25C), | synchronized
plant growth for the bioassays by growing korz-4 mutants one week longer. Hence, at the start of the
bioassay all genotypes had the same leaf number (15 to 16 true leaves) with WT and aos being 5-week
old and kori-4 genotypes being 6-week old. S. littoralis larvae were then allowed to feed until they
consumed the shoot apical meristem (SAM) of the first and hence most susceptible genotype, i.e. for
10 days. In agreement with previous reports (Mielke and Gasperini, 2020), larval weight was greatly
enhanced in JA-deficient aos compared to WT plants (Fig. 27A and B). Similar to aos, kori-4 aos plants
were also completely eaten and larvae were comparably heavy (Fig. 27A and B). Conversely, kori-4
plants were able to defend themselves even better than the WT, as indicated by a significantly lower
weight of S. littoralis larvae (Fig. 27A and B). These results suggest that constitutive JA-lle production

in kor1-4 may also impact insect performance.

Following results obtained in intact plants, | next evaluated whether activation of the JA pathway in
roots could contribute to shoot defense by performing bioassays in chimeric plants generated via
micrografting. First, | carried out bioassays in reciprocal grafts between WT and aos plants. Although
WT plants in comparison to korz show no basal JA-lle production in the roots, shoot wounding triggers
the translocation of JA-lle precursors into the root (Schulze et al., 2019), which might in turn activate

defense-related root-to-shoot signals.
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Figure 27: Constitutive JA-lle production in korz roots impacts shoot resistance against herbivorous insects.
(A and B) Plant resistance against the generalist herbivore S. littoralis. (A) 5-week old (WT and aos) and 6-week
old (kor1-4 and kori-4 aos) rosettes 10 days after mock treatment or after challenge by S. littoralis larvae. Note
that JA-deficient genotypes were eaten down to the meristem (magenta arrowheads). (B) Box plot summary of
S. littoralis larval weights after feeding from plants in (A). Medians are represented by solid lines inside the
boxes. Circles depict individual data points (n = 33-36). (C to F) Contribution of the root genotype towards shoot
performance against the insect herbivore S. littoralis. (C) 6-week old rosettes of indicated grafted plants after
10 days of mock or challenge by S. littoralis. Note that meristems of JA-deficient grafts in the scions (aos/aos
and aos/WT) were fully eaten (full magenta arrowhead). (D) Box plot summary of S. littoralis larval weights after
feeding for 10 days on indicated genotypes. Medians are represented by solid lines inside boxes. Circles depict
individual data points (n = 23-33). (E) 7-week old rosettes of indicated grafted plants after g days of mock or
challenge by S. littoralis. Note that meristems of JA-deficient grafts (kori-4 aos/kori-4 aos) were fully eaten (full
magenta arrowhead), while meristems of JA-deficient kori-4 aos shoots were not fully consumed from grafts
harboring kor1-4 rootstocks with constitutive root JA-lle production (empty magenta arrowhead). (F) Box plot
summary of S. littoralis larval weights after feeding for 10 days on indicated genotypes. Medians are represented
by solid lines inside boxes. Circles depict individual data points (n = 29-31). Letters in (B, D, and F) denote
statistically significant differences among samples as determined by ANOVA followed by Tukey’s HSD test (P <
0.05). Bioassays in (B, D, and F) were repeated 3 times and showed similar results. Scale bars (A, Cand E) =1.cm.
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However, there was no difference in insect weight between grafts from WT or aos rootstock, as all
grafts with aos scions were consumed down to the SAM and yielded larvae with high weights, while
all grafts with WT scions could defend better and led to larvae with decreased weight (Fig. 27 C and
D). These results suggest that WT roots are unlikely contributing to mount shoot defense responses

under our bioassay conditions.

| next tested if constitutive root JA-production may affect insect performance by conducting
bioassays in reciprocal grafts between kori-4 and kori-4 aos which exhibit similar leaf numbers (Fig.
26C). Comparable to their un-grafted variants (Fig. 27B), larval weight on kori-4/kori-4 self-grafts
were lower than JA-deficient kori-4 aos/kor1-4 aos plants (Fig. 27E and F). In fact, all leaf material was
consumed down to the SAM in kor1-4 aos/kori-4 aos plants (Fig. 27E). Remarkably, abolishing root
JA-lle production from kori-4 scions in kori-4/kori-4 aos combinations led to a significant 42%
increase in larval weight (Fig. 27F). Consistently, larvae feeding on kori-4 aos/kor-1-4 plants with
constitutive root JA-lle signalling were 40% lighter than when feeding on kor1-4 aos/kor-1-4 aos plants
(Fig. 27F). Notably, larvae avoided to feed on the SAM and the younger leaves of kor1-4 aos/kor-1-4
plants (Fig. 27E), indicating that there may be a JA-dependent root-derived signal reaching young leaf

tissues contributing to leaf defense.

60



Section Il - Discussion and future perspectives

Despite the essential roles of JA-lle in mediating plant growth and environmental responses, it is still
unclear what intracellular processes lead to the activation of JA-lle biosynthesis. Perturbations in
plant cell walls have frequently been associated with the activation of the JA pathway. However, the
variety of stressors altering wall properties, including mechanical rupture, enzymatic degradation or
inhibition of cell wall biosynthesis, as well as the emergence of cell wall-derived elicitors yielded in
heterogenic evidence on the initiation of the JA pathway as well as its consequences. In this thesis |
utilized mutants in KORz1 that are impaired in cellulose biosynthesis, and revealed a turgor-driven
misregulation of cell expansion in the root cortex, which likely mechanically compromises inner
tissues leading to enhanced JA-Ile production (Fig. 28). | abolished enhanced JA-lle production by
restoring cortex cell size via cell type-specific KOR1 complementation, by isolating a genetic
suppressor likely modulating cell wall properties and by lowering turgor pressure with hyperosmotic
treatments (Fig. 28). Furthermore, hypoosmotic treatments activated JA-lle signalling in WT plants
at similar sites. To our surprise JA-lle did not exert its expected functions in altering growth rate and
canonical defense responses in the root, but was rather crucial to guide root growth into the direction
of water (Fig. 28). Additionally, root-derived JA-dependent signals in korz were able to shape shoot
growth and defense (Fig. 28). Collectively, my results provide new perspectives on how plants sense

and decode extracellular stimuli to initiate acclimation responses.

1. Advantages of deciphering hormone functions in cell wall mutants

Wounding and insect herbivory are potent triggers of JA-lle production and are often used to study
the impact and physiological consequences of elevated JA-lle signalling. Both treatments induce
similar transcriptional changes (Reymond et al., 2000), involving the upregulation of typical JA marker
genes in JA biosynthesis and signalling such as JAZs, MYC2, LOX3, LOX4, AOS, AOCz and 3, JOX2, 3
and 4, and OPR3 (Reymond et al., 2004; Chung et al., 2008; Zhang et al., 2020). Contrariwise,
constitutive JA-lle production in kor1-4 roots resulted in a much weaker JA response, which comprised
only a subset of typical JA markers (JAZ10, JAZg, JAZ3, LOX3, LOX6, JOX2,JOX3, and ST2A). This may
be due to a dilution-effect of sampling the entire root, whereas JA-lle signalling was activated only in
specific cells of the early differentiation zone, or to the activation of a subset of JA markers in
cell-specific contexts. Similarly, although not checked for JA-dependency, the CesA3 mutant ixrz also
exhibits upregulation of a smaller subset of JA marker genes such as LOX3, LOX4, JAZ1, JAZ4, JAZ5,
JAZ6, JAZ7, and JAZ10 (Engelsdorf et al., 2018). However, there is only a small overlap between the
kor1 root transcriptome and the transcriptome of ninja-1 roots, which exhibit elevated basal JA-lle

signalling (Acosta et al., 2013; Gasperini et al., 2015). Among the JA-related transcripts that are found
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upregulated in both transcriptomes are JAZ10 and ST2A only (Tab. S2) (Gasperini et al., 2015). Hence,
our transcriptomic data suggest that JA-lle responses arising from cell wall alterations are distinct to

those triggered by other or stronger elicitors.

I: Insect defense

II: leaf expansion

maobile
signal

1. PEPp:CIT-KOR1

2. osmotic support

3. esmdl

?

‘) Ill: root hydrotropism

Figure 28: Final model summarizing causes and consequences of ectopic JA-lle production in
cellulose-deficient korz mutants. korz mutants exhibit basal induction of JA marker genes and elevated levels
of JA-lle predominantly in endodermis and pericycle cells of the root early differentiation zone (yellow dots).
This is caused by cell-non-autonomous signals deriving from adjacent cortex cells, which are enlarged and likely
mechanically compromise inner tissues (blue arrows). The JA phenotype was abolished by restoring cortex cell
size via cell type-specific KOR1 complementation (PEPp:CIT-KOR1), by lowering turgor pressure with
hyperosmotic treatments (osmotic support) and by isolating a genetic suppressor likely modulating cell wall
properties (esmdz1). Via an unknown mechanism, ectopic JA-lle can act locally to allow root hydrotropism.
Moreover, yet unidentified JA-lle-dependent mobile signals hamper leaf expansion and increase defense
against a generalist herbivore in korz rosettes.

Hypothetically, breeding plants with constitutively elevated JA-dependent defense responses could
be beneficial for agriculture. However, this strategy has so far proven to be challenging due to the

concomitant negative impact of JA on growth (Campos et al., 2016; Major et al., 2020). Ectopic JA-lle
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production in korz roots did not influence root growth rate as expected, and similarly, it did not
regulate the expression of typical JA-dependent defense marker genes PDF1.2 and VSP2. More
notably, constitutive JA-lle signalling in korz was important for the root hydrotropic response, and for
regulating growth and defense responses in the shoots. These findings highlight the benefit of using
cell wall mutants as genetic tools to characterize subtler or cell-specific JA-lle functions, which can be
potentially masked by strong JA-lle-inducing stimuli such as wounding and herbivory. This strategy
might also be useful to reveal potentially new roles of other hormonal pathways, as a variety of
perturbations in plant cell walls can lead to altered hormonal responses such as upregulation of ET in
cevi and chitinase-like protein 1 (ctlz) (Ellis and Turner, 2001; Zhong et al., 2002b; Sanchez-Rodriguez
et al., 2010). Moreover, even though canonical defense marker genes were not upregulated in korz
roots, the RNA-seq revealed a big cluster of stress- and defense-related genes that are differentially
expressed in korz roots in a JA-lle-dependent manner (Tab. S2). It is thus possible that upregulated
JA-lle signalling in korz may mediate root-specific defense responses which await further
characterization. For example, it would be interesting to ascertain defense responses between kori
and the JA-deficient korz aos double mutant against root pathogens such as Pythium irregulare,
Fusarium oxysporum, or nematodes (Bohlmann and Wieczorek, 2015; Sohrabi et al., 2015; Kesten et

al., 2019).

How does constitutive JA-lle production in korz influence root hydrotropism?

Surprisingly, root hydrotropism assays revealed that constitutive JA-lle signalling in korz guided root
growth towards greater water availability. While the root hydrotropic response did not differ between
WT and aos, the lack of constitutive JA production in korz aos and kor1 esmdzi-3 rendered plants unable
to redirect their roots away from hyperosmotic conditions containing mannitol. These findings
indicate that JA-lle signalling is dispensable for the hydrotropic response in WT plants, but ectopic JA
activation in precise cell types can be beneficial. Signalling mechanisms guiding WT hydrotropic
responses might be inactive and overridden by the JA pathway in korz roots. A possibility is that ABA
signalling or biosynthesis is altered in korz as a consequence of cell wall perturbations. In fact, the
cellulose-deficient mutant kobitoz displays altered ABA signalling and fails to exhibit normal ABA
responses (Brocard-Gifford et al., 2004). Specifically, ABA signalling in cortex cells of the root
elongation zone is important for perceiving and acclimating to water potential gradients in WT plants
(Dietrich et al., 2017). However, the kori1 root transcriptome did not detect changes in genes involved
in ABA signalling or metabolism under basal conditions. To further study the mechanisms of how
constitutive JA-lle signalling guides kor1 root hydrotropism, ABA levels and hydrotropism-related

marker gene expression should be evaluated at control and hyperosmotic conditions. Relevant
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changes between kor1-4 and kori-4 aos plants might only occur during low water availability, which

could explain why we see no obvious targets in the basal korz root transcriptome.

Hyperosmotic mannitol treatments are also used to mimic drought and study plant performance
under water deficiency. It is therefore tempting to speculate that elevated root JA-lle levels might be
advantageous during drought conditions. Accordingly, exogenous JA treatments confer enhanced
drought tolerance in various plant species, reviewed in (Ruan et al., 2019). Moreover, Arabidopsis
mutants deficient in either JA-lle biosynthesis (aos) or signalling (coiz) display a lower survival rate
after experiencing prolonged drought (Kim et al., 2017). Monitoring plant performance during
drought conditions by accessing and comparing parameters such as survival rate, biomass, leaf
expansion or total water content in plants and soil (Bouzid et al., 2019) could reveal whether
JA-lle-guided root hydrotropism is increasing plant performance under water limiting conditions.
Perhaps, activating JA-lle production in specific root cell types by manipulating cell wall properties
could eventually yield plants with enhanced drought resistance without hampering overall root
growth. Although the underlying signalling mechanisms that either activate JA-lle production under
drought or improve water foraging when JA-lle signalling is activated are unknown, their elucidation

could have beneficial impacts on breeding programs aimed at increasing plant drought tolerance.

How does constitutive root JA-lle signalling impact shoot growth and defense?

Interestingly, although activated JA-lle signalling in korz roots did not impact local organ growth nor
the root expression of canonical defense-marker genes, reciprocal grafts between kor1-4 and kori-4
aos revealed that constitutively heightened root JA-lle levels restricted shoot growth and mediated
enhanced resistance against the generalist herbivore S. littoralis. Despite JA-lle precursors OPDA and
JA can travel across tissues and organs (Schulze et al., 2019; Li et al., 2020a), it is unlikely that their
translocation is responsible for the observed shoot phenotypes in grafted plants. First, neither JGP
reporter activity nor JA-lle-dependent marker gene expression (JAZ10, JOX3) were induced in shoots
of kor1 mutants. Second, although phytohormones such as strigolactones and cytokinines can
translocate from roots to shoots (Kohlen et al., 2011; Ko et al., 2014), JA-lle precursors relocate
through the phloem and the putative OPDA transporter ACYL-COA-BINDING PROTEIN6 (ACBP6)
localizes to phloem companion cells (Ye et al., 2016; Schulze et al., 2019; Liet al., 2020a). Third, unlike
shoot wounding that triggers JA-lle marker gene expression in undamaged roots, root wounding
induces JA-lle signalling only locally and does not lead to JAZz0 upregulation in shoots (Acosta et al.,

2013; Schulze et al., 2019).



A possibility for the observed root-derived JA-dependent shoot phenotypes in korz, may reside in
nutrient uptake. Apart from carbon which is assimilated during photosynthesis, plants rely on their
roots to forage the soil for other nutrients and to distribute them across the whole plant by active and
passive transport (Ramakrishna and Barberon, 2019). Insufficient supply of important macronutrients
such as nitrogen, phosphorus or potassium leads to detrimental growth and developmental
phenotypes in shoots and roots (Gruber et al., 2013; Forieri et al., 2017). Our kor1 root transcriptome
did not identify major changes in phosphate nor potassium transporters or associated marker genes.
Instead it identified a JA-dependent upregulation of NITRATE TRANSPORTER 1.8 (NRT1.8) (Tab. S2).
In contrast to NRT1.5 which facilitates nitrate shoot transport by loading it into root xylem vessels (Lin
et al., 2008), NRT1.8 transports nitrate in the opposite direction thus keeping it in the root (Li et al.,
2010). This equilibrium is abolished by certain stress conditions such as high cadmium, high salt and
drought stress, during which NRT1.8 expression is highly upregulated to keep nitrate locked in the
root and mediate stress acclimation and proper root growth (Li et al., 2010; Zhang et al., 2014a). This
process is under the control of JA and ET (Zhang et al., 2014a), which might be also reflected in the
korz root transcriptome, where NRT1.8 levels are still slightly upregulated in korz-4 aos in comparison
to the WT (Tab. S3). Interestingly, NRT1.8 localizes to pericycle cells (Li et al., 2010), thus coinciding
with sites of ectopic JA-lle production in kori-4 roots. Whether constant root-locking of nitrate by
NRT1.8 affects shoot growth has not been investigated so far, but would be conceivable as nitrogen
limitation also affects shoot growth (Konishi et al., 2017). Hence this transporter represents a
promising candidate to explain the regulation of root-derived JA-dependent inhibition of shoot
growth. Specifically, phenotypic comparisons between kori-4, kori-4 aos, and kori-4 nrt1.8 could
reveal if suppressing NRT1.8 function of sequestering nitrate to the roots alleviates the reduced korz
rosette size as in korz aos. Similarly, measuring nitrate levels in shoots and roots of korz-4 and kori-4
aos might also reveal differences in nitrogen allocation. Interestingly, nitrogen is also an important

component of plant defense compounds such as glucosinolates (Chhajed et al., 2020).

S. littoralis insect weight was greater when caterpillars fed on JA-deficient korz aos/korz aos than korz
aos/korz plants. Vice versa, larval weight was lighter when feeding on kori/kor1 plants with respect to
kor1 aosfkor1 grafts. Although reciprocal grafts involving aos also caused a general increase in leaf
area available to the caterpillars (but not in leaf number as a proxy for comparable developmental
stages), rosette size is unlikely to be a prominent factor influencing insect performance. First, rosette
tissue from smaller kori/korz as well as larger kori/kor1 aos plants was still available at the end of the
bioassay, and insect larvae were slightly but significantly heavier in korz/kor1 aos with respect to
kori/kor1 controls, indicating that tissue availability was not limiting in this comparison. Second,

although insects were considerably heavier in kor1 aos/kor1 aos compared to kor1 aos/kor1 plants,
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meristematic tissue in the shoot apical meristem was entirely consumed in the first genotype, while
it still remained available in the second, implying that the observed bioassay phenotypes are due to
plant defense responses rather than plant size.

A possible explanation for the rosette defense phenotypes arising from constitutive JA-lle root
signalling in the grafting experiments may be the root-to-shoot translocation of (a) JA-dependent
molecule(s) synthesized in korz roots. For instance, 9-LOX oxylipins are transported from the root to
the shoot and participate in defense against aphids (Nalam et al., 2012). The most prominent example
for JA-dependent root-to-shoot translocation is the secondary metabolite nicotine, which is produced
in Nicotiana tabacum and is a potent anti-herbivore compound (Steppuhn et al., 2004; Fragoso et al.,
2014). Although | did not have the time to explore possible mobile candidates explaining the rosette
growth phenotype from the JA-dependent misregulated genes in korz roots, | identified several genes

involved in secondary metabolite production which could explain the defense phenotype (Tab. S2).

Several transcripts involved in glucosinolates and terpene metabolism were upregulated in korz roots
(Tab. S2). Glucosinolates are important defense compounds against herbivorous insects, as they can
be degraded to toxic isoythiocyanates and thiocyanates (Chhajed et al., 2020). Specifically, INDOLE
GLUCOSINOLATE O-METHYLTRANSFERASE 1 (IGMT1) and BETA-GLUCOSIDASE 30 (BGLU30) were
strongly upregulated in korz roots with respect to the WT (Tab. S2). IGMTz regulates the production
of 4-methoxy-indole-3-yl-methyl glucosinolate, which is an important defense compound against
aphids (Pfalz et al., 2009). BGLU30 is a myrosinase involved in glucosinolate catabolism (Morikawa-
Ichinose et al., 2020), which mediates the release of toxic breakdown fragments of glucosinolates that
can repel herbivorous insects (Chhajed et al., 2020). Importantly, glucosinolates are root-to-shoot
mobile, as indicated by feeding experiments with labelled glucosinolates and the abundance of
endogenous glucosinolates in the xylem sap (Andersen et al., 2013; Madsen et al., 2014). Hence, an
increased production of 4-methoxy-indole-3-yl-methyl glucosinolate or its breakdown products in
kori-4 roots, which are then transported to the shoot, might mediate the increased resistance against
S. littoralis in graft combinations with kori-4 rootstocks. To test this hypothesis, glucosinolate levels
could be measured in shoots and roots of korz and korz aos graft combinations. If shoot glucosinolate
levels decrease in kor1 aos rootstocks, successive korz double mutants with bgluzo or igmt1 could

reveal the relative contribution of these genes to insect herbivory.

In contrast to glucosinolates, so far not much is known on root-to-shoot translocation of terpenes in
Arabidopsis. However, in gymnosperms such as Norway spruce, terpenes are present in the xylem sap
and are thought to be mobile (Martin et al., 2002; Duan et al., 2020). Among the JA-lle-dependent

upregulated genes in kori-4 roots involved in terpene metabolism, TERPENOID SYNTHASE 13
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(TPS13), FAMT, and FAMT-LIKE were the highest upregulated candidates (Tab. S2). TPS13 converts
(2E,6E)-farnesyl diphosphate to (Z)-y-bisabolene, which was reported to be a potent larvicide and
deterrent against mosquitos (Ro et al., 2006; Govindarajan et al., 2018). FAMT represented the
highest upregulated gene in kori-4 roots in comparison to the WT (logFC = 8.27). It encodes for a
protein that catalyses the methylation of the sesquiterpene farnesoic acid to methyl farnesoate (Yang
et al., 2006). Methyl farnesoate is a member of the insect juvenile hormone family, which can be
metabolized by insects and inhibits larval development (Tsang et al., 2020). Hence, FAMT is suspected
to be important during plant defense against insects (Yang et al., 2006). Remarkably, FAMT mRNA
was reported to be root-to-shoot mobile (Thieme et al., 2015), rendering it a promising candidate in

explaining the elevated shoot defense of kori-4 against S. littoralis.

As for glucosinolates, to test if root-produced terpenes are influencing shoot defense phenotypes,
specific compounds like (Z)-y-bisabole and methyl farnesoate, as well as FAMT transcripts could be
measured from roots and shoots of our grafting combinations, and if promising, korz double mutants
with tps13 or famt could determine the contribution of the specific genes under analysis to shoot
defences. As also other genes in terpene metabolism are misregulated in a JA-dependent manner korz
roots (Tab. S2), and in case a targeted candidate search proves unsuccessful, one could use a
combined transcriptomics /| metabolomics approach in reciprocal grafts between kori-4 and kori-4
aos. This could identify putative shoot-to-root mobile mMRNAs or metabolites, which are dependent
on constitutive JA-lle production in kori-4 rootstocks. Once putative candidates are identified, their
contribution could be analysed by generating double mutants with kori-4 and subjecting them in
bioassays. Although reciprocal grafts between WT and aos did not reveal a JA-dependent contribution
of the rootstock to S. littoralis defense, different conditions that trigger root JA-production (e.g.
hypoosmotic treatments) might help to identify general mechanisms in which roots contribute

towards shoot defenses.

2. Misregulated turgor pressure in kori results in mechanical compression of inner

tissues leading to JA-lle biosynthesis.

Plant cells are pressurized and can reach an internal hydrostatic pressure of about 2 MPa, which is
around 20 times that of the atmospheric pressure (Beauzamy et al., 2014). This high internal pressure
is in part sustained by cell walls, which surround each plant cell. Hence, cells with weakened cell walls
might experience morphological changes which could result in mechanical imbalances within tissues.
Here we described cellulose-deficient korz mutants, which displayed elevated JA-lle levels in seedling

roots. We show on a cellular resolution level that JA-lle production specifically occurs in endodermis
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and pericycle cells of the early differentiation zone and is triggered by a cell non-autonomous
mechanism occurring in the cortex cell layer. As cortex cells in korz roots were dramatically enlarged,
we hypothesized that increased JA-Ile levels in korz result from cortex cells ‘squeezing’ inner tissues.
We furthermore propose that this is caused by a misregulation of turgor pressure arising from

weakened cell walls, and provided chemical and genetic evidence supporting our hypothesis.

First, by using hyperosmotic treatments we reduced turgor pressure and hence abolished cortex cell
swelling and ectopic JA-lle signalling in inner tissues of korz roots. This indicates that JA-lle production
is triggered by turgor-driven processes rather than cell-wall derived elicitors and is in line with
available evidence that isoxaben-mediated cellulose depletion leads to slow activation of the JA
pathway (Larrieu et al., 2015) and is also osmo-sensitive (Engelsdorf et al., 2018). Vice versa, we show
that without having a cell wall mutant, we can reconstitute the JA-lle signalling phenotype in the same
cell types by hypoosmotic treatments in WT, which putatively increase internal turgor pressure.
Second, with esmd1 we found a suppressor of ectopic JA-lle signalling in korz, which reduced cortex
cell swelling likely by counteracting turgor misregulation through cell wall modifications.
Additionally, an RNA-seq dataset of kor1 roots revealed ten misregulated genes involved in water
deprivation response. Expression of genes in this GO cluster is usually upregulated during drought
conditions (Kilian et al., 2007; Benny et al., 2019). However, in korz roots, transcripts of these genes
were significantly downregulated in comparison to the WT (Tab. S3), which might indicate changes in
water potential that could affect turgor pressure. Moreover, the upregulation of marker genes
involved in response to mechanical stimuli like TCH3 or XTH22 (Braam and Davis, 1990; Lee et al,,

2005) are putative indicators of mechanical stress occurring in korz1 roots.

Although our data point towards a scenario where inner tissues experience mechanical stress caused
by cortex cells that cannot contain turgor pressure, we still miss experimental ways that would allow
usto provide direct evidence for these phenomena. Either desirable tools, such as genetically encoded
sensors for mechanical properties, are not available or present techniques, such as atomic force
microscopy, are not suitable for analysing inner tissues (Routier-Kierzkowska et al., 2012; Peaucelle,
2014; Hamant and Haswell, 2017). However, the recent design of fluorophore-based mechanoprobes
targeted to the cell wall or plasma membrane might provide valuable tools to map changes in zones
of interest in our mutants (Michels et al., 2020). The fluorescence lifetime of these probes serves as a
proxy for cell wall mesh size or plasma membrane lipid packing, which are indicators of mechanical

stress parameters (Michels et al., 2020).
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Another goal of this thesis was to identify genetic regulators of ectopic JA-lle production in kor1. We
employed two reverse genetic approaches, including a targeted approach focusing on known
components involved in cell wall integrity-, osmo- and mechano-signalling, and a transcriptomic
approach focussed on selected differentially expressed candidates in korz roots. However, so far none
of the generated double mutants with kori-4 displayed a complete suppression of constitutive JA-lle
signalling. Only kori-4 thei-1 mutants showed a significant 25% reduction of basal root JAZ10
expression in comparison to kor1-4. This again coincides with a report that osmosensitive alterations
in the cell wall triggered by isoxaben also require THEz1 for proper JA production (Engelsdorf et al.,

2018).

Our search for mutants with abolished JGP reporter expression in kor1-4 by a forward genetic screen
yielded, in addition to esmdz, eleven other suppressors exhibiting WT-like responses to wounding and
exogenous MeJA treatment. This suggests that we targeted specific signalling pathways leading to
the initiation of JA-lle biosynthesis and signalling following cell wall alterations. Although not all
candidate suppressors are confirmed yet (Tab. 3), three of them encode for proteins localized to
plastids. Hence, these mutants represent interesting candidates that might requlate JA-lle
biosynthesis, which is initiated in these organelles. Another interesting suppressor candidate is the
mutant 24558, which we confirmed to be affected in the gene 0S9. 0S9 encodes for a lectin localized
in the Golgi lumen and is involved in endoplasmatic reticulum-associated degradation (ERAD) of
glycoproteins (Huttner et al., 2012). There, it is organized in a protein complex and putatively
recognizes a specific glycan code of misfolded proteins, which are then either ubiquitylated and
degraded via the 26S proteasome or undergo trafficking to the vacuole (Vembar and Brodsky, 2008;
Shin et al., 2018). An 0S9 loss of function line suppressed the severe growth phenotypes of
brassinosteroid receptor mutants briz-5 and briz-9 (Huttner et al., 2012). These mutant proteins are
theoretically functional but misfolded, and are therefore retained in the ER and degraded, a quality
control process which is inactive in an 0os9 mutant background (Huttner et al., 2012; Su et al., 2012).
The 0S9 mutant 2455B fully suppressed the phenotypes of korz-4, including ectopic JGP expression,
ectopic lignification and short root growth (Fig. 15, Tab.3). It is therefore plausible that the KOR1"573"
protein variant in kori-4 is also partially functional but misfolded, and hence an ERAD substrate and
OSg target. This is consistent with a recent report, where the lack of glycoprotein quality control in
the ER led to KOR1 accumulation in the tonoplast (Nagashima et al., 2020a). Interestingly, our kori-4
is a temperature-sensitive allele, which upon exposure to slightly elevated temperatures (26°C)
exhibited more drastic phenotypes. As temperature-sensitive alleles in many cases are caused by
misfolding (Zhang et al., 2018), this provides an additional argument for KOR1"53" being an ERAD

substrate.
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Despite finding twelve interesting candidate genes, the suppressor screen did not retrieve known
componentsinvolved in osmo- and mechanosensing nor cell wall integrity sensors such as THE1. First,
this might be due to the screen not being saturated, although we retrieved two novel opr3 alleles.
Second, the screen was designed to assess the absence of JGP reporter activity, which would be
difficult to observe in case of genetic redundancy or only partial JGP suppression. This limitation
should also be considered for the reverse genetic screen, where so far several of the generated double

mutants with kori-4 were analyzed for qualitative JGP expression only.

As this thesis revealed that misregulated turgor pressure in korz might cause mechanical compression
of inner tissues leading to JA-lle biosynthesis, the future search for genetic players involved in this
pathway should focus on putative osmo-and mechanosensitive components. Promising candidates
include MSL1o, which mediates responses to cell swelling initiated by cell wall softening and
hypoosmotic treatments (Basu and Haswell, 2020). Interestingly, an mslzo gain-of-function mutant
exhibits elevated JA levels after wounding (Zou et al., 2016). Moreover one should focus on MCA1,
which next to THE1 was required to initiate JA production upon isoxaben treatment (Engelsdorfetal.,
2018). The generation of respective double mutants with kori-4 was already initiated (Tab. 1), which
will then be characterized for JGP reporter expression as well as JAZ10 expression levels. Moreover,
analysing JA-lle responses in mutants like mslzo and mcaz, might also reveal whether these players

are involved in initiating JA-lle biosynthesis upon misregulation of turgor pressure.

How come ectopic JA-lle signalling is present in specific cell types of a restricted kora root portion?
Mechanical stress is known to be an excellent trigger of JA-lle biosynthesis (Koo and Howe, 2009), but
how come hormone increase caused by cortex cell swelling was only observed in inner but not outer
tissues? One possibility is that epidermal cells could disperse the mechanical pressure by expanding
towards the outer space. In fact, kori-4 roots displayed an increased number of epidermal cells in
comparison with the WT, which could indeed account for mechanical stress reduction. In general,
mechanical cues are known to affect cell cycle progression in animals (Fernandez-Sanchez et al.,
2015). Although this has not yet been demonstrated in plants, mechanical forces are important in
guiding the orientation of plant cell division planes (Sampathkumar et al., 2014; Louveaux et al.,
2016). In contrast to the epidermis, endodermal and pericycle cells are physically constrained within
the root and may get “squeezed” by enlarged cortex cells without being able to dissipate the
mechanical pressure. Remarkably, hypoosmotic treatments of WT roots activate JA-Ile signalling in
the same cell types, indicating that the mechanisms might be more general and not specific to cell

wall mutants lacking cellulose.
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Strikingly, the activation of JA-lle-signalling did not encompass the entire root along its longitudinal
axis: it started at the onset of elongation and proceeded for about 30 consecutive cells into the early
differentiation zone before ceasing. One could hypothesize that a parallel trigger of JA-lle production
includes mechanical tension generated during cell elongation that could cause stretching imbalances
in growing cells. In korz this could either be explained by cortex cells being more vulnerable towards
cell swelling during elongation, or vice versa, endodermis and pericycle cells being more sensitive
towards mechanical tension. Nevertheless, constitutive JA-lle production arrests in older parts of the
root, suggesting that mechanical stress may be alleviated or compensated. Interestingly, the
equivalent part of the root in WT plants (~ 30 cells after onset of elongation) coincides with the
completed deposition of a full apoplastic and transcellular diffusion barrier composed of lignified
casparian strips and suberin lamellae in the secondary cell walls of endodermal cells (Naseer et al.,
2012; Wang et al., 2019). Perhaps, these and other secondary cell wall modifications of endodermal
and pericycle cells are able to counteract the mechanical compression exerted by adjacent cortex
cells. Alternatively, as these compounds form a diffusion barrier, this might also lead to changes in
internal turgor pressure in older parts of korz roots. Importantly, the effect of cellulose deficiency on
activating JA-lle biosynthesis seems to be dose-dependent, as indicated by the isolation of a stronger
kor1-5 allele that exhibits JGP reporter activation across broader root tissues. Here, the consequences
of partial KOR1 loss are probably so severe that all cells exhibiting JGP activation are under mechanical

stress and hence the phenotypes are greatly exacerbated.

Deepening our understanding on the cellular specificities of JA-lle production in korz could advance
our knowledge on the consequences of mechanical stress. To verify whether secondary wall
deposition in older parts of korz roots indeed fortifies endodermal and pericycle cell walls, lignin and
suberin deposition could be analysed with the use of specific dyes such as Basic Fuchsin and Nile Red,
respectively (Ursache et al., 2018). Similarly, delaying the formation of casparian strips or suberin
deposition in kori-4 double mutants with schengen 1 (sgni) or hydroxylase of root suberized tissue
(horst) (Naseer et al., 2012; Alassimone et al., 2016) could reveal if sites of JA-lle production increase

acropetally towards the shoot or remain the same.

Another interesting question is why turgor-driven mechanical compression first predominantly
affects inner tissues of endodermis and pericycle? In order to find key molecular players that might
regulate the cellular sensitivity towards these mechanical cues and lead to a differential dose-
dependent activation of JA-lle production in different cell types, it would be desirable to study the

transcriptome of different cell types individiually. This can be achieved by single cell transcriptome
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analysis. However, established protocols often require protoplasting of the desired tissue (Shaw et
al., 2021), which will remove our targeted mechanical cues. Hence, an alternative approach using
laser-capture-microdissection of single cells followed by transcriptome analysis might be more

informative (Sakai et al., 2018; Berkowitz et al., 2020).

What is the contribution of the cell wall towards constitutive JA-lle biosynthesis in korz roots?

The cell wall physically constrains plant cells and is important for growth by providing mechanical
stability and containing the internal turgor pressure (Hamant and Traas, 2010). Thus, it is likely that
misregulated turgor in korz roots is caused by cell wall alterations leading to a weakened external
resistance towards the internal pressure. As a consequence, anisotropic growth cannot be fully
maintained and cells rather expand radially leading to a swollen root. In fact, in addition to other korz
alleles (Tab. Sa1) (Lane et al., 2001), cellulose-deficient mutants in cesaz, cesa3, and cesab exhibit root
cell swelling phenotypes, indicating that they are unable to fully contain their turgor during
anisotropic growth (Baskin et al., 1992; Williamson et al., 2001; Burn et al., 2002; Hu et al., 2018).
Similar observations of tissue swelling can also be caused by inhibiting cellulose biosynthesis using
isoxaben (Engelsdorf et al., 2018). Cellulose microfibrils are a main load-bearing component of the
plant cell wall and usually align perpendicularly to the growth axis with the help of cortical microtubule
arrays that guide CSC trajectories at the plasma membrane (Paredez et al., 2006). In addition to their
reduced cellulose content, korz and cesa mutants also display altered CSC trajectories and cellulose
microfibril orientation (Fujita et al., 2013; Lei et al., 2014). This furthermore strengthens the

hypothesis that misregulated turgor in korz roots is a direct consequence of cellulose deficiency.

However, cellulose deficiency can also lead to secondary alterations of other cell wall components
such as hemicelluloses and pectins (Manfield et al., 2004). Similarly, roots of korz and cesaz alleles
exhibited altered pectin-derived uronic acid levels (Peng et al., 2000; His et al., 2001). Our kor1 root
transcriptome identified a large GO cluster of misregulated genes involved in cell wall biogenesis and
organization (Tab. S3). Among them there are several genes encoding for extensins, xyloglucan
endotransglucosylases [ hydrolases, pectate lyases, and PMEs, which are enzyme classes thought to
be important for cell wall loosening and / or softening (Cosgrove, 2016b) and could therefore also be
candidates that mediate cell wall changes leading to the misregulation of turgor in cells of korz roots.
Nevertheless, when determining the cell wall composition in roots of korz-4 and WT, the most striking
difference was the lack of cellulose in korz-4, while monosaccharide analysis of hemicellulose and
pectin fractions resulted in only a minor reduction of xylose in korz-4. These results were also in
contrast to another report that identified major changes in pectin and hemicellulose composition in

kor1 roots grown on glucose-supplemented media (Peng et al., 2000). It is also possible that changes

72



in hemicelluloses and pectins reflected in our transcriptome, affect cross-links among different
polysaccharides rather than their overall abundance (Pettolino et al., 2012; Cosgrove, 2016a), which

could explain why we were unable to detect them.

Mutant alleles of ESMD1 suppressed cell-adhesion defects of pectin-deficient mutants quaz and quaz
(Verger et al., 2016), and were identified in my screen to suppress cortex cell swelling and
consequently ectopic JA-lle signalling in kori-4 roots. The exact function of ESMDzx is still unknown
and despite encoding for a glycosyltransferase, cell wall composition was not altered in dark-grown
hypocotyls of esmdz (Verger et al., 2016). Based on conserved motifs and previous classifications
ESMD1 was then postulated to act as an O-fucosyl-transferase on target proteins involved in cell wall
integrity signalling that carry an Epidermal growth factor (EGF)-like repeat domain such as WAKs and
WAK:-like proteins (Hansen et al., 2009; Verger et al., 2016). In contrast to these previous reports we
identified a significant decrease in rhamnose levels in esmdz root cell walls of >30%. As most of
rhamnose detected in Arabidopsis is assigned to RG-I (Pettolino et al., 2012), and related members of
the glycosyltransferase family GT106 were identified as pectin RG-I rhamnosyltransferases (Takenaka
et al., 2018; Wachananawat et al., 2020), a direct effect of ESMD1 on pectin composition should be
considered. This further suggests an altered pectin status in korz mutants that is then
counterbalanced in korz esmdz. Intriguingly, an antibody raised against a component of RG-I resulted
in increased labelling densities in epidermal cells of elongated korz hypocotyls in comparison to the
WT (His et al., 2001). Alternatively, the lack of cellulose might also indirectly affect pectin properties,
as especially RG-I was shown to have significant and specific contacts with cellulose microfibrils

(Wang et al., 2015).

Future studies addressing the role of the plant cell wall in triggering constitutive JA-lle biosynthesis in
kor1 roots could focus on a more detailed characterization of cell wall composition. One option is to
perform linkage analysis of cell wall polysaccharides (Pettolino et al., 2012), which might reveal
differencesin korz in comparison to the WT. Alternatively, the employment ofimmunohistochemistry
methods targeting different cell wall components in root sections of WT and korz is also an option to
tackle this question, and would furthermore allow for a cell-specific characterization of cell wall
composition. To this end, antibodies recognizing the methylesterification status of pectins such as
LM1g and LM20o would be of high interest (Verhertbruggen et al., 2009), as the esterification status
can alter the mechanical properties of the cell wall and could therefore indicate softer and stronger
wall regions (Cosgrove, 2016b). Similar approaches could also be employed to detect differences in
cell wall composition between korz and korz esmdi. As esmdz might affect RG-I polysaccharides,

respective antibodies like LM16 (Verhertbruggen et al., 2009) and especially the anti-RGI antibody

73



described in (His et al., 2001) should be tested. To address ESMD1 function and substrate specificity,
its expression and purification could be performed in line with successful methods optimized for other
GT106 family members (Takenaka et al., 2018). Similarly to assessing mechanical properties of the
plasma membrane, (Michels et al., 2020) also described a fluorescent molecular rotor targeted to the
plant cell wall. The fluorescence lifetime of this probe is changed depending on the mesh size of the
cell wall, which could be used to identify mechanical cell wall changes at the cortex-endodermis

interface of my mutants.

3. Can osmotically- and mechanically-driven changes in turgor pressure act as general

elicitors of JA-lle biosynthesis beyond cell wall alterations?

Hypoosmotic treatments in WT roots, putatively causing cell swelling due to water uptake, triggered
JA-lle signalling in the same cells as in korz. This implies that mechanical stress arising from turgor
pressure changes might be a general elicitor of JA-lle production. Mechanical stress is known to be a
potent trigger of JA-lle biosynthesis (Reymond et al., 2004; Glauser et al., 2008; Koo and Howe, 2009;
Schulze et al., 2019). However, JA-lle hormone production is not restricted to wounded sites only, but
usually comprises a wide areain local tissues of the wounded organ (e.g. a leaf), and even distal tissues
in other organs as indicated by JGP reporter activation upon wounding (Acosta et al., 2013; Mousavi
et al., 2013). JA production upon mechanical wounding can be measured within seconds in local and
distal tissues (Glauser et al., 2009; Chauvin et al., 2013), meaning that a rapid propagation of the
damage signal is transmitted to distal unwounded sites. Clade 3 GLR proteins are essential to
propagate the rapid wound signals over long-distances between leaves that share vascular
connections as they mediate alterations in electrical surface potentials (caused by membrane
depolarization) and ensure JA-lle production at distal sites (Mousavi et al., 2013). Additionally, they
regulate axial and radial Ca** fluxes, which follow after membrane depolarization and could present
an elicitor of JA-lle biosynthesis (Nguyen et al., 2018; Toyota et al., 2018). However, local JA-lle
production in the wounded leaf of glr mutants is unaffected and similar to the WT (Mousavi et al.,
2013). Furthermore, JA-lle formation precedes the cytosolic Ca** maximum (Nguyen et al., 2018),

making a correlation between those rather unlikely.

Taking turgor pressure changes into account, however, could explain the incongruity of the current
available data. Mechanical wounding, whether caused by biotic or abiotic stressors, squashes tissues
and possibly compresses spatially constrained adjacent cells. As cells are connected through their cell
walls (apoplastic connection) and through plasmodesmata (symplastic connection), mechanical
stress may propagate over distances through turgor pressure changes. Indeed, mechanical wounding

generates hydrostatic pressure changes (Malone and Stankovi¢, 1991; Stahlberg and Cosgrove, 1992;
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Shimmen, 2001) that can also travel as ‘hydraulic pressure waves’ over long distances through the
plant vasculature (Stahlberg and Cosgrove, 1997; Lopez et al., 2014). The speed of hydraulic waves
may even exceed these of electrical and chemical signals, and hence hydraulic pressure changes are
proposed to induce electrical signals through depolarization of the plasma membrane (Huber and
Bauerle, 2016; Evans and Morris, 2017). Specifically, pressure sensors placed in the xylem of different
tree species almost simultaneously responded towards mechanical stem bending when placed
directly at / or ~5ocm distal to the bending site (Lopez et al., 2014). Moreover, pressure transducers
monitoring thickness of distal leaves upon wounding suggested hydraulic wave velocities of up to 20
cm/s in different plant species (Boari and Malone, 1993). In contrast, electrical signals usually travel at
speeds in the low cm/min range, reviewed in (Farmer et al., 2020). Consistently, transmitted pressure
changes are suggested as possible initiators of JA-lle biosynthesis in the vasculature distal to wounds
(Farmer et al., 2014; Farmer et al., 2020). In the so called ‘squeeze cell hypothesis’, wound-induced
axial hydraulic pressure waves in the vascular tissue are converted into radial pressure changes that
squeeze cells bordering xylem vessels or phloem sieve tubes, which may activate mechanosensitive
components to initiate JA-lle production. This model indeed reflects a similar situation as present in
kor1, where putative radial turgor pressure changes in the cortex squeeze inner tissues and lead to
constitutive JA-lle biosynthesis. Remarkably, proteins involved in JA-lle production are strongly

expresses along the vasclature (Hause et al., 2003; Stenzel et al., 2003; Chauvin et al., 2013).

Nevertheless, the question still remains: how is turgor-mediated mechanical stress sensed in order to
initiate  JA-lle  production? Does turgor pressure-mediated mechanical stress require
mechanosensitive components at the plasma membrane to initiate JA-lle biosynthesis in the plastids?
Contrary to this assumption is the subcellular localization of members of the GLR family, which are
important for long-distance JA-lle production upon wounding. GLR 3.3 is localized to the ER of phloem
companion cells, while GLR3.6 is present on the vacuole tonoplast in xylem contact cells (Nguyen et
al., 2018). Therefore, itis conceivable that plastids could sense mechanical and osmotic stress directly,
and that they could serve as stress sensors (Virdi et al., 2016; Beltran et al., 2018). Although it is still
largely unclear how osmotic balance across organellar membranes is maintained, it is known that
organelles such as plastids have the capacity of osmosensing (Haswell and Meyerowitz, 2006). For
example, in plastids the mechanosensitive ion channels MSL2 and MSL3 serve to maintain osmotic
homeostasis as well as normal plastid size and shape, as an ms/2 ms(3 double mutantis under constant
hypoosmotic stress and exhibits enlarged spherical plastids (Haswell and Meyerowitz, 2006; Veley et
al., 2012; Wilson et al., 2014). Transcriptomic data of this mutant show the basal upregulation of the
JA-lle-dependent gene PDF1.2 (Luesse et al., 2015), hence it would be interesting to further evaluate

the JA status. Intriguingly, another mutant exhibiting enlarged plastids with an altered shape called
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crumpled leaf, displays ectopic JA-lle signalling as expression of several JA-lle-dependent transcripts
(AOC1/2[3, JAZ5/6/8/10, VSP2, and PDF1.2) is upregulated (Luesse et al., 2015). Plastid shape can also
be altered by the composition of the plastidial membranes. The major lipid components of plastidial
membranes are the galactolipids monogalactosyldiacylglycerol (MGDG) and
digalactosyldiacylglycerol (DGDG). Remarkably, a DGDG SYNTHASE 1 mutant (dgdz) that exhibits a
higher MGDG:DGDG ratio, contains plastids that are more spherical and displays constitutive JA-lle
signalling as indicated by higher transcript levels of AOS, AOC1 LOX2/3/4, PDF1.2, VSP2, but not JAZs
(Yu et al., 2020). MGDG is the main galactolipid used as substrate for JA-lle biosynthesis, serving as
putative target of plastid lipases releasing a-linolenic acid, reviewed in (Li and Yu, 2018). However,
overall MGDG levels are not altered in a dgdz mutant, indicating that it is unlikely that increased
substrate availability leads to elevated JA-lle biosynthesis (Yu et al., 2020). As plastid shape is
changed, could it be that MGDG as a substrate is just better accessible by target enzymes such as
lipases or 13-LOXs? In fact, in comparison to DGDG which has a cylindrical shape common for packed
bilayer membranes, MGDG is a conical-shaped non-bilayer lipid (Seiwert et al., 2017; Liand Yu, 2018).
As a consequence, a higher MGDG:DGDG ratio might create spaces within the bilayer allowing
enzymes to gain easier accessibility towards MGDG as a substrate. Similarly, hypoosmotic or
mechanical stress acting on the plastids may also alter membrane topology allowing the initiation of
JA-lle biosynthesis, without the requirement of osmo-or mechanosensors. Among the enzymes that
catalyse this initial step could be plastid lipases like DAD1. However, although DADzx is required for
male fertility, the wound-response of a dadz mutant is not affected (Ishiguro et al., 2001; Ellinger et
al., 2010). Alternatively, 13-LOXs could directly act on MGDG to initiate JA-lle production. Even
though in vitro most LOXs prefer free fatty acids, some of them might also act on esterified fatty acids

in vivo (Feussner et al., 2001; Stelmach et al., 2001).

Taken together my data lead to the new hypothesis that turgor pressure changes generating
mechanical compression may be a crucial elicitor of JA-lle biosynthesis in circumstances extending
beyond cell wall perturbations. To test this, it will be of high interest to elucidate the amount and
velocity of JA-lle production in different osmotic conditions. Can plants produce JA-lle when overall
turgor pressure is low or when cells experience drastic loss of hydrostatic pressure like during
plasmolysis? Additionally, one should focus on the mechanical features of the plastid membrane to
determine whether JA-lle biosynthesis is initiated by sterical accessibility of substrates. For this, the
generation of plastidial membrane-targeted fluorescent molecular rotors, similar to the ones
available for the plasma membrane (Michels et al., 2020), which exhibit a different fluorescent lifetime
depending on their sterical freedom might be promising in order to assess conditions that favour

JA-lle biosynthesis.
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Section IV - Material & Methods

Key resources

Table 4: Key resources table.

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial Strains

Escherichia coli Dhga Thermo Fisher 18265017
Agrobacterium tumefaciens Gv31o1 GoldBio CC-207-A
Chemicals, Peptides, and Recombinant Proteins/Enzymes

Murashige & Skoog (MS) basal salt mix Duchefa Mo0221.0025
2-(N-morpholino)ethanesulfonic acid (MES) Sigma M8250
Plant agar Applichem A2111
Propidium lodide (PI) Sigma P4864
Direct Red 23 Sigma 212490
Xylitol Sigma X3375
Urea Sigma Us5378
Sodiumdeoxycholate Sigma D6750
Paraformaldehyde Merck 8.18715
X-Gluc Biomol AG-CN2-0023-Moo1
Phloroglucinol Sigma 79330
Mannitol J&K Scientific 351126
Sorbitol Roth 6213.1
EGTA Sigma E3889
AgNOQO; Sigma 209139
AVG Sigma 32999
Polyethylenglycol (PEG6000) Serva 33137
Technovit 7100 Morphisto 64709003
Methyl Jasmonate (MeJA) Sigma 392707
Ethyl methanesulfonate (EMS) Sigma Mo88o
Taq DNA Polymerase Thermo Fisher 10342020
Phusion High-Fidelity DNA Polymerase Life Technologies F530

Hinfl restriction enzyme New England Biolabs  Ro155S
Ncol restriction enzyme New England Biolabs  R0193S
ApeKl restriction enzyme New England Biolabs  R0643S
Haelll restriction enzyme New England Biolabs  R0108S
BsrBl restriction enzyme New England Biolabs = Ro0102S
BsaAl restriction enzyme New England Biolabs = Ro531S
Ddel restriction enzyme New England Biolabs = Ro175S
BP Clonase Thermo Fisher 11789-100
LR Clonase Thermo Fisher 11791-100
LR Plus Clonase Thermo Fisher 12176590
Critical Commercial Assays

DNeasy Plant Mini Kit Qiagen 69106
RNeasy Plant Mini Kit Qiagen 74904
NuleoSpin Gel and PCR CleanUp Marchery & Nagel 740609.25
QlAprep Spin MiniPrep Kit Qiagen 27106
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Table 4 (continued)

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains
Spodoptera littoralis: eggs Syngenta Crop N/A

Protection AG (kind

gift by O. Kindler & R.

Reist)
Arabidopsis thaliana: aos (Park et al., 2002) N/A
Arabidopsis thaliana: coi1-34 (Acosta et al., 2013) N/A
Arabidopsis thaliana: jar1-1 (Staswick et al.,, 1998) N/A
Arabidopsis thaliana: opr3-2 (Acosta et al., 2013) N/A
Arabidopsis thaliana: kor1-4 (Acosta et al., 2013) N/A
Arabidopsis thaliana: kor1-5 (Acosta et al., 2013) N/A

Arabidopsis thaliana: kor1-6

NASC

SALK_o075812

Arabidopsis thaliana: esmdi-1

(Verger et al., 2016)

N/A

This study; (Mielke et

Arabidopsis thaliana: esmdi-3 al., 2021) N/A
*Arabidopsis thaliana: the1-1 (Hematy et al., 2007) N/A
*Arabidopsis thaliana: rop2-12 NASC WiscDsLoxs441B8
*Arabidopsis thaliana: eru-2 [;I:‘lif’ (Baietal, SALK_083442
*Arabidopsis thaliana: waki-1 ;ASZE; ;)Zarattml et SALK_107175
*Arabidopsis thaliana: wak2-12 ;Aszg;l gngelsdorf et SAIL_12_DosC
*Arabidopsis thaliana: herki-1 ’2\](;6;59?" (Guoetal, SALK_o08043
*Arabidopsis thaliana: herk2-1 ?(;6;59(;; (Guoetal, SALK_105055
*Arabidopsis thaliana: mri-2 g?ri(ije;r(zgaslso:c;lg) GK_820Dog
*Arabidopsis thaliana: rlp44-3 S(ﬁif’ (Wolf et al, SAIL_596_E12
*Arabidopsis thaliana: mika 2‘(;6;56?’ EME) Gl SALK_o95005
*Arabidopsis thaliana: mik2-1 S(;A;SS:’ (Wangetal, SALK_061769
*Arabidopsis thaliana: sub-9 ;Aszg"l i\)/addepalll et SAIL_1158_Dog
*Arabidopsis thaliana: mcai-3 NASC SALK_206846
*Arabidopsis thaliana: msl1o-1 ,2\?058? {reemrdl eal, SALK_076254
*Arabidopsis thaliana: deki1-4 (Roeder et al., 2012) N/A
*Arabidopsis thaliana: osca1-2 l;‘:jj’ SUEIIGEEL SAIL_607_Fog
*Arabidopsis thaliana: oscai-4 NASC SAIL_1172_Do2
*Arabidopsis thaliana: ein2-1 ?989R9§’. (Alonso et al., CS3071
*Arabidopsis thaliana: tch3-2 NASC; (Wang etal, SALK_ogo554

2011)




Table 4 (continued)

REAGENT or RESOURCE

SOURCE

IDENTIFIER

*Arabidopsis thaliana: aca13

NASC; (lwano et al.,
2014)

SAIL_878_Bo6

*Arabidopsis thaliana: pers2-1

NASC; (Pourcel et al.,

SALK_081257

2013)
*Arabidopsis thaliana: xth26-2 NASC SALK_o55758
*Arabidopsis thaliana: ext12 ;Aszg;l i\)/elasquez et SAIL_1249_F11
*Arabidopsis thaliana: ppl6-1 NASC GK_o033Dos5

*Arabidopsis thaliana: lox4A

NASC; (Caldelari et
al.,, 2011)

SALK_o071732

Arabidopsis thaliana: kor1-4 aos This study; (Mielkeet ~ N/A
al., 2021)
Arabidopsis thaliana: kori-5 aos This study; (Mielkeet  N/A
al., 2021)
Arabidopsis thaliana: kor1-4 esmd1-1 This study; (Mielkeet  N/A
al., 2021)
Arabidopsis thaliana: kori-4 esmd1-3 This study; (Mielkeet  N/A
al., 2021)
All mutants designated with an asterisk (*) were cossed
to kori-4 in this study to receive the respective double
mutant. The current state of these mutants is listed in
Table Sy4
Arabidopsis thaliana: JAZ10p:GUS (JGP) in Col-o (Acosta et al., 2013) N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in kor1-4 ;I'lhlszztzulc)ly; (Mielkce et N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in kori-5 ;I'lhlszztzulc)ly; (Mielke et N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in kor1-6 ;I'lhlszztzulc)ly; LlSLAG: N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in esmd1-3 ;I'lhlszzt:lc)ly; (Mielke et N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in aos ;I'lhlszztzulc)ly; LlSLAG: N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in kori-4 aos ;I'lhlszzt:lc)ly; (Mielke et N/A
Arabidopsis thaliana: JAZ10p:GUS (JGP) in kor1i-5 aos ;I'lhlszztzulc)ly; LlSLAG: N/A
Arabidopsis thaliana: JAZ1op:GUS (JGP) in kori-4 Thisstudy; (Mielke et N/A
esmdi-3 al., 2021)
This study; (Mielke et
. . — ] . al., 2021); similar to
Arabidopsis thaliana: JAZ10p:NLS3xVEN in Col-o sy G el 2 N/A
Mielke et al., 2021)
This study; (Mielke et
Arabidopsis thaliana: JAZ10p:NLS3xVEN in aos al.,, 2021); similar to N/A
(Marhavy et al., 2019)
This study; (Mielke et
Arabidopsis thaliana: JAZ10p:NLS3xVEN in kori-4 al., 2021); similar to N/A

(Marhavy et al., 2019)
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Table 4 (continued)

REAGENT or RESOURCE SOURCE IDENTIFIER
Arabidopsis thaliana: KOR1p:KORz in korz-4 JGP ;h'szsotzuf)'y" (Mielke et
Arabidopsis thaliana: KOR1p:CIT-KORz in kor1-4 JGP ;h'szzt:f)'y" (Mielke et
Arabidopsis thaliana: IRT1p:CIT-KORz in kor1-4 JGP ;h'szsotzuf)'y" (Mielke et
Arabidopsis thaliana: PEP1p:CIT-KOR1 in kor1-4 JGP Zlh'szzt:l‘;'y; (Mielke et
Arabidopsis thaliana: SCR1p:CIT-KOR1 in kor1-4 JGP ;h'szsotzuf)'y" (Mielke et
Arabidopsis thaliana: WOL1p:CIT-KORz in korz-4 JGP ;h'szzt:f)'y" (Mielke et
Arabidopsis thaliana: PIN1p:CIT-KORz in kor1-4 JGP ;h'szit:l‘;y" (Mielke et /o
Arabidopsis thaliana: ESMD1p:NLS3xVEN in Col-o ;h'szztzul‘;y" (Mielke et \/a
Arabidopsis thaliana: ESMDip:ESMD1-mTurquoise2 in This study; (Mielke et

N/A
kori-4 esmdi-3 JGP al., 2021)
Arabidopsis thaliana: ESMDip:ESMD1-CIT in kori-4 This study; (Mielke et

N/A
esmdi-3 JGP al., 2021)
Oligonucleotides
primers used for cloning, genotyping,RT-PCR & qRT-
PCR can be found in Table S4
Recombinant DNA
Plasmid: pUCs7 (Kpnl-Xmal) (Chauvinetal., 2013)  N/A
Plasmid: pDONR221 Invitrogen Cat# 12536017
Plasmid: pDONR-P2R-P3 Invitrogen Cat# 12537023
Plasmid: pEDO 097 (Chauvinetal., 2013)  N/A

Invitrogen, but then
Plasmid: pR7m34gw modified and gifted N/A
by Ivan Acosta
- This study; (Mielke et

Plasmid: pEN-4-KOR1p-1 al., 2021) N/A
Plasmid: pEN-4-ESMD1p-1 This study; (Mielke et

al., 2021)

Plasmid: pEN-4-IRT1p-1

NASC; (Marques-
Bueno et al., 2016)

NASCID: N2106366

Plasmid: pEN-4-PEPp-1

NASC; (Marques-
Bueno et al., 2016)

NASCID: N2106366

Plasmid: pEN-4-SCRp-1

NASC; (Marques-
Bueno et al., 2016)

NASCID: N2106366

Plasmid: pEN-4-WOL1p-1

NASC; (Marques-
Bueno et al., 2016)

NASCID: N2106366

Plasmid: pEN-4-PIN1p-1

NASC; (Marques-
Bueno et al., 2016)

NASCID: N2106366

Plasmid: pEN-1-CIT(no*)-2 (Gasperiniet al., 2015) NJA
Plasmid: pEN-1-NLS-3x-VEN*-2 (Marhavy et al., 2019) N/A
Plasmid: pEN-1-KOR1%*-2 This study; (Mielke et

8o

al.,, 2021)



Table 4 (continued)

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pEN-1-ESMD1_no*-2 This study; (Mielke et
al.,, 2021)

Plasmid: pEN-2-KOR1*-3 This study; (Mielke et
al., 2021)

Plasmid: pEN-2-mTurquoise2*-3 This study; (Mielke et N/A
al.,, 2021)

Plasmid: pEN-2-CIT*-3 (Gasperinietal., 2015) N/A

Plasmid: pDEST-1-KOR1p:KOR1%-3 This study; (Mielke et
al.,, 2021)

Plasmid: pDEST-1-ESMD1p:NLS-3x-VEN*-3 ;h'szztzuf)'y" (Mielke et

Plasmid: pDEST-1-KOR1p:CIT-KOR1%-4 This study; (Mielke et
al., 2021)

Plasmid: pDEST-1-IRT1p:CIT-KOR1%-4 This study; (Mielke et
al., 2021)

Plasmid: pDEST-1-PEPp:CIT-KOR1%-4 This study; (Mielke et
al., 2021)

Plasmid: pDEST-1-SCR1p:CIT-KOR1*-4 This study; (Mielke et
al., 2021)

Plasmid: pDEST-1-WOL1p:CIT-KOR1*-4 This study; (Mielke et
al., 2021)

Plasmid: pDEST-1-PIN1p:CIT-KOR1%*-4 This study; (Mielke et
al., 2021)

Plasmid: pDEST-1-ESMD1p:ESMD1-mTurquoise2*-4 ;I'lhlszztzulc)ly; (Mielke et N/A

N/A = not available
* = stop codon
NASC = Nottingham Arabidopsis Stock Centre

Plant material and growth conditions

The Arabidopsis thaliana Columbia-o (Col-0) accession was the genetic background used in this study
to generate all transgenic and mutant plant lines. A list of the genetic material used is presented in
Table 4. For assays on solid plant growth media, seeds were sterilized and stratified 2 days at 4 °Cin
the dark as described (Acosta et al., 2013). Seedlings were grown on 0.5x solid Murashige and Skoog
(MS) media supplemented with 0.5 g/L 2-(N-Morpholino)ethanesulfonic acid (MES) hydrate and 0.7%
or 0.85% plant agar for horizontal or vertical growth, respectively. Horizontally grown seedlings were
germinated on a nylon mesh (Lanz-Anliker AG, Rohrbach, Switzerland) with 200 um pore size placed
on top of the MS media as described (Acosta et al., 2013). Controlled growth conditions were set at
21°C under 100 pE m™ s* light, with a 14 h light/z0 h dark photoperiod. For bioassays and
determination of total leaf area plants were grown on soil (Einheitserde Classic Kokos (45% (w/w)
white peat, 20% (w/w) clay, 15% (w/w) block peat, 20% (w/w) coco fibers; Balster Einheitserdewerk,

Germany) with the same temperature (T) and light intensity, but with a short-day 8 h light/16 h dark
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photoperiod. For propagation, transformation and crossing, plants were also grown on soil at the

same conditions but under continuous light.

Genotyping

Genomic DNA was extracted and purified with the DNeasy Plant Mini Kit (Quiagen) according to the
manufacturer’s protocol. Genotyping of T-DNA insertion lines was performed in 20 uL PCR reactions
[20 ng genomic DNA, 500 nM each of specific forward and reverse primers, 500 nM of the general T-
DNA primer left border primer, 200 uM Deoxynucleotide Triphosphates, 1x PCR buffer (Invitrogen),
and 0.1 U of Taq DNA polymerase (Invitrogen) on a Thermocycler (Eppendorf™ Mastercycler™ PRO)
with 95°Cx 5’ of initial denaturation and 35 amplification cycles consisting of 95°C x 30" denaturation,
58°C x 30" annealing, and 72°C x 60" extension. Single nucleotide polymorphisms (SNPs) were
genotyped with Cleaved Amplified Polymorphic Sequences (CAPS) or derived Cleaved Amplified
Polymorphic Sequences (dCAPS) markers (http://helix.wustl.edu/dcaps/). Briefly, PCR products were
amplified as above but without a T-DNA primer and then digested with restriction enzymes according
to the manufacturer specifications. Specific primers and restriction enzymes are listed in Table Sg.
PCR products >300bp were separated by electrophoresis on 0.9% agarose gels, while <3oobp products

were separated on 2% agarose gels.

Histochemical detection of GUS activity and lignin deposition

GUS stainings were performed as described (Gasperini et al., 2015) and seedlings were mounted in
chloral hydrate : glycerol : water solution (8:2:1) and photographed with a Leica M165 FC
stereomicroscope fitted with a Leica MCayo HD camera. Lignin deposition was visualized by
submerging seedlings in acidified phloroglucinol solution (2% phloroglucinol in 18% HCI) for 5 min,
washing in 1x Phosphate Buffered Saline (PBS) buffer, mounting in 10% glycerol, and imaging using
Differential Interference Contrast (DIC) optics on a Leica DM6B microscope fitted with a Leica

DMC6200 camera.

Plant treatments

Single cotyledon wounding of seedlings and MeJA treatments to assess JGP reporter activity were
performed as described (Acosta et al., 2013). To evaluate JA responses in JAZ10p:NLS-VEN reporter
plants, primary roots from vertically-grown seedlings were mounted in mock or 10 uM MeJA 0.5x MS
with 30 pg/ml propidium iodide (PI) solution, imaged immediately (t=0) and after 2 h, or 2 h following
cotyledon wounding on a Zeiss confocal laser scanning microscope LSM88o (n = 10). For
hyperosmotic treatments, plant growth media was supplemented and autoclaved with either 3%

mannitol (165mM), 3% sorbitol (165mM), 3% PEG6000 or 3% plant agar. For hypoosmotic treatments,
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seedlings were grown vertically for 5 or 7 days on MS media and then transferred to liquid isotonic
solution (MS) or deionized water for the indicated times before GUS staining (n = 20) or confocal laser
scanning microscopy (LSM880) imaging (n = 10). For treatments with EGTA, plant growth media was
supplemented and autoclaved with 1 mM EGTA. For treatments with AgNO; or AVG, filter-sterilized
stock solutions in water (100 MM AgNO;; 5 mM AVG) were prepared and added to growth media for

a final concentration of 5 uM AVG or 50 uM AgNO;.

Gene expression analyses

RNA extraction and gRT-PCR conditions were performed as in (Gasperini et al., 2015; Schulze et al.,
2019) on transcripts with primers listed in Table S4. Primer efficiency was optimized for each primer
pair with a dilution series and kept with a 1.9 - 2.1 range.

For RNAseq analysis, WT, aos, kori-4, and kor1-4 aos seedlings, all in the JGP background, were grown
vertically in aseptic conditions as described above. Total RNA was extracted from 5-do roots and
purified with an RNeasy Plant Mini Kit (Qiagen). Two biological replicates were sequenced per
genotype, each consisting of 120 roots. 3 pg of total RNA was precipitated with 0.1 volumes of NaOAc
and 2 volumes of EtOH (i.e. 50 pL sample + 5 uL NaOAc + 110 pL EtOH) and sent for sequencing at
Macrogen (www.macrogen.com). After verifying RNA quality on an Agilent 2100 Bioanalyzer
(Agilent) and preparing an lllumina TruSeq stranded mRNA library, samples were sequenced on an
lllumina HiSeqs4o000 instrument with 150 bp paired-end (PE) read length resulting in an output of 9.4 -
13.8 Gb of total read bases. RNAseq analysis was performed in R by René Dreos (University of
Lausanne, Switzerland). Reads were quality filtered using PrinSeq (v. 0.20.4) (Schmieder and
Edwards, 2011) and mapped to the A. thaliana genome (TAIR10) using tophat (v. 2.1.1) (Trapnell et
al., 2009). Read quantification per gene locus was performed using htseq-count (v. 0.12.4) (Anders et
al., 2015). Differential gene expression analysis was performed in R using DESeq2 package (Love et

al., 2014), whereas GO analysis was performed using ReactomePA package (Yu and He, 2016).

Hormone quantification

5-do roots from vertically-grown seedlings were excised beneath the collet region and flash frozen to
yield approximately 5o mg of fresh weight (FW), corresponding to ~300 roots for each biological
replicate. Extraction and quantitative measurements were performed as described (Schulze et al,,
2019). The limit of quantification (LOQ = 3x limit of detection) was determined from an Arabidopsis
matrix as 7 pmol/g FW for OPDA, 13.2 pmol/g FW for JA, and 0.49 pmol/g FW for JA-lle. Measurements

below these values were not considered for statistical analyses.
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Cloning and generation of transgenic lines

All transcriptional and translational reporter constructs were generated by double or triple Multisite
Gateway Technology (Thermo Fisher). ENTRY plasmids containing cell-type specific promoters (pEN-
L4-IRT1p-L3, pEN-L4-PEPp-L3, pEN-L4-SCRp-L3, pEN-L4-PIN1p-L3, and pEN-L4-WOLp-L3) were
described in (Marques-Bueno et al., 2016) and obtained from NASC. pEN-L4-JAZ10p-R1, pEN-L1-
NLS-3xVEN-L2 and pEN-R2-C/T-L3 were as in (Acosta et al., 2013; Gasperini et al., 2015). CIT and
mTurquoise (mT) fluorophores were subcloned into pPDONR221 or pPDONR-P2R-P3 to obtain pEN-L1-
CIT-L2 and pEN-R2-mT-L3. Promoters were amplified from WT genomic DNA with Phusion High-
Fidelity DNA Polymerase (Thermo Fisher) and oligonucleotides containing adequate restriction sites
for KOR1p (primers MST-093 and MST-094, 2.132 kb) and ESMDz1p (primers MST-151 and MST-152,
2.168 kb) and cloned into pUCs7 to create pEN-L4-promoter-R1 clones, as described (Gasperini et al.,
2015). Coding DNA sequences of KOR1 (primers MST-o095 and MST-096, or primers MST-0g97 and
MST-098, amplifying KOR1 with and without the stop coding, respectively) and ESMDz (primers MST-
149 and MST-150) were amplified from WT cDNA with oligonucleotides specified in parenthesis
containing appropriate att sites and recombined with pDONR221 or pPDONR-P2R-P3 to obtain pEN-
L1-KOR1-L2, pEN-L1-ESMD1-L2, and pEN-R2-KORi-L3. For transcriptional reporters, pEN-Ls-
JAZ10p-R1 and pEN-L4-ESMD1-R1 were recombined with pEN-L1-NLS-3xVEN-L2 into pEDOogy, as
described (Gasperini et al., 2015). All oligonucleotide sequences used for cloning are listed in Table
S4. PEN-L4-KORip-R1 was also recombined with pEN-L1-KORz1-L2 into pEDOogy for
complementation analysis. For translational reporters, pEN-L4-KOR1p-R1 or cell-type specific
promoters were recombined with pEN-L1-C/T-L2 and pEN-R2-KOR1-L3 into a modified pH7m34gw
vector named pFRym34gw, which harbours seed Red Fluorescent Protein (RFP) expression
(OLE1p:RFP) instead of hygromycin (Hg) resistance for in planta selection, to generate Promoter:CIT-
KOR1 constructs. Similarly, to obtain ESMD1p:ESMD1-mT and ESMD1p:ESMDz1-CIT, | recombined
PEN-L4-ESMD1p-R1, pEN-L1-ESMD1-L2, and pEN-R2-mT-L3, or pEN-R2-CIT-L3 into pFR7m34gw (in
both cases, fluorescence signals were undetectable, although the constructs were functionally
complementing the mutant phenotype). All constructs were verified by Sanger sequencing and
analysis with the DNASTAR Lasergene software SeqBuilder and SeqMan Ultra. Transgenic plants
were generated by floral dip with Agrobacterium tumefaciens strain GV3101. Transformed seeds
expressing RFP in T, T,, and T; generations were selected by fluorescence microscopy, and
segregation analysis was performed in >12 independent T, lines. A minimum of two independent T,

transgenic lines were used for each construct to perform experiments and verify reproducibility.



Confocal microscopy

Confocal laser scanning microscopy was performed on Zeiss LSM 700 or LSM 880 instruments. For
live imaging, 5-do vertically-grown seedling roots were mounted in 0.5x MS with 30 pg/ml PI. As korz
roots are thick and recalcitrant to Pl penetration, korz genotypes were fixed in 4% paraformaldehyde,
cleared with ClearSee (10% Xylitol [w/v]; 15% Sodium deoxycholate [w/v] and 25% Urea w/v] in water),
and stained with Direct Red 23 as described (Ursache et al., 2018). Excitation / detection ranges were
set as follows: VEN and CIT: 514/ 515-545 nm; mT: 458/ 460-510 nm; Direct Red 23: 514/ 580-615 nm;
Pl: 561/ 600-700 nm. All images shown within one experiment were taken with identical settings, and
by analyzing at least 10 individuals. Image processing was performed in Fiji. Z-Stacks were displayed

as texture-based volume renderings using the 3DViewer plugin in Fiji.

Suppressor screen and mapping by NGS sequencing

Approximately 5 0oo seeds (0.1 g) of kor1-4 JGP were mutagenized with EMS as described (Acosta et
al., 2013). Resulting M, plants were either harvested individually (n = 1 243) or in pools of 12 (n = 230).
20 M, seedlings were screened from individually harvested plants, and 480 M,s were screened from
each pool to enlarge both the screening breadth and depth. A total of 135 260 M, seedlings, from
4 003 M, plants, were assayed for lack of JGP activity in 5-do kor1-4 seedlings by live GUS staining as
described (Acosta et al., 2013). To increase the screen stringency and avoid the recovery of false
positives, M, seedlings were shifted from 21°C to 26°C 24 h prior GUS staining as korz mutants are
known exacerbate their phenotypes at higher temperatures (Lane et al., 2001). Putative M,
suppressors were transferred to soil and crossed to JA-deficient (aos, opr3-2, jari-1) and JA-insensitive
(coi1-34) mutants to avoid the recovery of expected genes, and back crossed to kori-4 JGP for
segregation analysis, phenotype confirmation, and mapping population development. esmdi-3 was
identified as a JGP suppressor of kori-4 by pooling 120 individuals lacking JGP reporter activity from
an BGCF, population and sequencing the bulk segregants by whole genome sequencing.
Phenol/chloroform genomic DNA extraction was as in (Acosta et al., 2013). Library preparation
(Ilumina Shotgun TruSeq DNA PCR-free) and Illumina sequencing on a HiSeq X platform with a 150
bp paired-end (PE) read length was performed by Macrogen (www.macrogen.com). Sequencing
output of 15 Gb resulted in an average of 118 sequencing depth for each base across the genome.
EMS-generated SNPs were identified as described (Acosta et al., 2013), with updated software tools.
Sequence analysis was performed in R by René Dreos (University of Lausanne, Switzerland). Reads
were mapped to the TAIR10 Arabidopsis thaliana genome with bowtie2 aligner (v. 2.3.1, parameter-
end-to-end). Alignment files were converted to BAM with SAMtools (v 1.8), and SNPs calling was
performed with GATK tool (v.4.1.0.0). Common SNPs with the kori-4 JGP parental line were filtered

out with the intersectBed tool from BEDTools utilities (v.2.22.1). The SNPEff tool (v.2.0.4 RC1) was

85



used to predict the effect of the SNPs in coding regions. SNP frequencies (the number of reads
supporting a given SNP over the total number of reads covering the SNP location) were extracted
using the Unix command awk and plotted with R. Candidate SNPs were identified in genomic regions
with high SNP frequencies (0.5-1) linked to the causal SNP, which had the expected frequency of 1.
Validation of the candidate SNP was done by allelism test and by complementation by

transformation.

Cell wall composition analysis

Following material collection, the extraction, purification and analysis was performed by Catalin
Voiniciuc (Leibniz Institute of Plant Biochemistry, Halle, Germany).

Alcohol-insoluble residue (AIR) was extracted from shoots and roots of 12-do seedlings as previously
described (Voiniciuc et al., 2015). Each biological replicate consisted of ~100 shoots (~150 mg FW) or
~300 roots (~80 mg FW). A slurry solution of AIR (2 mg/mL water) was prepared for each sample and
homogenized using a ball mill followed by sonication. Matrix polysaccharide composition of 300 pg
of AIR after 2 M trifluoroacetic acid hydrolysis was analyzed via high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD), similar to (Voiniciuc et al.,
2015), but on a 940 Professional IC Vario ONE/ChS/PP/LPG instrument (Metrohm) equipped with
Metrosep Carb2 250/4.0 analytical and guard columns. Each run consisted of neutral sugar separation
(22 min; 2 mM sodium hydroxide and 3.4 mM sodium acetate isocratic gradient), followed by uronic
acid separation (23 min; 100 mM sodium hydroxide and 170 mM sodium acetate), and a 14 min re-

equilibration (starting eluents) steps.

Cellulose was quantified based on the two-step sulfuric acid hydrolysis method described by (Yeats
et al., 2016), with some modifications. Aliquots of AIR (200 pug each) were first pre-treated with
concentrated sulfuric acid (to swell cellulose) or were directly used for Seaman hydrolysis (to measure
non-crystalline glucose), using ribose as an internal standard. Hydrolyzed glucose was quantified
using the HPAEC-PAD system described above but with a shorter run: 2 mM sodium hydroxide and
3.4 mM sodium acetate isocratic gradient (22 min), followed by a 3 min rinse with 80 mM sodium

hydroxide and 136 mM sodium acetate, and a 4 min re-equilibration with starting eluent.

Sectioning, segmentation and cell analysis

Roots from vertically-grown 5-do seedlings were vacuum infiltrated and fixed in glutaraldehyde:
formaldehyde: s5omM sodium phosphate buffer (pH7.2) (2:5:43, v/v/v) for 1 h, dehydrated through an
EtOH series, and embedded in Technovit 7100 resin as described (Gasperini et al., 2015). Samples

were sectioned on a Microm HM355S microtome with a carbide knife (Histoserve) into 5 um sections,
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mounted in 10% glycerol, and cell walls were visualized under dark-field of a Zeiss Axiolmager
microscope fitted with an AxioCam MRm camera. Tagged Image Files (TIF) images were segmented
with PlantSeg (Wolny et al., 2020) using preset parameters of the prediction model
“lightsheet_unet_bce_dice_dsix”, which empirically segmented our images most accurately. Cellular
area was measured in Fiji. For display purposes only, dark field images were inverted and segmented

images re-coloured in Photoshop to visualize different cell types more easily.

Root growth, phenotypic measurements and tropism assays

Primary root length was evaluated in 7-do seedlings as described (Acosta et al., 2013) and root growth
rate was determined by measuring primary root length in 4-do seedlings for 6 consecutive days, every
24 h. Root diameter was assessed in 7-do seedlings by imaging vertically grown seedlings on a Leica
M165 FC stereomicroscope fitted with a Leica MC170 HD camera, measuring the root thickness in the
early differentiation zone (marked by the appearance of root hairs).

For root meristem cellular measurements, 5-day-old vertically grown seedlings were mounted in a
chloral hydrate:glycerol:water (8:3:1) solution and observed with DIC optics using a with a Leica DM6B
microscope fitted with a Leica DMC6200 camera. The number of cells in the meristematic division
zone was counted in the cortex cell file between the quiescent centre and the first elongating cell
(Acosta et al.,, 2013). The distance between these cells was measured for meristem division zone
length using Fiji, and delineates meristem length (Perilli and Sabatini, 2010). Cortex cell length was
measured in 5-day-old vertically grown seedlings counterstained with P, starting at the beginning of
the differentiation zone shootwards, using the ruler function of the ZEN Software (Zeiss) at a confocal

microscope LSM7yoo.

Root gravitropism assays were performed on vertically-grown 5-do seedlings by rotating the plates
by 90° and evaluating root bending angles 24 h after the rotation on scanned images with Fiji. For
root hydrotropism assays, 5-do seedlings were transferred to split-agar plates containing either mock
(MS/MS) or 400 mM mannitol (MS/mannitol) by aligning root tips 3 mm from the split-media
boundary as in (Antoni et al., 2016). Root bending angles were evaluated 24 h after transfer to split-

agar plates, by analysing scanned images with Fiji as described (Antoni et al., 2016).

Micrografting

Grafting was performed as described by (Melnyk et al., 2015; Schulze et al., 2019) Graft formation was
evaluated at 8 days by the attachment of scion to rootstock without the development of adventitious
roots. Successful grafts were transferred to vertical MS plates and grown further for 6 days until they

were transferred to soil for further assays.



Leaf area measurement

True leaves from 5-weeks-old ungrafted plants or 7-weeks-old grafted plants grown in soil under short
days were excised near the shoot apical meristem and taped on a double adhesive film placed on a
black paper sheet from youngest to oldest, similar to (Vanhaeren et al., 2015). Curled leaves were cut
to unfold the lamina and permit area measurements by photographing leaves series from each plant
(n = 10). Total leaf area was measured by using the “Measure Rosette Area” tool in Fiji. Experiments

were repeated at least two times with similar results.

Herbivory bioassays

Herbivory bioassays were performed as described in (Mielke and Gasperini, 2020). Plant growth was
synchronized so that all genotypes had a similar total leaf number at the beginning of the bioassay
(WT and aos were 5 weeks old, while kor1-4 and korz-aos plants were 6 weeks old). For grafted plants,
WT and aos grafts were 6 weeks old, while kori-4 and kor1-4 aos grafts were 7 weeks old. 12 plants per
genotype planted in individual pots were transferred into 20 x 30 x 20 cm plexiglas boxes and three
newly hatched Spodoptera littoralis larvae were placed on each plant. Boxes were brought back to the
growth chamber and larvae were allowed to feed until the first genotype was eaten down to the
meristem (9-10 days). Surviving larvae were collected and individually weighed. Experiments were

repeated at least three times with similar results.
Statistical analysis

Box plots, multiple comparisons [analysis of variance (ANOVA) followed by Tukey’s honest significant

difference (HSD) test], and circular histograms were performed in R.
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Figure Si: korz mutants show stunted growth. (A) Representative 4-week-old rosettes of WT and korz
mutants grown in constant light. (B) Box plot summary of primary root length from 7-do seedlings in indicated
genotypes. Medians are represented inside the boxes by solid lines, circles depict individual measurements (n =
51-61). Letters denote statistically significant differences among samples as determined by ANOVA followed
by Tukey’s HSD test (P < 0.05). Scale bars (A) = 1cm.
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Figure S2: Basal and induced JAZ10p:NLS-3xVEN reporter induction in WT and JA-deficient aos seedlings.
JAZ10p:NLS-3xVEN reporter expression in 5-do WT and aos roots at mock (basal) conditions, 2 h after 10 uM
MeJA treatment and 3 h after cotyledon wounding (n = 10). Cell wall pectins were counterstained with propidium
iodide. Note that the reporter is activated broadly in WT and aos after MeJA treatment while after wounding
activation is constrained to vascular tissues in the late differentiation zone in WT only. Scale bar = 200 pm.
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Figure S3: Cortex-specific KOR1 expression partially complements the reduced root length of kori-4. Box
plot summary of primary root length of 7-do seedlings in indicated genotypes. Medians are represented inside
the boxes by solid lines, circles depict individual measurements (n = 30-60), and letters denote statistically
significant differences among samples as determined by ANOVA followed by Tukey’s HSD test (P < 0.05). Note
that WT and kor1-4 samples are in common with the data set presented in Fig. 7C.
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Figure S4: Elevated temperature intensifies growth and JA-lle signalling phenotypes in kori-4. (A) Box plot
summary of primary root length of 7-do WT and kor1-4 plants grown continuously at either 21°C or 26°C.
Medians are represented inside the boxes by solid lines (n = 39-51), and letters denote statistically significant
differences among samples as determined by ANOVA followed by Tukey’s HSD test (P < o0.05) for each
treatment individually. Differences in root length caused by temperature were calculated for each genotype and
are displayed as percentage. (B) Representative images of JGP reporter expression in 5-day-old seedlings of WT
and kori1-4 at different temperatures revealed by GUS staining. Plants were grown either continuously at 21°C
or shifted 24h prior staining from 21°C to 26°C. Scale bars = 0.5 mm.
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Figure S5: ESMD1 does not regulate JA-lle signalling upon wounding. (A) JAZ10p:GUS expression in kori-4,
kor1-4 esmdi-3, esmdz1-3, and kori-4 esmdi1-3 complemented with ESMD1p:ESMD1-mT at basal conditions and
2 h after cotyledon wounding (orange asterisks). Scale bars = 0.5 mm. (B and C) gRT-PCR of JAZ10 expression
in (B) shoots and (C) roots of indicated genotypes basally and 1 h post cotyledon wounding. JAZ10 transcript
levels were normalized to those of UBC21. Bars represent the means of 3 biological replicates (+SD), each
containing a pool of ~60 organs from 5-do seedlings. Letters in (B, C) denote statistically significant differences
among samples as determined by ANOVA followed by Tukey’s HSD test (P < 0.05).
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Figure S6: Cellular measurements in transverse root sections of korl, its suppressor korl esmd1, and cell-type-
specific CIT-KOR1 expression lines. (A to J) Box plot summary of (A and F) primary root total area, and cell-type
specific areas in (B and G) epidermis, (C and H) cortex, (D and I) endodermis, and (E and J) pericycle cells from
transverse sections of the early differentiation zone in indicated genotypes of 5-do seedlings. Medians are
represented inside the boxes by solid lines, circles depict individual cell measurements from 10-11 roots. Letters

denote statistically significant differences among samples as determined by ANOVA followed by Tukey’s HSD test
(P <0.05).
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Figure S7: Cellular measurements in transverse root sections of korl grown at basal or hyperosmotic
conditions. (A to E) Box plot summary of (A) primary root total area, and cell-type specific areas of (B) epidermis,
(C) cortex, (D) endodermis, and (E) pericycle cells from transversal cross sections of the early differentiation zone
in WT and kor1-4 5-do seedlings, grown in the absence or presence of 3% mannitol. Medians are represented
inside the boxes by solid lines, circles depict individual cell measurements from 10 roots. Letters denote
statistically significant differences among samples as determined by ANOVA followed by Tukey’s HSD test (P <
0.05). Measurements were performed by Dr. Mukesh K. Meena under my supervision.
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Figure S8: Measurements of kor1 root hydrotropic and gravitropic responses. (A to C) Root hydrotropic
responses in indicated genotypes. (A) Representative image of a WT seedling 24 h after transfer to a split-agar
plate under hydrotropism-inducing conditions (MS/400 mM mannitol) depicting the measurement of its
hydrotropic root curvature angle (a). Box plot summary of root hydrotropic curvatures in (B) WT and aos, and
(C) kor1-4 and kor1-4 aos seedlings 24 h after transfer to split-agar (MS/MS, mock) or hydrotropism-inducing
(MS/400 mM mannitol) plates. Medians are represented inside the boxes by solid lines, circles depict individual
measurements (n = 42). Hydrotropic responses were highlighted as positive (blue, towards greater water
availability), neutral (light grey, straight growth) and negative (orange, towards lower water availability) along
the y-axis. (D and E) Root gravitropic responses in indicated genotypes. (D) Representative image depicting a
WT seedling grown vertically for 5-d in the 1 gravity direction (g1), turned by 9o® and grown for additional 24 h
in the 2" gravity vector (g2) before measuring the gravitropic root curvature angle (a). (E) Box plot summary of
the root gravitropic angle of WT, aos, kor1-4, and kor1-4 aos seedlings. Medians are represented inside the boxes
by solid lines, circles depict individual measurements (n = 31-35). (F to I) Root hydrotropic response of (F) esmdz-
3and (G) kor1-4 esmdi-3 seedlings. Representative images and circular histograms summarizing root curvatures
of indicated genotypes 24 h after transfer to split-agar MS plates under mock (MS/MS) or hydrotropism-
inducing (MS/400 mM mannitol) conditions. Bars indicate the percentage of seedlings exhibiting a root bending
angle assigned to one of the 18 20° sectors on the circular diagram, n = 42-43. Scale bars = 5 mm. (H and 1) Box
plot summary of individual measurements from (F and G). No statistically significant (ns) difference between
treatments was found for kori-4 esmdz-3 by Student’s t-test (G and ). Letters and asterisks indicate statistically
significant differences as determined by Two-Way-ANOVA followed by Tukey’s HSD test (P< 0.05) in (B, C and
E) and by Student’s t-test (P < 0.001) in (F and H).
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Figure Sg: Adult kora rosettes do not exhibit ectopic JA-lle signalling. JAZz0p:GUS expression in 4-weeks-old
aseptically grown plants or 5-weeks-old soil-grown rosettes of WT and korz-4 at basal conditions and 2 h after
cotyledon wounding (orange asterisks). Note the presence of ectopic reporter activity in kori-4 roots (orange

arrowhead) and reporter activation in wounded leaves (orange asterisks) while the signal is absent in aerial
organs. Scale bars = 0.5 cm.
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Table S1: Overview on different mutant alleles of KORz in Arabidopsis

KO
Allele Mutation  Identification or Phenotype Reference(s)
KD?
Combined T-DNA- decreased etiolated hypocotyl
T-DNA and EMS- length; short roots; reduced size
kor1-1 insertion in mutagenesis screen KD of stems, rosette leaves, flowers (Nicol et al.,
(korrigan 1-1) for mutants with and siliques; cells collaps or fail 1998)
promoter . . .
short etiolated to expand; increased radial
hypocotyls expansion of hypocotyl cells
impaired cell division and cell
T-DNA- pellre
T elongation; cells are randomly
T-DNA 9 . divided and misshapen; aberrant
korz-2 . .. for mutants with . (Zuo et al,
] insertion in . KD  cell plates; incomplete cell walls
(korrigan 1-2) defects in shoot i 2000)
promoter . and multinucleated cells; shoot
organogenesis ) . .
. apical meristem forms calli
(callus formation) . :
instead of leaves; sterile
temperature-sensitive allele
. henotype stronger at 31°C
EMS-mutagenesis (p );p . g . 3
than 21°C); radial swelling of
screen for mutants (Lane et al,
root and hypocotyl; short bolts;
rsw2-1 that show 2001)
) . smaller sepals and petals;
(radial swelling Gly429Arg temperature- n.d. . S
" . distorted pistils; short stamen
2-1) sensitive radial i - (Kang et al,,
. . filaments; rare self-pollination;
swelling of primary " 2008)
reduced cellulose content in
roots
roots and shoots;
salt-sensitive
EMS-mutagenesis
screen for mutants
rsw2-3 that show (Lane et al
(radial swelling Ser183Asn  temperature- n.d. similarto rsw2-1 2001) N
2-3) sensitive radial
swelling of primary
roots
EMS-mutagenesis
screen for mutants
rsw2-4 that show (Lane et al
(radial swelling Gly344Arg  temperature- n.d. similarto rsw2-1 2001) !
2-4) sensitive radial
swelling of primary
roots
EMS-mutagenesis
acwi screen for mutants
with altered cell wall similar to rsw2-1  (same (Sato et al,
(altered  cell Gly429Arg - n.d. .
composition by mutation) 2001)
wall 1) e
exhibiting swollen
roots
EMS-mutagenesis
screen for mutants slight dwarf phenotype;
irx2-1 with collapsed decreased etiolated hypocotyl (Szyjanowicz
(irregular xylem Pro2solLeu xylems by staining KD  length; collapsed xylem cells; etaﬁj 2004)
2-1) seedling stem decreased cellulose content in N 4
sections with secondary cell wall

tuluidine blue
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Table S1 (continued)

KO
Allele Identification or Phenotype Reference(s)
KD?
EMS-mutagenesis
screen for mutants
irx2-2 with collapsed (Szyjanowicz
(irreqular xylem Pross3leu  xylems by staining KD similar to irx2-1 Y
. etal., 2004)
2-2) seedling stem
sections with
tuluidine blue
decreased etiolated hypocotyl
length; swollen hypocotyl; earl
gth; P Vi y (Frank et al,,
tsd1 . growth arrest of roots and
EMS-mutagenesis . 2002)
(tumorous cotyledons; shoot apical
screen for mutants n.d. . -
shoot : meristem forms calli instead of
that grow calli . . (Krupkova et
development 1) leaves; seedlings form no apical
. . al., 2007)
hook; sterile; altered auxin and
cytokinin response
EMS-mutagenesis
screen to identify
factors that affect
microtubule
orqanization: short swollen roots; decreased
gan ! etiolated hypocotyl length;
kori-3 seedlings were . ! (Paredez et
; n.d. altered microtubule organi-
(korrigan 1-3) screened for root ) al., 2008)
. zation; phenotype temperature-
areling Al sensitive (abolished over 29°C)
treatment with S
microtubule-
destabilizing  drug
oryzalin
. decreased etiolated hypocotyl
EMS-mutagenesis P . y
y length; short and radially .
Jiaz screen for mutants . (Lei et al,
.. KD  swollen root; small siliques;
(jiaoyao 1) that show a root- 2014)

swelling phenotype

cellulose  deficient; altered

microtubule organization

Abbreviations: KO = knockout; KD = knockdown; n.d. = not determined
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Table S2: Differentially expressed JA-dependent genes in kor1-4 roots

logFC® p-value®

AGI code? aos  korl-4 korl-4 aos aos  korl-4  korl-4 aos Description

JA pathway

AT1G17420 0.35 5.01 1.64 6.6E-02 1.9E-08 6.0E-03  lipoxygenase 3 (LOX3)

AT5G13220 -0.07 3.43 0.27 8.1E-01 1.3E-35 2.1E-01  jasmonate-zim-domain protein 10 (JAZ10)

AT3G55970 0.03 2.18 0.08 9.1E-01 8.6E-05 7.1E-01  jasmonate oxygenase 3 (JOX3)

AT5G07010 0.26 1.34 0.23 1.6E-01 1.8E-15 1.86-01  sulfotransferase 2A (SOT15)

Secondary metabolism

AT3G44860 -0.01 8.27 -0.02 9.1E-01 1.2E-09 9.1E-01 farnesoic acid carboxyl-O-methyltransferase (FAMT)

AT3G44870 -0.22 4.70 -0.13 9.0E-02 5.9E-15 5.1E-01 farnesoic acid methyl transferase-like (FAMT-L)

ATAG13300  0.51 3.37 0.12 4.2E-02  2.3E-10 5.7E-01  terpenoid synthase 13 (TPS13)

AT5G42600  -0.02 2.66 0.18 9.4E-01  2.5E-08 4.1E-01  marneral synthase (MRN1)

AT5G24140  -0.05 2.03 0.60 8.3E-01 1.8E-20 4.8E-03  squalene monooxygenase 2 (SQP2)

AT3G29110 0.09 1.55 0.49 - 4.8E-03 7.2E-02  Terpenoid cyclases/Protein prenyltransferases superfamily
protein (TPS16)

AT5G24160 0.82 1.54 0.74 4.4E-03 3.7E-05 2.0E-02  squalene monoxygenase 6 (SQE6)

AT3G60140 1.01 1.48 0.61 1.8E-04 8.9E-08 1.6E-02  Glycosyl hydrolase superfamily protein (BGLU30)

AT5G48110 0.36 1.38 0.36 8.3E-03 2.2E-34 3.8E-03  Terpenoid cyclases/Protein prenyltransferases superfamily
protein

AT1G21100 0.35 1.38 0.40 1.4E-01 2.5€E-07 8.0E-02  O-methyltransferase family protein (IGMT1)

AT2G32860  0.02 -1.34 -0.13 - 7.0E-03 5.2E-01  beta glucosidase 33 (BGLU33)

AT5G26000  -0.04 -1.35 0.01 7.88-01  6.2E-03 9.5E-01  thioglucoside glucohydrolase 1 (TGG1)

AT5G54060 -0.44 -1.51 -0.19 2.4E-02 4.3E-03 3.5E-01 UDP-glucose:flavonoid 3-o-glucosyltransferase (A3G2XYLT)

AT5G17220 -0.21 -1.58 -0.65 4.0E-01 5.8E-04 4.3E-02  glutathione S-transferase phi 12 (GSTF12)

AT5G17050 -0.64 -1.60 -0.68 7.2E-03 1.5E-10 4.0E-03  UDP-glucosyl transferase 78D2 (UGT78G2)

AT2G47460  -0.90 -1.77 -0.41 2.2E-05 1.2E-17 3.2E-02  myb domain protein 12 (MYB12)

AT3G21560 -0.42 -1.80 -0.59 6.1E-02 1.6E-13 8.7E-03  UDP-Glycosyltransferase superfamily protein (UGT84A2)

AT3G25820 -0.22 -2.24 -0.20 1.1E-01 1.8E-03 2.7E-01  terpene synthase-like sequence-1.8-cineole (TPS27)

Amino acid metabolism

AT2G24850 0.33 7.78 1.20 1.1E-01 9.2E-26 1.1E-02  tyrosine aminotransferase 3 (TAT3)

AT3G47340 1.08 3.57 1.32 2.2E-04 4.0E-26 5.5E-05 glutamine-dependent asparagine synthase 1 (ASN1)

AT5G38710 0.74 2.43 1.01 1.1E-03 9.3E-30 6.1E-06  Methylenetetrahydrofolate reductase family protein (POX2)

AT1G03090 0.64 1.63 0.45 8.0E-03 2.4E-10 4.3E-02 methylcrotonyl-CoA carboxylase alpha chain. mitochondrial /
3-methylcrotonyl-CoA carboxylase 1 (MCCA)

AT1G64660 0.42 1.38 0.49 7.3E-02 8.8E-08 3.4E-02  methionine gamma-lyase (MGA)

Response to stress

AT5G17960 0.75 3.46 1.30 7.2E-03 9.7E-10 3.9E-03 Cysteine/Histidine-rich C1 domain family protein

AT5G56550 2.50 3.22 0.62 1.1E-15 6.5E-27 1.9E-02  oxidative stress 3 (OXS3)

AT1G23870 1.63 2.99 1.49 2.8E-08 2.6E-22 9.2E-07 trehalose-phosphatase/synthase 9 (TPS9)

AT1G70290 1.74 2.90 1.26 7.9E-21 5.9E-56 3.0E-11 trehalose-6-phosphatase synthase S8 (TPS8)

AT4G38470 1.29 2.81 1.21 4.1E-10 4.9E-40 2.1E-08  ACT-like protein tyrosine kinase family protein (STY46)

AT4G22214  -0.22 2.71 0.34 3.9E-01 5.8E-16 1.5E-01 Defensin-like (DEFL) family protein

AT4G35770 0.77 1.67 0.29 5.0E-03 3.9E-07 2.0E-01 Rhodanese/Cell cycle control phosphatase protein (STR15)

AT5G02020  0.36 1.58 0.61 1.5€-01 1.9€-07 2.3E-02  Saltinduced serine rich (SIS)

AT2G33830 0.25 1.46 -0.10 2.7E-01 6.4E-10 6.4E-01  Dormancy/auxin associated family protein (DRMH1)
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AT4G39770 0.33 1.39 0.31 1.9e-01 9.1E-06 1.8E-01  Haloacid dehalogenase-like hydrolase (HAD) protein (TPPH)

AT5G59720  -0.55 -1.33 -0.56 3.5E-02  6.4E-04 5.7E-02  heat shock protein 18.2 (HSP18.2)

AT5G49480  -0.69 -1.33 -0.51 1.9E-03 2.4E-10 1.1E-02  Ca2+-binding protein 1 (ATCP1)

ATAG25380 -0.41 -1.41 -0.58 1.0E-01 4.2E-04 5.1E-02  stress-associated protein 10 (SAP10)

AT3G15353  -1.03 -1.42 -0.66 6.74E-05 6.44E-08  7.31E-03 metallothionein 3 (MT3)

AT2G42540  -0.17 -1.52 -0.08 - 4.6E-03 6.4E-01  cold-regulated 15a (COR15A)

AT4G17670  -0.66 -1.54 -0.76 6.9E-03 1.0E-08 2.98-03  Protein of unknown function (DUF581)

AT5G24655  -0.64 -1.90 -0.39 1.5€-02 1.5€-04 1.3E-01 response to low sulfur 4 (LSU4)

AT1G53130 -0.76 -2.06 -0.37 2.3E-04 1.8E-22 4.4E-02  Stigma-specific Stigl family protein (GRI)

AT3G50610  -0.65 -2.75 -0.60 1.2E-02  2.6E-13 2.6E-02  C-terminally encoded peptide 9 (CEP9)

Other metabolic processes

AT1G15330 1.18 5.93 2.29 1.5E-03 2.3E-14 9.0E-04  Cystathionine beta-synthase (CBS) protein (PV42A)

AT1G32970 -0.17 4.56 -0.17 3.9E-01 3.0E-12 4.0E-01  Subtilisin-like serine endopeptidase family protein (SBT3.2)

AT5G20250 2.46 3.78 1.58 1.7E-17 1.9e-41 1.5E-08 Raffinose synthase family protein (DIN10)

AT5G19110  0.23 3.03 0.70 2.8E-01 5.6E-43 1.2E-03  Eukaryotic aspartyl protease family protein

AT5G65690  0.86 2.76 1.26 2.8E-05 8.5E-45 2.9E-10  phosphoenolpyruvate carboxykinase 2 (PCK2)

AT1G30820 1.15 2.75 1.37 1.6E-08 2.6E-40 4.9E-11  CTP synthase family protein

AT5G18670  1.86 2.70 1.00 3.4E-22  3.8E-46 3.2E-07 beta-amylase 3 (BAM9)

AT5G24490 0.85 2.61 0.66 5.8E-04 2.5E-26 5.1E-03  30S ribosomal protein. putative

AT5G24200 -0.05 2.51 0.47 8.2E-01 1.4E-04 9.1E-02  alpha/beta-Hydrolases superfamily protein

AT1G80380 0.72 2.12 0.61 3.1E-03 4.6E-17 9.0E-03  P-loop containing nucleoside triphosphate hydrolases
superfamily protein (GLYK)

AT3G57520 0.92 2.09 0.93 4.1E-04 4.1E-14 5.3E-04  seed imbibition 2 (RFS2)

AT4G39650  -0.20 1.69 0.33 4.2E-01 4.8E-05 1.7E-01  gamma-glutamyl transpeptidase 2 (GGT2)

AT3G21720 0.55 1.56 0.58 1.3E-02 2.8E-12 6.8E-03  isocitrate lyase (ICL)

AT3G14050 0.93 1.51 0.71 3.5E-05 6.3E-12 1.1E-03  RELA/SPOT homolog 2 (RSH2)

AT3G23080 0.31 1.45 0.46 1.7E-01 8.7E-10 3.8E-02  Polyketide cyclase/dehydrase and lipid transport superfamily
protein

AT3G51450  0.16 1.38 0.58 4.4E-01 6.1E-15 1.4E-03  Calcium-dependent phosphotriesterase superfamily protein
(SSL7)

AT4G36880 0.22 -1.36 -0.44 2.7E-01 6.7E-12 2.2E-02  cysteine proteinasel (CP1)

AT3G04330 -0.49 -1.46 -0.23 3.4E-02 4.6E-08 2.6E-01  Kunitz family trypsin and protease inhibitor protein

AT2G46390  -1.19 -1.51 -0.55 2.74E-04  3.38E-05 4.97E-02 Succinate dehydrogenase 8 (SDH8)

AT2G27420 -0.18 -1.74 -0.24 4.3E-01 1.1E-03 2.8E-01  Cysteine proteinases superfamily protein

AT1G61130 -0.12 -2.05 -0.53 6.5E-01 6.0E-04 7.5E-02  serine carboxypeptidase-like 32 (SCPL32)

Other cellular processes

AT2G26380 -0.13 5.05 2.28 5.0E-01 1.1E-14 2.6E-04  Leucine-rich repeat (LRR) family protein

AT2G02710  1.49 2.45 1.35 49E-14  1.8E-34 3.1E-11  PAS/LOV protein B (TLP1)

AT1G28330 1.08 2.42 0.42 1.4E-07 3.0E-32 3.3E-02  dormancy-associated protein-like 1 (DRM1)

AT3G07250 0.45 2.01 0.82 7.4E-02 1.1E-05 2.0E-02  nuclear transport factor 2 (NTF2) family protein / RNA
recognition motif (RRM)-containing protein

AT5G05490 0.30 1.76 0.33 2.3E-01 4.8E-06 1.7E-01  Rad21/Rec8-like family protein (SYN1)

AT1G14640 0.73 1.70 0.71 8.6E-03 2.6E-05 2.7E-02  SWAP (Suppressor-of-White-APricot)/surp domain-
containing protein

AT4G28703 0.27 1.58 0.14 3.0E-01 5.3E-06 5.2E-01  RmlC-like cupins superfamily protein

AT1G80920 0.49 1.44 0.36 3.9E-02 5.7E-08 9.9E-02  Dnal-domain superfamily protein (ATJ8)

AT4G24230 0.42 1.38 0.20 5.4E-02 1.0E-09 3.0E-01  acyl-CoA-binding domain 3 (ACBP3)

AT3G45930 -0.86 -1.39 -0.64 3.3E-03 8.7E-05 3.2E-02  Histone superfamily protein

AT3G11120 -0.80 -1.45 -0.59 5.3E-03 1.5€-03 5.8E-02  Ribosomal protein L41 family (RPL41G)
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AT5G02120  -0.46 -1.49 -0.44 6.5E-02 1.2E-05 8.1E-02  one helix protein (OHP1)

AT4G01150  -0.43 -1.50 -0.41 6.76-02  6.1E-08 7.3E-02 NA

AT1G66725 -1.11 -1.73 -0.76 8.0E-05 1.5E-08 6.2E-03  MIR163; miRNA

AT4G28660  -0.82 -1.78 -0.71 9.9E-04 3.2E-12 3.0E-03  photosystem Il reaction center PSB28 protein (PSB28)

AT5G65340  -0.14 -2.39 -1.05 6.0E-01 1.9€-08 2.5E-03  MIZU-KUSSEI-like protein

AT3G22840  -0.98 -2.81 -1.17 4.1E-04 3.1E-19 1.0E-04  Chlorophyll A-B binding family protein (ELIP1)

AT3G44450  -1.33 -2.87 -0.55 2.1E-04 2.0E-09 5.6E-02  Blue light inhibitor of cryptochromes 2 (BIC2)

AT3G25655  -0.81 -3.02 -1.29 3.3E-03 5.3E-13 1.0E-04 inflorescence deficient in abscission (IDA)-like 1 (IDL1)

Regulation of transcription

AT2G25900 2.70 3.82 1.37 1.5E-23 1.0E-48 2.5E-07  Zinc finger C-x8-C-x5-C-x3-H type family protein (ATCTH)

AT3G48390 0.62 2.55 0.17 1.9E-02 3.8E-11 4.4E-01  MA3 domain-containing protein

AT2G15890 1.38 2.32 0.44 4.6E-08 2.7E-18 5.0E-02  maternal effect embryo arrest 14 (MEE14)

AT1G13260  1.23 2.27 0.96 49E-12  2.4E-37 1.6E-07  related to ABI3/VP1 1 (RAV1)

AT5G28770 1.08 2.27 0.94 2.3E-06 2.0E-22 6.8E-05  bZIP transcription factor family protein (BZIP63)

AT5G44260 1.01 1.94 0.85 3.7E-04 3.8E-10 3.6E-03  Zinc finger C-x8-C-x5-C-x3-H type family protein (TZF5)

AT5G43650  -0.01 1.49 0.59 - 5.3E-03 5.5E-02  basic helix-loop-helix (bHLH) DNA-binding protein (BHLH92)

AT2G19810 0.96 143 -0.01 1.1E-04 5.8E-09 9.7E-01  CCCH-type zinc finger family protein

ATAG30180 -0.51 -1.37 -0.37 4.4E-02 8.4E-04 1.5E-01 sequence-specific DNA binding transcription factor
(BHLH146)

AT3G47710  -0.92 -1.38 -0.51 3.0E-03 7.5E-04 7.4E-02  BANQUO 3

AT5G48870  -1.02 -1.38 -0.66 1.1E-03 1.5E-04 3.0E-02  Small nuclear ribonucleoprotein family protein (LSM5)

AT3G02380 -0.18 -1.41 -0.06 4.8E-01  8.9-04 7.8E-01  CONSTANS-like 2 (COL2)

AT3G58850 -0.72 -1.45 -0.33 3.1E-03 1.8E-08 1.1E-01  phy rapidly regulated 2 (PAR2)

AT2G28740  -1.03 -1.45 -0.61 7.98-04  4.0E-05 3.4E-02  histone H4 (HIS4)

AT3G17609  -0.90 -1.49 -0.53 7.2E-04 9.2E-08 2.9E-02  HY5-homolog (HYH)

AT3G53730  -1.09 -1.55 -0.72 8.41E-04 7.57E-05 2.49E-02 Histone superfamily protein

ATAG01060  -0.53 -1.67 -0.41 2.98-02  9.1E-04 1.2E-01  CAPRICE-like MYB3 (ETC3)

AT3G17185  -0.37 -1.68 -0.72 1.1E-01 6.5E-10 4.1E-03  TAS3/TASIR-ARF (TRANS-ACTING SIRNA3); other RNA

AT5G54470  -0.74 -1.79 -0.54 6.4E-03 2.3E-07 4.2E-02  B-box type zinc finger family protein

AT3G21890 -1.63 -2.49 -0.93 1.4E-05 4.2E-09 6.1E-03  B-box type zinc finger family protein (MIP1B)

ATAG15248  -1.02 -3.29 -0.84 2.0E-03 1.2E-07 2.2E-02  B-box type zinc finger family protein (MIP1A)

Cell wall organization & biogenesis

AT2G15880 2.75 3.47 1.32 1.4E-08 2.0E-13 1.3E-03  Leucine-rich repeat (LRR) family protein (PEX3)

AT4G31370  -0.10 2.20 0.95 6.7E-01 2.7E-05 1.6E-02  FASCICLIN-like arabinogalactan protein 5 precursor (FLAS)

AT2G27380  0.60 1.48 0.28 1.9€-02 1.2E-03 2.3E-01  extensin proline-rich 1 (EPR1)

AT4G18340 0.91 1.36 0.48 1.1E-09 2.5E-21 1.3E-03  Glycosyl hydrolase superfamily protein

AT5G49360  1.09 1.36 1.13 1.1E-06 1.2E-09 1.1E-06  beta-xylosidase 1 (BXL1)

AT5G36870 0.29 1.35 0.13 2.5E-01 5.1E-05 5.5E-01  glucan synthase-like 9 (CALS4)

AT1G10640 -0.01 -1.33 -0.29 9.8E-01 2.1E-03 2.2E-01  Pectin lyase-like superfamily protein

AT1G05650 -0.11 -1.38 -0.55 6.5E-01 7.3E-10 9.7E-03  Pectin lyase-like superfamily protein

AT4AG16980 -0.10 -1.99 -0.28 7.3E-01 3.6E-06 2.3E-01  arabinogalactan-protein family

AT3G17130 -0.58 -3.18 -1.14 2.7E-02 1.1E-08 3.0E-03  Plant invertase/pectin methylesterase inhibitor superfamily
protein

Oxidation-reduction process

AT3G59710 -0.03 3.45 0.81 9.1E-01 6.0E-84 3.0E-05 NAD(P)-binding Rossmann-fold superfamily protein

AT3G49620 -0.01 2.19 0.05 9.1E-01 1.9E-03 7.6E-01  2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase

superfamily protein (DIN11)
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AT4G13310 0.49 1.48 -0.41 5.6E-02 4.9E-05 1.2E-01  cytochrome P450. family 71. subfamily A. polypeptide 20
(CYP71A20)

AT5G61440  1.19 1.39 0.37 5.9E-12  5.9E-16 3.2E-02  atypical CYS HIS rich thioredoxin 5 (ACHT5)

AT5G51480 -0.03 1.37 0.66 8.9E-01 3.3E-03 4.8E-02  SKUS5 similar 2 (SKS2)

AT1G45145  -0.97 -1.43 -0.70 1.7€-03 1.7E-04 2.6E-02  thioredoxin H-type 5 (TRX5)

AT1G08500  -0.36 -1.47 -0.66 5.4E-02 3.1E-15 2.5E-04  early nodulin-like protein 18 (ENODL18)

AT4G30470 -0.48 -1.68 -0.81 4.6E-03 6.5E-28 1.6E-07  NAD(P)-binding Rossmann-fold superfamily protein

Hormone biosynthesis & signalling

AT3G48360 2.43 3.50 0.94 1.2E-18 1.4E-39 3.6E-04 BTB and TAZ domain protein 2 (BT2)

AT1G06160  -0.09 2.33 0.52 6.6E-01 1.9E-04 7.6E-02  octadecanoid-responsive Arabidopsis AP2/ERF 59 (ERF094)

AT3G23230 0.21 1.93 0.44 1.6E-01 2.3E-03 9.2E-02  Integrase-type DNA-binding superfamily protein (ERFO98)

AT4G34410 0.06 1.82 0.33 - 3.2E-03 1.3E-01 redox responsive transcription factor 1 (ERF109)

AT1G74710 -0.01 1.74 0.75 9.8E-01  2.9E-13 1.4E-03  Isochorismate synthase 1 (ICS1)

AT4G37610  1.27 1.71 0.59 5.0E-12  2.2E-20 1.4E-03  BTBand TAZ domain protein 5 (BTS)

AT1G44090  0.04 1.69 0.62 - 3.8E-03 5.1E-02  gibberellin 20-oxidase 5 (GA200X5)

AT5G61590 0.74 1.60 0.73 2.9E-03 1.0E-10 2.8E-03  Integrase-type DNA-binding superfamily protein (ERF107)

AT1G80340 -0.04 -1.32 -0.52 9.1E-01 3.3E-05 4.7E-02  gibberellin 3-oxidase 2 (GA30X2)

AT5G45870  -0.28 -1.51 -0.43 2.3E-01 1.5E-03 1.1E-01  PYR1-like 12 (PYL12)

AT1G26210 -0.54 -1.57 -0.73 3.7E-02  6.0E-05 2.1E-02  SOB five-like 1 (SOFL1)

AT4G31320 -0.99 -1.76 -0.59 3.0E-05 2.4E-13 7.9E-03  SAUR-like auxin-responsive protein family

AT1G24020 -0.19 -2.02 -0.45 3.3E-01 1.2E-03 9.8E-02  MLP-like protein 423 (MLP423)

Transferases

AT1G15040 2.22 3.68 1.74 5.0E-21 1.0E-58 5.1E-14  Class | glutamine amidotransferase-like superfamily protein
(GAT1_2.1)

AT5G22920 2.22 3.27 1.17 1.1E-15 3.0-34 1.6E-05 CHY-type/CTCHY-type/RING-type Zinc finger protein
(RZPF34)

AT3G06850  0.65 1.92 0.32 3.4E-03 4.6E-19 1.0E-01  2-oxoacid dehydrogenases acyltransferase family protein
(BCE2)

AT2G30600 0.88 1.89 0.92 5.5E-04 6.0E-13 3.8E-04 BTB/POZ domain-containing protein

AT1G76410 0.02 1.83 0.43 9.5E-01 1.6E-08 8.1E-02  RING/U-box superfamily protein (ATL8)

AT3G53160 0.60 1.77 0.76 1.5E-02 1.5€-10 4.2E-03  UDP-glucosyl transferase 73C7 (UGT73C7)

AT1G35625 0.14 1.62 -0.09 2.8E-01 4.3E-03 5.5E-01  RING/U-box superfamily protein (RMR6)

AT5G16370 0.75 1.56 0.48 5.8E-04 3.8E-14 1.6E-02  acyl activating enzyme 5 (AAES5)

AT5G02502  -0.88 -1.47 -0.71 3.3E-03 2.2E-04 2.8E-02  Oligosaccaryltransferase (OST4B)

AT3G18710 -0.58 -1.50 -0.54 4.8E-03 6.9E-14 4.1E-03  plant U-box 29 (PUB29)

AT3G47180  -0.65 -1.60 -0.46 1.5E-02 2.1E-04 9.0E-02  RING/U-box superfamily protein

AT1G53680  -0.65 -1.63 -0.64 1.2E-02 1.4E-07 1.8E-02  glutathione S-transferase TAU 28 (GSTU28)

AT2G22590 -0.20 -1.72 -0.85 4.5E-01 1.4E-07 4.98-03  UDP-Glycosyltransferase superfamily protein (UGT91A1)

AT4G15480 -0.26 -1.83 -0.91 2.9E-01 6.7E-10 1.3E-03  UDP-Glycosyltransferase superfamily protein (UGT84A1)

Transport

AT4G21680  0.61 2.95 1.45 1.1E-02 1.3€-27 1.2E-07  NITRATE TRANSPORTER 1.8 (NRT1.8)

AT3G45060 1.21 241 0.92 1.6E-08 9.8E-28 3.6E-05  high affinity nitrate transporter 2.6 (NRT2.6)

AT3G23550  0.08 2.15 0.48 7.88-01  5.7E-13 5.2E-02  MATE efflux family protein (DTX18)

AT4G36670 0.84 1.69 0.07 2.5E-03 5.7E-08 7.8E-01  Major facilitator superfamily protein (PLT6)

AT5G49630 0.44 1.55 0.76 7.7€-02 7.4E-07 9.0E-03  amino acid permease 6 (AAP6)

AT1G72820 0.84 1.48 0.40 4.9E-06 4.5E-18 2.3E-02  Mitochondrial substrate carrier family protein

AT2G37280 0.58 1.43 0.67 2.4E-02 6.1E-06 1.7E-02  pleiotropic drug resistance 5 (PDR5)

AT5G10180 0.57 1.40 0.69 8.3E-03 4.1E-11 1.1E-03  sulfate transporter 2;1 (SULTR2;1)
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AT1G68600  -0.23 -1.34 -0.20 - 6.7E-03 - Aluminium activated malate transporter protein (ALMT5)

AT2G25680  -0.18 -1.40 -0.68 4.0E-01  7.6E-11 9.3E-04  molybdate transporter 1 (MOT1)

AT3G51600 -0.34 -1.41 -0.34 1.6E-01 2.0E-06 1.3E-01 lipid transfer protein 5 (LTPS)

AT5G35525 -0.44 -1.47 -0.34 8.1E-02 5.8E-05 1.5E-01  PLACS family protein (PCR3)

AT5G02270  -0.86 -1.51 -0.51 4.6E-04  4.5E-10 2.1E-02  non-intrinsic ABC protein 9

AT4AG08570  -0.41 -1.52 -0.62 9.4E-02 5.9E-07 1.9E-02 Heavy metal transport/detoxification superfamily protein
(NAP6)

AT5G23760  -0.76 -1.52 -0.73 7.1E-03 2.1E-04 2.6E-02  Copper transport protein family

AT5G23660 -0.19 -1.54 -0.29 4.2E-01 2.1E-03 2.2E-01  homolog of Medicago truncatula MTN3 (SWEET12)

AT5G09930  0.01 -1.78 -0.14 9.7E-01  9.2E-04 5.1E-01  ABC transporter family protein (ABCF2)

AT5G46610  -0.02 -2.07 -0.60 - 2.3E-03 5.6E-02  Aluminium activated malate transporter protein (ALMT14)

AT3G48740 0.02 -2.22 0.02 9.3E-01 1.0E-03 9.2E-01  Nodulin MtN3 family protein (SWEET11)

Other signalling processes

AT2G34180  1.67 2.49 0.87 1.1E-09  9.2E-19 1.3E-03  CBL-interacting protein kinase 13 (CIPK13)

AT2G22860 -0.26 2.45 0.36 3.0E-01 5.8E-18 1.1E-01  phytosulfokine 2 precursor (PKS2)

AT1G76640  -0.48 1.59 0.13 49E-02  8.6E-05 5.4E-01  Calcium-binding EF-hand family protein (CML39)

AT5G21940 0.91 1.57 0.10 9.1E-04 1.2E-07 6.6E-01  hybrid signal transduction histidine kinase M-like protein

AT2G17050 0.64 1.44 0.31 1.7E-02 7.6E-05 1.9E-01 disease resistance protein (TIR-NBS-LRR class). putative

AT1G55350 0.86 1.37 0.48 1.5E-03 1.4E-06 4.8E-02  calpain-type cysteine protease family (DEK1)

AT5G23730 -0.39 -1.33 -0.45 1.6E-02 1.5E-18 2.3E-03  Transducin/WD40 repeat-like superfamily protein (RUP2)

AT5G09990 -0.34 -1.47 -0.27 1.5E-01 1.8E-03 2.4E-01 elicitor peptide 5 precursor (PEP5)

AT3G52740 -0.96 -1.52 -0.44 3.1E-04 3.8E-08 5.6E-02  Blue light inhibitor of cryptochromes 1 (BIC1)

AT3G44735  -0.77 -1.79 -0.47 3.4E-03 2.6E-09 4.8E-02  Phytosulfokine 6 precursor (PSK6)

AT2G43290  -0.77 -1.85 -0.82 2.1E-03 1.3€-12 1.0E-03  Calcium-binding EF-hand family protein (CML5)

Unclassified or unknown

AT3G15450 2.20 3.78 1.47 7.0E-12 1.8E-33 2.1E-06  Aluminium induced protein with YGL and LRDR motifs

ATAG15990  -0.03 3.01 1.12 9.1E-01 1.3E-10 45E-03 NA

AT3G45730  0.80 291 0.85 4.8E-03 1.3E-14 9.0E-03 NA

AT3G15630 1.41 2.51 0.97 3.9E-12 1.0E-33 4.8E-06 NA

AT2G17880 0.84 2.18 0.64 3.5E-03 8.9E-09 3.0E-02  Dnal-domain superfamily protein

AT4G32480 1.46 2.04 0.13 1.8E-08 4.1E-14 5.3E-01  Protein of unknown function (DUF506)

AT5G14120 0.80 1.73 0.42 3.2E-03 1.9E-08 8.0E-02  Major facilitator superfamily protein

AT2G25460  0.34 1.66 0.72 9.8E-02 1.8E-16 5.1E-04 NA

AT1G52110 0.20 1.61 0.73 4.2E-01 2.8E-04 3.2E-02  Mannose-binding lectin superfamily protein

AT5G19120 0.93 1.61 0.22 7.6E-05 3.1E-12 2.7E-01  Eukaryotic aspartyl protease family protein

AT2G32150 0.53 1.61 0.40 1.1E-02 2.4E-15 4.0E-02  Haloacid dehalogenase-like hydrolase (HAD) superfamily
protein

AT1G11185 -0.21 1.56 0.43 4.3E-01 1.5E-05 9.6E-02  other RNA

AT1G35830 0.48 1.55 0.34 5.6E-02 2.6E-04 1.7E-01  VQ motif-containing protein

ATAG19980  0.48 1.46 0.63 3.86-02  3.4E-09 8.1E-03 NA

AT3G26240 0.96 1.44 0.56 2.8E-04 9.9E-08 2.2E-02  Cysteine/Histidine-rich C1 domain family protein

AT3G49790 0.82 1.37 0.61 1.5E-03 1.5E-07 1.2E-02  Carbohydrate-binding protein

AT1G02060 0.77 1.35 0.45 5.2E-03 2.6E-05 7.6E-02  Tetratricopeptide repeat (TPR)-like superfamily protein

ATAG19160  0.87 1.34 0.31 3.9-07 1.2E-16 6.0E-02 NA

AT1G73750 0.39 1.33 0.66 1.2E-01 5.8E-05 2.4E-02  Uncharacterised conserved protein UCP031088

AT4G34419  -0.50 -1.33 -0.45 3.6E-02 2.7E-03 1.0E-01 NA
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AT1G75700 -0.54 -1.33 -0.65 3.5E-02 1.5E-03 4.2E-02  HVA22-like protein G (HVA22G)
AT5G55650  -0.41 -1.34 -0.27 1.0E-01 1.2E-03 24E-01 NA
AT1G67920 -0.73 -1.36 -0.50 7.1E-03 3.9E-05 5.6E-02 NA
AT5G13880  -0.39 -1.38 -0.32 1.3E-01 3.0E-04 1.8E-01 NA

AT2G1896S  -0.78 -1.38 -0.18 6.2E-03 6.3E-04 4.0E-01 NA

AT5G57345  -0.81 -1.38 -0.34 3.5E-03 1.9E-05 1.4E-01 NA

AT3G25795 -0.34 -1.40 -0.67 1.6€-01 1.4E-03 4.1E-02  other RNA

AT1G54530 -0.70 -1.45 -0.32 7.9E-03 2.8E-06 1.6E-01  putative calcium-binding EF hand family protein
AT5G26790 -0.51 -1.45 -0.24 4.3E-02 2.4E-05 2.8E-01 NA

AT1G62045 -0.56 -1.51 -0.46 3.1E-02 2.2E-05 7.4E-02 NA
AT4G37608  -0.73 -1.52 -0.61 8.6E-03 4.1E-05 3.7E-02 NA
AT2G30230 -0.92 -1.53 -0.44 3.4E-04 8.3E-09 5.0E-02 NA

AT2G15020 -0.20 -1.53 -0.06 2.7E-01 4.1E-03 7.8E-01 NA

AT1G54540 -0.54 -1.53 -0.51 5.4E-04 2.2E-28 1.4E-04  Late embryogenesis abundant (LEA) hydroxyproline-rich
glycoprotein family

AT1G61930 -0.66 -1.54 -0.57 1.1E-02 1.6E-06 3.2E-02  Protein of unknown function. DUF584

AT4G33145 -0.47 -1.56 -0.51 3.2E-02 2.7E-03 8.0E-02 NA

AT3G07425 -0.71 -1.57 -0.57 9.0E-03 8.3E-04 6.2E-02 NA
AT2G43340 -0.94 -1.60 -0.75 1.3E-04 1.3E-10 1.8E-03  Protein of unknown function (DUF1685)
AT1G13670 -0.76 -1.61 -0.58 1.3E-03 7.8E-12 7.5E-03 NA
AT5G15725  -0.76 -1.64 -0.69 6.9E-03 5.9E-05 29E-02 NA

AT1G76220 -0.63 -1.64 -0.40 1.9E-02 4.5E-05 1.1E-01  Arabidopsis protein of unknown function (DUF241)
AT4G28088  -0.24 -1.67 -0.63 - 3.7E-03 5.4E-02  Low temperature and salt responsive protein family
AT2G02300 -0.34 -1.70 -0.81 1.8E-01  2.2E-06 8.5E-03  phloem protein 2-B5 (PP2BS)

AT5G20790  -0.94 -1.73 -0.34 2.3E-04 8.2E-11 1.1E-01 NA

AT1G72240 -1.03 -1.73 -0.10 2.98-04  5.8E-08 6.4E-01 NA

AT1G55230 -0.15 -1.80 -0.47 5.6E-01 1.6E-03 9.5E-02  Family of unknown function (DUF716)

AT3G63160 -0.33 -1.80 -0.11 1.1E-01 1.5E-03 6.1E-01 NA

AT3G52900 -0.92 -1.81 -0.81 1.9E-03 6.4E-07 9.8E-03  Family of unknown function (DUF662)

AT5G37550  -1.02 -1.88 -0.83 2.4E-04 8.3E-10 3.2E-03 NA

AT4G04745  -1.11 -1.94 -1.00 1.2E-04 1.4E-09 1.0E-03 NA

AT3G18470  -0.24 -1.95 -0.19 - 2.7€-03 3.2E-01  PLACS family protein (PCR7)

AT3G21680  -0.82 -2.00 -0.94 1.4€E-03 4.7E-13 3.7E-04 NA

ATAG08555  -0.95 -2.02 -0.67 1.6E-03 1.0E-07 2.5E-02  NA

AT2G17972  -0.31 -2.20 -0.45 2.1E-01  4.3E-05 9.98-02 NA

AT3G56290  -1.16 -2.26 -1.11 1.1E-06  3.4E-19 8.6E-06 NA

AT1G04800 -0.16 -2.51 0.02 3.3E-01 1.2E-03 9.1E-01  glycine-rich protein
AT3G22235 -0.14 -2.70 -0.68 5.1E-01 5.7E-04 4.5E-02 NA

AT4G27657  -0.54 -3.04 -1.27 2.6E-02 1.4E-05 6.7E-03 NA

A Differentially expressed genes (DEG) in 5-do kor1-4 roots relative to WT samples. Each genotype was first normalized to the WT (cutoff: logFC =
+1.32. p-value < 0.01). and kor1-4 DEGs were classified as JA-dependent if their value remained at least 50% changed in kor1-4 aos with respect
to kor1-4. DEGs are organized by gene onthology (GO) functional classes and implemented manually. In many cases genes may fall into more
than one category. DEGs highlighted in magenta were selected for further analyses.

8 Logarithmic Fold Change of the means of two biological replicated experiments. A negative number indicates down regulated genes.
€ False Discovery rate (FDR) corrected p-value in comparison to WT.

NA: not annotated
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Table S3: Differentially expressed JA-independent genes in kori-4 roots

logFC® p-value®

AGI code? aos kor1-4 kor1-4 aos korl-4  korl-4 aos Description
aos

Cell wall organization & biogenesis

AT1G64160 -0.01 9.55 9.63 9.1E-01 1.7E-12 3.5E-12 Disease resistance-responsive (dirigent-like protein) family
protein (DIR5)

AT4G28850 0.10 5.99 6.78 4.3E-01 2.4E-06 5.9E-07 xyloglucan endotransglucosylase/hydrolase 26 (XTH26)

AT1G06520 0.06 5.96 6.66 7.2E-01 4.7E-09 1.8E-10 glycerol-3-phosphate acyltransferase 1 (GPAT1)

AT1G61080 0.62 4.70 4.42 8.4E-03 1.0E-07 1.8E-06  Hydroxyproline-rich glycoprotein family protein

AT2G20520 0.55 4.09 431 3.1E-02 2.1E-36 6.1E-40  FASCICLIN-like arabinogalactan 6 (FLA6)

AT2G01610 0.15 3.42 4.00 5.7E-01 2.0E-15 3.6E-20 Plant invertase/pectin methylesterase inhibitor
superfamily protein

AT4G13390 0.67 3.10 3.32 1.4E-02 5.9E-12 7.7E-13  Proline-rich extension 12 (EXT12)

AT5G20230 0.33 2.81 2.86 1.9e-01 9.0E-10 1.8E-09 blue-copper-binding protein (BCB)

AT1G54970 0.54 2.81 3.09 3.0E-02 7.8E-19 5.9E-22  proline-rich protein 1 (PRP1)

AT3G27400 0.36 2.60 3.16 1.4E-01 6.9E-17 6.4E-24  Pectin lyase-like superfamily protein

AT5G06640 0.79 2.60 2.45 5.4E-03 1.1E-10 2.9E-09  Proline-rich extensin-like family protein

AT1G11920 0.18 2.58 3.03 4.8E-01 9.8E-10 4.0E-12  Pectin lyase-like superfamily protein (PLL6)

AT2G24980 0.71 2.56 2.58 9.4E-03 2.1E-11 4.5E-11  Proline-rich extensin-like family protein

AT5G06630 0.74 2.53 2.77 6.9E-03 8.8E-12 4.2E-13  proline-rich extensin-like family protein

AT3G45960 0.39 2.35 3.33 1.2E-01 1.8E-06 5.1E-10 expansin-like A3 (EXLA3)

AT5G48070 0.29 1.94 1.98 9.2E-02 1.6E-35 9.7E-37  xyloglucan endotransglucosylase/hydrolase 20 (XTH20)

AT5G57560  0.02 1.92 2.77 9.5E-01 1.0E-12 7.3E-24  Xyloglucan endotransglucosylase/hydrolase family protein
(XTH22)

AT1G09460 1.11 1.92 1.02 1.6E-08 7.9E-23 3.7E-07 Carbohydrate-binding X8 domain superfamily protein

AT2G45220 0.68 191 2.09 9.9E-03 5.1E-09 6.2E-10 Plant invertase/pectin methylesterase inhibitor
superfamily (PME17)

AT4G11655 0.34 1.71 2.27 1.4E-01 5.1E-04 1.6E-04  CASP-LIKE PROTEIN 4A4 (CASPL4A4)

AT4G22080 0.27 1.71 1.94 1.8E-01 1.1E-20 6.0E-26  root hair specific 14 (RSH14)

AT5G19800 0.40 1.61 1.64 3.1E-02 1.8E-21 1.1E-21  hydroxyproline-rich glycoprotein family protein

AT2G43620 -0.08 1.60 2.32 7.4E-01 1.3E-16 1.3E-32  Chitinase family protein

AT1G76930 0.87 1.60 1.59 8.5E-04 4.2E-09 1.4E-08 extensin 4 (EXT4)

AT4G07960 0.40 1.47 1.52 3.0E-02 8.4E-18 2.0E-18 Cellulose-synthase-like C12 (CSLC12)

AT3G22800 0.63 1.42 1.14 5.3E-03 1.1E-10 6.5E-07  Leucine-rich repeat (LRR) family protein (LRX6)

AT5G04310 0.37 1.39 1.07 1.2E-01 3.4E-07 1.7E-04  Pectin lyase-like superfamily protein

AT2G31220 0.19 1.34 1.30 4.4E-01 8.3E-04 2.3E-03  basic helix-loop-helix (bHLH) DNA-binding superfamily
protein (BHLH10)

AT3G15370 -0.13 1.33 1.83 5.8E-01 4.5E-09 2.5E-15 expansin 12 (EXPA12)

AT5G65390 -0.20 -1.33 -1.06 1.9E-01 7.8E-22 9.7E-14 arabinogalactan protein 7 (AGP7)

AT4G26490 -0.16 -1.38 -1.29 5.4E-01 5.0E-06 4.6E-05 Late embryogenesis abundant (LEA) hydroxyproline-rich
glycoprotein family

AT4G03540 -0.50 -1.39 -0.88 3.1E-02 2.9E-08 4.7E-04  CASP-likeprotein 1C1 (CASPL1C1)

AT5G19730 0.20 -1.45 -1.03 4.2E-01 4.3E-07 3.4E-04  Pectin lyase-like superfamily protein (PMES3)

AT2G43050 -0.06 -1.45 -1.00 8.0E-01 1.2E-10 8.6E-06 Plant invertase/pectin methylesterase inhibitor
superfamily (PME16)

AT2G21100 -0.63 -1.46 -0.76 1.6E-02 4.3E-06 9.4E-03 Disease resistance-responsive (dirigent-like protein) family
protein (DIR23)

AT2G46570  0.07 -1.49 -0.76 8.0E-01 5.1E-06 9.1E-03 laccase 6 (LAC6)

AT5G40730 -0.78 -1.51 -0.77 2.9E-03 6.4E-08 4.0E-03 arabinogalactan protein 24 (AGP24)

AT5G03170 -0.43 -1.52 -1.06 3.1E-02 2.7€-14 2.0E-07  FASCICLIN-like arabinogalactan-protein 11 (FLA11)
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AT3G49330 -0.53 -1.61 -1.40 1.1E-02 1.3E-14 4.2E-11 Plantinvertase/pectin methylesterase inhibitor
superfamily protein

AT4G25830 -0.45 -1.61 -1.13 5.4E-02 2.1E-08 7.7E-05  CASP-LIKE PROTEIN 2C1

AT1G65310 -0.27 -1.66 -0.91 3.8E-02 7.2E-45 1.8E-14  xyloglucan endotransglucosylase/hydrolase 17 (XTH17)

AT5G24105 -0.85 -1.76 -1.21 1.5E-03 4.1E-09 3.6E-05 arabinogalactan protein 41 (AGP41)

AT5G26730 -0.74 -1.77 -1.32 7.7E-03 8.7E-06 6.8E-04  Fasciclin-like arabinogalactan family protein

AT1G43790 -0.85 -2.00 -1.32 2.5E-03 5.1E-09 8.4E-05 tracheary element differentiation-related 6 (TED6)

AT4G26320 -0.80 -2.25 -2.02 2.9E-03 5.8E-13 1.3E-10 arabinogalactan protein 13 (AGP13)

AT5G53250 -0.69 -2.27 -1.59 1.9E-04 1.4E-40 8.0E-21 arabinogalactan protein 22 (AGP22)

AT4G25250 -0.52 -2.32 -1.30 1.6E-03 4.3E-55 2.6E-19 Plant invertase/pectin methylesterase inhibitor
superfamily protein (PMEI4)

AT5G44130 -0.34 -2.38 -2.52 6.6E-02 2.1E-35 2.2E-38  FASCICLIN-like arabinogalactan protein 13 precursor
(FLA13)

AT1G55330 -0.93 -2.44 -1.58 3.8E-04 6.2E-18 1.5E-08 arabinogalactan protein 21 (AGP21)

AT2G18800 -0.64 -2.53 -2.38 6.7E-03 3.4E-22 1.6E-19  xyloglucan endotransglucosylase/hydrolase 21 (XTH21)

AT2G33790 0.04 -2.63 -1.61 8.7E-01 1.6E-32 8.8E-14  arabinogalactan protein 30 (AGP30)

AT5G15290 0.21 -3.31 -2.65 4.0E-01 2.9E-18 1.2E-13  Casparian strip membrane domain protein 5 (CASP5)

Oxidation-reduction process

AT5G05340 0.44 8.40 9.48 7.2E-02 2.7E-62 3.0E-79  Peroxidase 52 (PER52)

AT4G22710 0.11 6.50 7.31 6.0E-01 6.0E-18 5.2E-22  cytochrome P450. family 706. subfamily A. polypeptide 2
(CYP706A2)

AT4G26260 1.17 5.23 2.72 1.2E-04 1.5E-51 3.9E-14 myo-inositol oxygenase 4 (MIOX4)

AT2G18150 0.20 5.16 6.34 4.2E-01 3.7E-84 9.0E-128 Peroxidase superfamily protein (PER15)

AT5G52400 0.10 4.71 5.01 3.9e-01 8.6E-05 2.3E-04  cytochrome P450. family 715. subfamily A. polypeptide 1
(CYP715A1)

AT1G49570  0.02 4.32 4.01 9.5E-01 8.5E-23 3.7E-19 Peroxidase superfamily protein (PER10)

ATAG36430 -0.17 4.15 5.27 4.6E-01 4.2E-75 1.1E-120 Peroxidase superfamily protein (PER49)

AT5G44400 0.05 3.65 3.96 8.6E-01 1.1E-40 2.7E-47  FAD-binding Berberine family protein

AT1G34510 0.67 3.61 2.96 6.0E-03 3.7E-48 1.3E-31 Peroxidase superfamily protein (PER8)

AT5G06720 -0.29 3.61 4.11 2.4E-01 1.4E-38 1.3E-49 Peroxidase superfamily protein (PER53)

AT5G39580 0.80 3.51 3.66 6.1E-06 3.5E-113  1.1E-122 Peroxidase superfamily protein (PER62)

AT2G19800 1.06 2.88 1.74 6.2E-06 5.0E-33 4.5E-13  myo-inositol oxygenase 2 (MIOX2)

AT5G19880 0.33 2.84 5.46 1.2E-01 1.7E-05 6.2E-14  Peroxidase superfamily protein (PER58)

AT4G22690 0.29 2.82 3.34 2.6E-01 2.3E-15 1.5E-20 cytochrome P450. family 706. subfamily A. polypeptide 1
(CYP706A1)

AT5G06730 -0.10 2.81 3.52 6.7E-01 3.8E-49 7.9E-78  Peroxidase superfamily protein (PER54)

AT4G21840 0.16 2.66 2.09 5.5E-01 1.0E-12 3.0E-08 methionine sulfoxide reductase B8 (MSRB8)

AT5G19890 0.02 2.50 2.13 9.5E-01 2.5E-05 4.1E-04  Peroxidase superfamily protein (PER59)

AT1G30730 0.78 2.36 1.79 7.1E-05 2.3E-38 1.5E-22  FAD-binding Berberine family protein

AT3G30775 0.89 2.18 1.32 2.4E-07 3.6E-40 2.4E-15 Methylenetetrahydrofolate reductase family protein
(POX1)

AT1G34540 0.02 2.17 2.45 9.6E-01 3.0E-07 4.6E-08 cytochrome P450. family 94. subfamily D. polypeptide 1
(CYP94D1)

ATA4G08780 0.13 1.63 1.83 5.2E-01 3.6E-22 3.3E-27  Peroxidase superfamily protein (PER38)

AT4AG08770 -0.43 1.52 1.81 1.8E-02 2.2E-19 2.5E-26  Peroxidase superfamily protein (PER37)

AT2G42850 0.01 1.39 1.62 9.8E-01 5.4E-09 3.56-11 cytochrome P450. family 718 (CYP718)

AT1G14520 -0.15 -1.34 -1.08 5.8E-01 1.8E-04 2.6E-03  myo-inositol oxygenase 1 (MIOX1)

AT4G10040 -0.79 -1.37 -0.71 2.2E-03 3.4E-07 5.5E-03  cytochrome c-2 (CYTC2)

AT1G72230 -0.36 -1.40 -1.05 5.1E-02 6.8E-15 1.2E-08 Cupredoxin superfamily protein

AT2G02050 -1.01 -1.48 -0.87 1.3E-03 8.4E-05 1.1E-02 NADH-ubiquinone oxidoreductase B18 subunit, putative

AT5G15180 0.02 -1.59 -1.22 9.5E-01 1.8E-13 3.6E-08 Peroxidase superfamily protein (PER56)
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AT3G01190 -0.23 -1.64 -1.18 1.1E-01 1.4E-37 1.2E-19  Peroxidase superfamily protein (PER27)

AT4G04840 -0.41 -1.69 -1.69 8.6E-03 4.9E-32 8.2E-32  methionine sulfoxide reductase B6 (MSRB6)

AT2G47380 -1.01 -1.69 -1.12 1.5E-03 3.0E-05 3.3E-03  Cytochrome c oxidase subunit Vc family protein

AT2G34810 -0.34 -1.77 -1.57 1.3E-01 7.9E-13 3.5E-10 FAD-binding Berberine family protein

AT2G23910 -0.32 -2.20 -1.57 2.0E-01 2.6E-11 1.5E-06  NAD(P)-binding Rossmann-fold superfamily protein

Secondary metabolism

AT3G60120 0.21 7.22 8.71 9.6E-02 9.2E-08 4.9E-10 beta glucosidase 27 (BGLU27)

AT1G69920 -0.21 4.71 5.61 3.9E-01 1.9€-27 1.6E-38 glutathione S-transferase TAU 12 (GSTU12)

AT5G36150 1.10 4.34 3.73 7.3E-04 1.0E-24 7.5E-18 putative pentacyclic triterpene synthase 3 (PEN3)

AT4G02520  0.06 2.56 3.44 7.8E-01 1.3E-41 5.5E-74  glutathione S-transferase PHI 2 (GSTF2)

AT1G18570 0.33 2.48 3.10 1.1E-01 3.8E-35 1.1E-54 myb domain protein 51 (MYB51)

AT2G44460 0.58 2.41 1.47 1.3E-02 2.3E-04 6.5E-03  beta glucosidase 28 (BGLU28)

AT1G21130 0.38 1.97 2.40 7.0E-02 8.2E-22 1.3E-31  O-methyltransferase family protein (IGMT4)

AT1G02930 0.00 1.83 2.94 9.9E-01 4.8E-13 1.1E-29 glutathione S-transferase 6 (GSTF6)

AT1G21120 0.04 1.83 2.18 8.8E-01 8.1E-14 1.6E-18 O-methyltransferase family protein

AT1G59870 0.75 1.73 1.50 6.0E-03 1.9€-07 1.1E-05 ABC-2 and Plant PDR ABC-type transporter family protein
(ABCG36)

AT1G61820 0.50 1.60 1.31 8.8E-03 1.7E-19 4.2E-13  beta glucosidase 46 (BGLU46)

AT5G28510  0.30 1.47 1.66 2.2E-01 5.1E-04 4.9E-04 beta glucosidase 24 (BGLU24)

AT3G56400 0.29 1.39 1.95 2.2E-01 7.4E-08 3.2E-13  WRKY DNA-binding protein 70 (WRKY70)

AT5G48850 -0.48 -1.38 -1.10 2.5E-02 7.5E-10 1.6E-06 Tetratricopeptide repeat (TPR)-like superfamily protein

AT4G25700 -0.20 -1.43 -0.86 3.9E-01 7.1E-09 4.4E-04  beta-hydroxylase 1 (BETA-OHASE1)

AT4G14090 -0.35 -1.46 -0.90 8.7E-02 3.9E-03 2.5E-02 UDP-Glycosyltransferase superfamily protein (UGT75C1)

AT1G04770 -0.82 -1.53 -1.04 1.2E-03 1.8E-09 5.8E-05 Tetratricopeptide repeat (TPR)-like superfamily protein

AT4G38620 -0.87 -1.64 -1.05 2.3E-06 1.5E-20 5.9E-09 myb domain protein 4 (MYB4)

AT1G07590 -1.13 -2.22 -1.82 7.4E-04 6.4E-07 4.4E-05 Tetratricopeptide repeat (TPR)-like superfamily protein

Response to stress

AT4G33720 0.04 6.70 3.80 7.2E-01 5.9E-07 1.1E-03  CAP (Cysteine-rich secretory proteins. Antigen 5. and
Pathogenesis-related 1 protein) superfamily protein
(CAPE3)

AT3G23250 0.20 5.10 5.85 4.3E-01 1.5€-31 6.4E-41 myb domain protein 15 (MYB15)

AT1G19250 0.51 4.41 3.93 4.6E-02 3.5E-27 4.1E-21 flavin-dependent monooxygenase 1 (FMO1)

AT1G73805 0.08 3.85 4.64 7.6E-01 1.1E-10 2.5E-14 Calmodulin binding protein-like (SARD1)

AT1G19610 0.06 3.77 2.88 7.6E-01 3.4E-06 3.6E-04 Arabidopsis defensin-like protein (PDF1.4)

AT1G56060 0.04 3.66 6.67 7.3E-01 3.5E-04 3.9E-06 Cysteine-rich transmembrane module 3 (ATHCYSTM3)

AT4G12480 0.20 3.42 3.49 3.9€-01 6.1E-55 1.1E-56  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein (EARLI1)

AT1G72520 0.01 3.35 2.72 9.8E-01 1.7E-11 1.2E-07 PLAT/LH2 domain-containing lipoxygenase family protein

AT1G80840  0.79 3.33 2.59 2.3E-03 4.1E-36 2.6E-21 i/b(?{ii)DNA-binding protein 40 (WRKY40)

AT1G07135 -0.06 3.11 3.95 8.4E-01 3.0E-14 8.7E-22  glycine-rich protein

AT3G04220 0.29 3.08 3.33 2.5E-01 9.0E-23 7.3E-26  Disease resistance protein (TIR-NBS-LRR class) family

AT5G01900 0.53 3.03 3.00 2.7E-02 1.9E-06 1.1E-05 WRKY DNA-binding protein 62 (WRKY62)

AT2G18700 1.63 3.01 1.73 3.7E-10 7.0E-30 8.1E-11 trehalose phosphatase/synthase 11 (TPS11)

AT1G32960 0.00 2.85 3.42 1.0E+00 3.6E-11 7.5E-15  Subtilase family protein (SBT3.3)

AT3G07350 1.03 2.67 1.70 4.2E-05 1.7E-25 4.6E-11  Protein of unknown function (DUF506)

AT3G50930 -0.16 2.65 3.40 4.7€-01 2.5E-40 6.2E-66  cytochrome BC1 synthesis (HSR4)

AT1G66090 -0.07 2.52 3.83 7.7E-01 4.7E-06 2.0E-10 Disease resistance protein (TIR-NBS class)
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AT3G54150 0.13 2.30 331 6.2E-01 1.7€-18 7.7E-37  S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein

AT3G44260 0.09 2.23 311 7.5E-01 2.2E-07 1.1E-11  Polynucleotidyl transferase. ribonuclease H-like
superfamily protein (CAF1-9)

AT4G35480 0.18 2.17 2.18 4.9€-01 2.3E-11 4.5E-11  RING-H2 finger A3B (ATL45)

AT2G46400 -0.24 2.14 3.53 3.5E-01 1.98-07 3.86-16 WRKY DNA-binding protein 46 (WRKY46)

AT1G59620 0.46 2.13 2.32 6.4E-02 5.3E-06 4.0E-06 Disease resistance protein (CC-NBS-LRR class) family
(CW9)

AT4G12470 1.07 1.94 1.90 1.3E-05 8.7E-15 6.8E-14  azelaic acid induced 1 (AZI1)

AT1G60140 1.00 1.90 1.19 6.9E-10 1.8E-33 2.4E-13 trehalose phosphate synthase (TPS10)

AT2G40000  0.90 1.86 1.64 1.6E-06 8.9E-26 4.1E-20 ortholog of sugar beet HS1 PRO-1 2 (HSPRO2)

AT5G49520 0.38 1.70 1.78 8.5E-02 5.3E-14 9.8E-15 WRKY DNA-binding protein 48 (WRKY48)

AT1G15010 0.20 1.65 1.91 2.7E-01 2.7E-03 4.2E-03 mediator of RNA polymerase Il transcription subunit

AT4G12490 -0.13 1.60 1.19 6.2E-01 1.9€-04 4.0E-03  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT2G01340 0.22 1.56 1.63 3.9E-01 7.3E-07 8.5E-07 NA

AT4G25790 0.38 1.53 1.99 3.1E-02 1.4E-23 8.0E-39  CAP (Cysteine-rich secretory proteins. Antigen 5. and
Pathogenesis-related 1 protein) superfamily protein

AT3G50950 0.27 1.49 1.75 1.0E-01 4.4E-24 3.1E-32 HOPZ-ACTIVATED RESISTANCE 1 (RPP13L4)

AT1G53990 0.30 1.45 1.18 1.9E-01 2.3E-09 3.3E-06 GDSL-motif lipase 3 (GLIP3)

AT1G31290 -0.13 1.41 3.21 2.9E-01 3.8E-03 9.3E-05 ARGONAUTE 3 (AGO3)

AT3G04070  0.55 1.39 1.84 1.0E-02 1.0E-11 2.86-19 NAC domain containing protein 47 (NAC47)

AT1G69150 -0.03 1.35 0.71 9.2E-01 3.6E-06 1.0E-02  CYL-CoA-binding domain3 (ACBP3)

AT1G15890 0.54 1.35 0.76 1.9E-02 1.5E-08 1.6E-03 Disease resistance protein (CC-NBS-LRR class) family

AT3G03270 -0.52 -1.34 -1.09 3.3E-02 2.3E-06 2.0E-04 Adenine nucleotide alpha hydrolases-like superfamily
protein

AT3G28210 -0.69 -1.38 -0.76 9.5E-03 1.8E-05 9.8E-03  zinc finger (AN1-like) family protein (SAP12)

AT3G05880 -0.60 -1.46 -1.62 1.6E-02 6.5E-07 1.6E-07 Low temperature and salt responsive protein family
(RCI2A)

AT1G20450 -0.58 -1.47 -0.96 5.3E-05 1.2E-32 3.9E-14 Dehydrin family protein (ERD10)

AT3G07230 -1.04 -1.51 -0.80 9.4E-04 4.9E-05 1.4E-02 wound-responsive protein-related

AT1G52690 -0.02 -1.55 -0.87 9.5E-01 6.3E-05 9.9E-03 Late embryogenesis abundant protein (LEA) family protein
(LEA7)

AT1G20440 -0.56 -1.55 -0.91 1.2E-03 6.2E-25 3.6E-09 cold-regulated 47 (COR47)

AT3G05890 -0.65 -1.64 -1.26 3.8E-03 2.5E-13 3.8E-08 Low temperature and salt responsive protein family
(RCI2B)

AT5G23750 -0.72 -1.89 -1.40 6.2E-03 3.5E-09 1.3E-05 Remorin family protein

AT1G07500 -0.75 -2.09 -1.13 5.9E-03 2.2E-08 6.1E-04  Siamese related 5 (SMRS5)

AT2G47770 -0.21 -2.28 -2.02 4.2E-01 8.4E-07 1.2E-05 TSPO(outer membrane tryptophan-rich sensory protein)-
related (TSPO)

AT5G12020 -0.38 -2.60 -2.60 1.1E-01 2.1E-05 7.8E-05 17.6 kDa class Il heat shock protein (HSP17.6)

AT5G47450 -0.27 -2.81 -2.34 2.1E-01 2.0E-32 5.3E-23  tonoplast intrinsic protein 2;3 (TIP2-3)

Ethylene biosynthesis and signalling

AT5G61890 0.10 6.26 5.95 5.6E-01 1.1E-09 2.3E-08 Integrase-type DNA-binding superfamily protein (ERF114)

AT2G44840 0.08 4.56 3.83 7.3E-01 2.2E-12 1.5E-08 ethylene-responsive element binding factor 13 (ERF13)

AT3G49700 0.20 4.19 4.97 1.1E-01 1.9€-04 2.6E-04  1-aminocyclopropane-1-carboxylate synthase 9 (ACS9)

AT5G07310 -0.01 3.57 4.36 9.1E-01 3.1E-04 4.0E-04  Integrase-type DNA-binding superfamily protein (ERF115)

AT5G21120 0.35 3.18 3.54 1.3E-01 1.8€-07 4.7E-08  ETHYLENE-INSENSITIVE3-like 2 (EIL2)

AT5G64750 0.34 3.09 1.81 1.7e-01 3.9E-10 1.2E-04 Integrase-type DNA-binding superfamily protein (ABR1)

AT4G08040  0.15 2.90 3.05 5.9E-01 1.1E-17 8.3E-19 1-aminocyclopropane-1-carboxylate synthase 11 (ACS11)

AT5G47220 0.21 2.67 2.13 3.6E-01 3.0E-06 1.9E-04 ethylene responsive element binding factor 2 (ERF2)

AT2G44940 -0.46 -1.47 -0.89 1.5E-03 1.4E-32 1.3E-12 Integrase-type DNA-binding superfamily protein (ERF034)
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AT5G52020 -1.07 -1.95 -1.03 5.3E-04 1.3E-07 2.3E-03 Integrase-type DNA-binding superfamily protein (ERF025)

Calcium signalling

AT2G41100 0.81 5.01 5.56 1.9E-04 1.1E-140  2.0E-173 Calcium-binding EF hand family protein TOUCH3 (TCH3)

AT3G22910 0.45 2.98 4.11 8.0E-02 1.7E-13 2.5E-24  ATPase E1-E2 type family protein / haloacid dehalogenase-
like hydrolase family protein (ACA13)

AT3G17690 0.45 2.57 241 3.8E-02 2.4E-33 4.4E-29  cyclic nucleotide gated channel 19 (CNGC19)

AT3G47480 -0.01 2.44 3.62 9.8E-01 2.2E-09 4.3E-18 Calcium-binding EF-hand family protein (CML47)

AT4AG01010 0.33 211 2.09 1.9€-01 1.4E-10 5.7E-10 cyclic nucleotide-gated channel 13 (CNGC13)

AT5G39670 0.02 2.07 3.22 9.6E-01 1.2E-06 5.2E-12  Calcium-binding EF-hand family protein (CML46)

AT5G26920 0.72 2.01 1.42 2.4E-03 2.2E-18 1.4E-09 Cam-binding protein 60-like G (CBP60G)

AT1G08860 0.09 1.44 2.31 4.1E-01 5.8E-03 5.3E-03  Calcium-dependent phospholipid-binding Copine family
protein (BON3)

AT2G22300 0.47 1.38 1.05 4.6E-03 4.2E-22 1.0E-12  signal responsive 1 (CAMTA3)

AT2G44310 -0.91 -1.78 -1.26 2.9E-03 1.6E-05 1.5E-03  Calcium-binding EF-hand family protein

AT1G24620 -0.58 -1.78 -1.08 2.5E-02 4.6E-07 1.2E-03  EF hand calcium-binding protein family (CML25)

Response to water deprivation

AT3G54820 0.08 1.73 1.47 7.6E-01 4.1E-11 4.0E-08 plasma membrane intrinsic protein 2;5 (PIP2-5)

AT3G13437 -0.58 -1.43 -1.59 2.6E-02 5.7E-04 6.9E-04  Enhancer of vascular wilt resistance 1 (EWR1)

AT2G37180 -0.12 -1.49 -1.57 3.4E-01 4.7E-43 3.3E-47 Aquaporin-like superfamily protein (PIP2-3)

AT3G24500 -0.72 -1.50 -1.12 6.7E-03 1.7E-06 4.0E-04 multiprotein bridging factor 1C (MBF1C)

AT5G52300 0.06 -1.53 -1.79 8.5E-01 1.9E-04 1.4E-04 CAP160 protein (LTI6S)

AT3G50980 -0.30 -1.65 -1.15 2.2E-01 4.3E-04 6.5E-03  dehydrin xero 1 (XERO1)

AT4G20260 -0.78 -1.69 -1.15 1.1E-03 8.6E-13 2.0E-06 plasma-membrane associated cation-binding protein 1
(PCAP1)

AT5G15960 -0.54 -1.74 -1.20 3.6E-02 9.8E-07 6.0E-04  stress-responsive protein / stress-induced protein (KIN1)

AT1G67360 -0.72 -1.82 -1.21 5.4E-03 6.0E-10 4.3E-05 Rubber elongation factor protein (REF)

AT5G06760 -0.86 -3.50 -2.62 3.7E-03 2.5E-13 2.8E-08 Late Embryogenesis Abundant 4-5 (LEA4-5)

Membrane ligands and receptors

AT1G70130 0.15 7.02 7.04 2.3E-01 2.1E-07 8.0E-07  Concanavalin A-like lectin protein kinase family protein
(LECRK52)

AT4AG11480 0.23 5.25 6.42 7.0E-02 3.2E-05 7.2E-06  cysteine-rich RECEPTOR-like protein kinase 32 (CRK32)

AT3G23120 -0.08 5.17 7.01 6.3E-01 2.0E-09 7.6E-16  receptor like protein 38 (RLP38)

AT2G34930 0.56 3.73 2.22 2.3E-02 2.3E-37 6.8E-14 disease resistance family protein / LRR family protein

AT3G46340 0.48 3.45 3.84 4.2E-02 2.2E-08 2.9E-09 Leucine-rich repeat protein kinase family protein

AT5G18470 -0.14 3.12 3.85 6.0E-01 6.5E-32 1.2E-47  Curculin-like (mannose-binding) lectin family protein

AT5G46330 0.04 2.97 4.09 8.2E-01 1.1E-04 1.3E-05 Leucine-rich receptor-like protein kinase protein (FLS2)

AT1G53440 0.58 2.69 2.25 1.2E-02 1.1E-27 1.5E-19 Leucine-rich repeat transmembrane protein kinase

AT4G23180 0.32 2.45 3.28 2.0E-01 3.3E-09 2.0E-14  cysteine-rich RECEPTOR-like protein kinase 10 (CRK10)

AT4G23260 0.31 2.37 2.42 2.2E-01 4.1E-08 7.4E-08 cysteine-rich RECEPTOR-like protein kinase 18 (CRK18)

AT2G32660 0.99 2.24 2.36 1.5E-03 8.0E-08 5.9E-08 receptor like protein 22 (RLP22)

AT3G59740 0.13 2.19 1.42 6.4E-01 1.9E-07 4.6E-04 Concanavalin A-like lectin protein kinase family protein
(LECRK57)

AT1G33790 0.44 2.12 1.15 4.7€-02 5.7E-19 2.6E-06 jacalin lectin family protein (JAL4)

AT2G29000 -0.04 2.05 1.71 8.6E-01 6.9E-04 4.2E-03 Leucine-rich repeat protein kinase family protein

AT1G66920 0.01 1.92 2.48 9.9E-01 1.2E-04 2.2E-05  Protein kinase superfamily protein (LRK10L-2.4)

AT1G66830 0.01 1.88 3.20 9.8E-01 3.2E-04 2.0E-06 Leucine-rich repeat protein kinase family protein

AT1G78830 0.77 1.86 1.52 3.5E-03 2.3E-10 3.3E-07 Curculin-like (mannose-binding) lectin family protein

ATAG11470 0.18 1.71 2.82 4.2E-01 5.8E-04 1.7E-05  cysteine-rich RECEPTOR-like protein kinase 31 (CRK31)
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AT1G51810 0.04 1.66 1.32 7.3E-01 4.0E-03 1.6E-02 Leucine-rich repeat protein kinase family protein

AT1G05700  0.25 1.64 1.29 2.0E-01 1.1E-18 1.7E-11  Leucine-rich repeat transmembrane protein kinase
protein

AT1G45616 0.21 1.54 1.04 1.8E-01 4.4E-03 2.2E-02  receptor like protein 6 (RLP6)

AT2G29220 0.10 1.52 1.07 5.3E-01 4.7E-03 2.2E-02  Concanavalin A-like lectin protein kinase family protein
(LECRK31)

AT5G40170  0.39 1.49 1.54 5.1E-02 5.6E-14 1.8E-14 receptor like protein 54 (RLP54)

AT1G71400 0.70 1.48 1.26 9.7E-04 4.7E-14 5.1E-10 receptor like protein 12 (RLP12)

AT3G15356  0.39 1.48 1.11 1.1E-01 2.5E-07 1.7E-04  Legume lectin family protein (LEC)

AT4G22730 0.54 1.47 1.83 3.2E-02 4.6E-07 1.8E-09 Leucine-rich repeat protein kinase family protein

AT5G01540 0.01 1.43 2.68 9.8E-01 5.5E-07 5.2E-19  lectin receptor kinase a4.1 (LECRK62)

AT5G49770  0.15 1.39 1.26 5.6E-01 2.7E-07 9.0E-06  Leucine-rich repeat protein kinase family protein

AT5G44700 0.28 1.39 1.26 2.4E-01 2.6E-08 1.4E-06  Leucine-rich repeat transmembrane protein kinase (GSO2)

AT4G21400 0.49 1.39 0.88 1.6E-02 2.1E-12 1.7E-05  cysteine-rich RECEPTOR-like protein kinase 28 (CRK28)

AT1G70520 0.54 1.36 1.47 3.0E-03 8.8E-18 4.0E-20  cysteine-rich RECEPTOR-like protein kinase 2 (CRK2)

AT1G16110 0.54 1.32 0.78 2.5E-02 5.3E-07 3.0E-03  wall associated kinase-like 6 (WAKL6)

AT1G73165 -0.34 -1.38 -1.84 1.4E-01 2.3E-03 1.3E-03 CLAVATA3/ESR-RELATED 1 (CLE1)

AT4G14010 -0.83 -1.56 -1.22 2.1E-03 1.3E-07 5.8E-05 ralf-like 32 (RALFL32)

AT5G09978 -0.82 -1.75 -1.68 1.5E-03 1.3E-10 1.3E-09 elicitor peptide 7 precursor (PEP7)

AT3G19320 -0.24 -2.06 -1.86 2.8E-01 4.7E-14 6.5E-12  Leucine-rich repeat (LRR) family protein

AT3G29780 -0.72 -2.15 -1.51 8.7E-03 5.5E-08 7.2E-05 ralf-like 27 (RALFL27)

Transport

AT5G52710 -0.01 6.83 7.79 9.1E-01 3.9E-07 3.6E-08 Copper transport protein family

AT5G52760 -0.01 5.18 7.21 9.1E-01 3.9E-05 6.0E-07  Copper transport protein family (HIPP14)

AT5G52700 -0.01 4.77 6.67 9.1E-01 7.6E-05 3.5E-06 Copper transport protein family

AT5G52720 -0.01 3.99 6.86 9.1E-01 2.2E-04 1.7E-06  Copper transport protein family

AT1G77380 0.80 3.97 3.93 3.7E-04 2.2E-87 2.0E-85 amino acid permease 3 (AAP3)

AT5G52680 -0.14 3.41 4.98 2.3E-01 1.2E-04 4.5E-06 Copper transport protein family

AT4G01830 0.17 3.01 1.83 5.3E-01 3.4E-12 2.0E-05 P-glycoprotein 5 (ABCBS)

AT1G09930 -0.06 2.97 4.10 6.1E-01 3.5E-04 1.5E-04 oligopeptide transporter 2 (OPT2)

AT5G52670 -0.47 2.89 4.00 2.7E-02 9.9E-09 1.5E-14  Copper transport protein family

AT4G13420 -0.10 2.84 4.03 4.0E-01 1.7E-04 1.9E-05 high affinity K+ transporter 5 (POT5)

AT4G18197 0.26 2.68 2.51 2.8E-01 1.5E-07 2.3E-06  purine permease 7 (PUP7)

AT4G18205 0.37 2.45 1.70 1.5E-01 1.5E-09 2.1E-05 Nucleotide-sugar transporter family protein (PUP22)

AT4G21120 1.16 2.24 1.98 8.4E-05 1.8E-11 4.4E-09 amino acid transporter 1 (CAT1)

AT4G19680 0.43 1.88 1.83 3.8E-02 5.2E-20 6.7E-19 iron regulated transporter 2 (IRT2)

ATA4G27730 0.53 1.80 1.71 1.8E-02 7.9E-16 3.9E-14 oligopeptide transporter 1 (OPT6)

AT3G13100 0.54 1.74 1.86 2.5E-02 2.3E-10 4.3E-11 multidrug resistance-associated protein 7 (ABCC7)

AT5G26690 0.10 1.63 1.56 6.6E-01 1.4E-03 4.1E-03 Heavy metal transport/detoxification superfamily protein
(HIPPO2)

AT5G26340 0.33 1.60 1.34 3.0E-02 2.8E-32 1.5E-22  Major facilitator superfamily protein (STP13)

AT1G12950 0.11 1.52 1.59 5.0E-01 2.1E-31 3.8E-34  root hair specific 2 (DTX31)

AT4G27970  0.07 151 1.32 7.8E-01 1.7E-13 4.3E-10  SLAC1 homologue 2 (SLAH2)

AT3G07040 0.51 1.51 141 4.1E-02 4.4E-07 6.4E-06 NB-ARC domain-containing disease resistance protein
(RPM1)

AT3G62150 0.16 1.51 1.36 5.2E-01 1.1E-08  8.1E-07 P-glycoprotein 21 (ABCB21)

AT2G04080 0.16 1.50 1.07 3.6E-01 3.6E-03 1.9E-02 MATE efflux family protein (DTX2)

AT4G35180 -0.08 1.46 1.75 7.8E-01 3.1E-06 1.6E-07  LYS/HIS transporter 7 (LHT7)
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AT5G40780 0.62 1.45 1.54 9.3E-03 7.1E-09 3.3E-09  LYS/HIS transporter 1 (LHT1)

AT3G20660 0.62 1.44 0.91 9.0E-03 8.0E-09 3.1E-04 organic cation/carnitine transporter4 (OCT4)

AT1G62280 0.38 1.41 0.82 9.1E-02 5.3E-09 7.0E-04  SLAC1 homologue 1 (SLAH1)

AT4G23700 0.87 1.39 0.92 2.6E-05 1.4E-12 5.6E-06 cation/H+ exchanger 17 (CHX17)

AT1G13210 0.64 1.37 0.80 1.3-02 6.0E-06 5.8E-03 autoinhibited Ca2+/ATPase Il (ALA11)

AT5G01760 0.25 1.35 0.97 2.5E-01 3.0E-03 1.8E-02 ENTH/VHS/GAT family protein (TOL7)

AT5G64410 0.37 1.35 1.48 8.6E-03 3.4E-30 1.4E-35 oligopeptide transporter 4 (OPT4)

AT1G60050 0.17 1.35 2.75 3.6E-01 5.2E-03 7.5E-04 Nodulin MtN21 /EamA-like transporter family protein
(UMAMIT35)

AT3G21080 -0.01 1.34 1.04 9.1E-01 7.0E-03 2.3E-02 ABC transporter-related

AT5G46050 0.14 1.32 0.69 5.5E-01 2.1E-10 1.1E-03 peptide transporter 3 (NPF5.2)

AT5G08040 -0.67 -1.34 -0.71 1.2E-02 1.8E-03 3.7E-02  mitochondrial import receptor subunit TOM5 homolog
(TOM5)

AT3G48970 -0.48 -1.37 -1.56 5.3E-02 1.1E-03 1.2E-03  Heavy metal transport/detoxification superfamily protein
(HIPP31)

AT4G23710 -0.88 -1.46 -0.79 2.5E-03 1.9E-05 1.1E-02  vacuolar ATP synthase subunit G2 (VHA-G2)

AT5G46600 -0.56 -1.63 -0.88 2.7E-02 7.3E-07 4.1E-03  Aluminium activated malate transporter protein (ALMT13)

AT4G35060 -0.83 -1.78 -1.30 1.9E-03 1.4E-09 1.3E-05 Heavy metal transport/detoxification superfamily protein
(HIPP25)

AT2G39510 0.14 -3.35 -2.70 5.4E-01 1.2E-34 1.1E-24  nodulin MtN21 /EamA-like transporter family protein
(UMAMIT14)

Transferases

AT1G01680 0.04 6.43 6.80 7.3E-01 2.1E-06 2.7E-06  plant U-box 54 (PUB54)

AT1G05675 0.16 2.72 3.63 4.2E-01 8.1E-05 1.0E-05 UDP-Glycosyltransferase superfamily protein (UGT74E1)

AT1G34520 0.10 2.05 1.58 4.4E-01 2.2E-03 1.1E-02 MBOAT (membrane bound O-acyl transferase) family
protein

AT3G61210 0.48 1.68 0.95 6.1E-02 9.4E-06 6.6E-03  S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein

AT5G49690 0.87 1.45 1.57 1.5E-03 4.3E-07 1.8E-07 UDP-Glycosyltransferase superfamily protein (UGT91C1)

AT5G38200 -0.09 1.41 1.53 6.7E-01 4.6E-16 2.1E-18 Class | glutamine amidotransferase-like superfamily
protein

AT5G42830 -0.06 1.33 1.93 7.8E-01 1.6E-15 9.4E-31 HXXXD-type acyl-transferase family protein

AT4G31310 -0.91 -1.34 -0.78 1.5E-03 2.6E-05 8.9E-03  AIG2-like (avirulence induced gene) family protein

AT5G02890 -0.37 -1.36 -1.73 4.8E-02 5.9E-13 1.3E-18  HXXXD-type acyl-transferase family protein

AT4G12545 -0.45 -1.41 -1.74 6.7E-02 2.0E-06 4.3E-08 Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT2G38920 -0.44 -1.43 -0.77 8.2E-02 1.3E-04 1.6E-02 SPX (SYG1/Pho81/XPR1) domain-containing protein / zinc
finger (C3HC4-type RING finger) protein-related (RF178)

AT1G02950 -0.53 -1.49 -0.82 3.5E-02 1.5E-06 5.0E-03 glutathione S-transferase F4 (GSTF4)

AT4G12520 -0.34 -1.49 -1.44 9.0E-02 4.2E-13 6.8E-12  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT4G22460 -0.01 -1.61 -1.34 9.6E-01 5.8E-24 8.0E-17  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT1G48750 -0.84 -1.69 -1.35 2.9E-03 3.5E-07 6.6E-05  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT3G29630 -0.52 -1.86 -1.40 1.2E-02 5.2E-19 2.1E-11 UDP-Glycosyltransferase superfamily protein (UGT79B4)

AT2G03370 -0.63 -2.15 -1.80 5.4E-03 9.5E-17 7.2E-13  Glycosyltransferase family 61 protein

AT5G46890 -0.01 -2.15 -2.10 9.7E-01 3.2E-29 1.4E-27 Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT4G12510 -0.34 -2.20 -1.72 1.8E-01 6.0E-07 5.6E-05  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT5G46900 0.02 -2.39 -2.47 9.4E-01 6.7E-20 1.3E-20 Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT2G37870 -0.48 -2.81 -2.05 4.3E-02 4.0E-20 5.0E-12  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT4G33550 -0.73 -2.91 -1.51 4.9E-03 7.1E-22 3.2E-07 Bifunctional inhibitor/lipid-transfer protein/seed storage

2S albumin superfamily protein
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Regulation of transcription

AT4G00130 -0.01 6.08 6.99 9.1E-01 5.0E-06 1.2E-06  DNA-binding storekeeper protein-related transcriptional
regulator

AT4G18170 0.93 4.20 4.37 2.2E-03 1.2E-25 3.2E-27 WRKY DNA-binding protein 28 (WRKY28)

AT4G17980 0.14 3.94 5.98 2.3E-01 2.5E-04 2.9E-05 NAC domain containing protein 71 (ANAC71)

AT5G43175 -0.01 3.27 5.36 9.1E-01 5.5E-04 1.3E-04 basic helix-loop-helix (bHLH) DNA-binding superfamily
protein (BHLH139)

AT5G24110 0.63 3.19 4.08 1.7€-02 2.2E-11 2.6E-17  WRKY DNA-binding protein 30 (WRKY30)

AT1G29860  0.03 3.03 4.95 9.1E-01 4.4E-06 2.7E-12  WRKY DNA-binding protein 71 (WRKY71)

AT5G01380 0.14 2.41 3.23 5.4E-01 1.7E-05 3.8E-07 Homeodomain-like superfamily protein (GT-3A)

AT4G14860 0.28 2.26 3.14 1.3E-01 6.5E-04 3.6E-04 ovate family protein 11 (OFP11)

AT1G32510 0.28 2.23 2.12 2.2E-01 3.5E-05 1.9E-04 NAC domain containing protein 11 (ANAC11)

AT2G28500 -0.02 2.20 3.56 9.5E-01 1.5E-04 6.4E-07 LOB domain-containing protein 11 (LBD11)

AT3G12977 0.93 1.84 161 9.7E-05 4.1E-15 1.6E-11  NAC (No Apical Meristem) domain transcriptional
regulator superfamily protein

AT3G03660 0.31 1.80 1.98 2.2E-01 2.2E-05 1.8E-05 WUSCHEL related homeobox 11 (WOX11)

AT5G46590 0.14 1.70 131 5.8E-01 1.5E-11 5.4E-07 NAC domain containing protein 96 (ANAC96)

AT4G25410 -0.02 1.69 1.48 9.6E-01 1.1E-12 1.5E-09 basic helix-loop-helix (bHLH) DNA-binding superfamily
protein (BHLH126)

AT5G07100 0.87 1.60 1.34 5.7E-04 2.1E-10 2.86-07 WRKY DNA-binding protein 26 (WRKY26)

ATAG15690 0.12 1.55 1.81 3.5E-01 4.8E-03 8.5E-03  Thioredoxin superfamily protein (GRXS5)

AT2G40200 0.32 1.42 1.06 1.8E-01 9.7E-04 9.3E-03  basic helix-loop-helix (bHLH) DNA-binding superfamily
protein (BHLH51)

AT3G09290 -0.50 -1.48 -1.21 3.5E-02 2.7E-07 3.3E-05 telomerase activatorl (TAC1)

AT1G65330 -0.11 -1.49 -0.86 - 3.5E-03 2.8E-02 MADS-box transcription factor family protein (PHE1)

AT5G50820 -0.54 -1.52 -1.28 3.4E-02 3.5E-06 1.56-04 NAC domain containing protein 97 (ANAC97)

AT4G30410 -0.84 -1.64 -1.06 1.6E-03 1.2E-08 2.2E-04  sequence-specific DNA binding transcription factors (IBL1)

AT3G27360 -1.32 -1.88 -1.59 5.7E-04 8.9E-05 9.9E-04 Histone superfamily protein (HTR2)

AT3G49760 -0.44 -2.28 -1.29 8.0E-02 4.0E-10 1.4E-04 Dbasic leucine-zipper 5 (BZIP5)

Response to nutrient levels or nutrient starvation

AT4G25220 0.78 3.69 3.98 4.4E-03 7.9E-30 5.4E-34  root hair specific 15 (RHS15)

AT2G02990 -0.10 2.96 3.53 7.2E-01 1.1E-24 4.3E-34 ribonuclease 1 (RNS1)

AT1G13300 0.60 1.72 1.32 3.8E-03 2.7E-19 1.5E-11  myb-like transcription factor family protein (HRS1)

AT4G08620 0.22 1.51 1.21 4.0E-01 4.0E-05 1.3E-03 sulphate transporter 1;1 (SULTR1;1)

AT2G41240 -0.30 -1.34 -3.06 2.4E-01 3.9E-04 7.4E-08 basic helix-loop-helix protein 100 (BHLH100)

AT1G47400 -0.33 -1.48 -1.26 1.8E-01 4.2E-04 2.9E-03  Fe-uptake-inducing peptide 3 (FEP3)

AT3G56970 -0.42 -1.91 -2.53 9.7E-02 6.3E-07 1.6E-09 basic helix-loop-helix (bHLH) DNA-binding superfamily
protein (ORG2)

AT5G24655 -0.64 -1.90 -0.39 1.5E-02 1.5E-04 1.3E-01 response to low sulfur 4 (LSU4)

AT3G49570 -0.73 -1.94 -1.71 7.9E-03 2.1E-07 6.5E-06  response to low sulfur 3 (LSU3)

AT3G49580 -0.70 -2.19 -2.34 9.9E-03 1.1E-08 4.9E-09 response to low sulfur 1 (LSU1)

AT5G66815 -0.67 -2.19 -1.66 1.1E-02 1.4E-09 2.8E-06 C-terminally encoded peptide 5 (CEP5)

AT1G47395 -0.78 -2.49 -2.31 6.0E-03 6.2E-09 1.2E-07 Fe-uptake-inducing peptide 2 (FEP2)

Other cellular processes

AT1G56250 0.10 7.44 8.51 3.9E-01 4.2E-08 1.4E-09 phloem protein 2-B14 (PP2B14)

AT1G56240 -0.07 6.08 7.50 5.2E-01 1.9E-06 2.9E-08 phloem protein 2-B13 (PP2B13)

AT5G64870 0.20 4.81 571 2.9E-01 4.8E-08 3.6E-10 SPFH/Band 7/PHB domain-containing membrane-
associated protein family (FLOT3)

AT2G02320 -0.01 4.00 5.60 9.1E-01 2.3E-04 7.9€-05 phloem protein 2-B7 (PP2B7)

AT4G30430 0.24 3.83 5.83 5.9E-02 3.0E-04 5.3E-05 tetraspanin9 (TET9)
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AT5G25260 0.50 3.11 2.46 3.9E-02 9.2E-08 3.0E-05 SPFH/Band 7/PHB domain-containing membrane-
associated protein family (FLOT2)

AT5G39120 -0.01 2.62 4.83 9.2E-01 1.1E-03 2.1E-04  RmlC-like cupins superfamily protein
AT1G25240 0.02 2.61 2.21 9.5E-01 1.6E-06 6.6E-05 ENTH/VHS/GAT family protein

AT5G39130 0.04 2.35 5.32 7.3E-01 1.6E-03 1.3E-04 RmlC-like cupins superfamily protein
AT2G22880 0.04 1.97 2.28 9.0E-01 3.0E-07 1.9E-08 VQ motif-containing protein

AT1G59850 0.45 1.83 2.02 5.3E-02 5.5E-14 1.7E-16  ARM repeat superfamily protein (TOR1L5)
AT4G37220 0.12 1.79 2.78 6.7E-01 2.2E-05 5.98-09 Cold acclimation protein WCOR413 family
AT2G02340 -0.07 1.52 3.87 5.9E-01 4.4E-03 2.2E-04 phloem protein 2-B8 (PP2B8)

AT5G38940 0.02 1.48 1.27 9.6E-01 7.2E-11 5.7E-08  RmlC-like cupins superfamily protein
AT5G24100 -0.37 -1.38 -0.97 3.8E-02 4.0E-16 2.3E-08 Leucine-rich repeat protein kinase family protein
AT1G73630 -0.76 -1.40 -0.71 3.8E-03 1.5E-06 8.7E-03  EF hand calcium-binding protein family (CML26)
AT3G44590 -0.89 -1.43 -1.00 3.0E-03 1.8E-04 6.1E-03  60S acidic ribosomal protein family (RPP2D)
AT4G02810 -0.17 -1.43 -1.00 5.0E-01 3.5E-07 2.8E-04  Protein of unknown function (DUF3049)
AT5G45010 -0.92 -1.43 -0.80 2.5E-03 1.6E-04 1.7E-02  DSS1 homolog on chromosome V (DSS1V)
AT4G26230 -1.00 -1.45 -0.74 1.0E-03 3.2E-05 1.7E-02  Ribosomal protein L31e family protein (RPL31B)
AT2G34160 -0.94 -1.47 -0.84 1.9E-03 4.8E-05 1.1E-02  Alba DNA/RNA-binding protein

AT5G04750 -1.09 -1.47 -0.76 2.0E-04 2.5E-06 8.4E-03 F1F0-ATPase inhibitor protein, putative
AT3G56020 -1.13 -1.58 -0.87 7.0E-04 8.0E-05 1.3E-02 Ribosomal protein L41 family (RPL41G)
AT5G09520 -0.12 -1.73 -1.47 5.1E-01 5.6E-30 9.1E-22  hydroxyproline-rich glycoprotein family protein (PELPK2)
AT1G78230 0.01 -1.74 -1.57 9.7E-01 2.4E-08 8.2E-07  Outer arm dynein light chain 1 protein
AT3G08520 -1.15 -1.78 -0.98 6.0E-04 1.7E-05 7.3E-03  Ribosomal protein L41 family (RPL41G)
AT4G23496 -0.56 -4.74 -4.34 3.3E-02 8.5E-18 7.3E-16  SPIRAL1-likeS (SP1L5)

Other metabolic processes

AT1G68290 0.07 6.47 7.19 5.8E-01 3.9E-07 8.3E-08 endonuclease 2 (ENDO2)

AT2G02010 0.44 5.51 6.60 6.8E-02 1.2E-22 6.0E-32  glutamate decarboxylase 4 (GAD4)

AT3G28580 -0.04 5.49 6.69 8.8E-01 2.4E-22 1.7E-32  P-loop containing nucleoside triphosphate hydrolases
superfamily protein

AT5G40000 -0.13 5.44 6.43 4.8E-01 1.9€-14 1.9E-19 P-loop containing nucleoside triphosphate hydrolases
superfamily protein

AT3G57460 -0.01 4.64 3.39 9.1E-01 1.0E-04 1.8E-03  catalytics;metal ion binding

AT5G39190 -0.07 3.92 5.51 5.2E-01 2.0E-04 4.5E-05 germin-like protein 2 (GLPSA)

AT1G09932 0.24 3.76 4.38 3.3E-01 8.9E-52 1.8E-70  Phosphoglycerate mutase family protein

AT3G28600 0.04 3.73 4.43 8.7E-01 1.2E-06 7.7E-08  P-loop containing nucleoside triphosphate hydrolases
superfamily protein

AT1G08080 -0.01 3.71 6.43 9.1E-01 3.2E-04 7.2E-06 alpha carbonic anhydrase 7 (ACA7)

AT3G60420 0.21 3.32 3.37 3.2E-01 1.6E-06 6.3E-06 Phosphoglycerate mutase family protein

AT2G39400 0.11 2.65 2.16 7.0E-01 8.4E-17 2.8E-11 alpha/beta-Hydrolases superfamily protein

AT3G28540 0.27 2.47 5.16 1.4E-01 3.4E-04 1.4E-08 P-loop containing nucleoside triphosphate hydrolases
superfamily protein

AT5G43590 0.33 2.46 1.78 1.9€-01 8.3E-08 7.9E-05 Acyl transferase/acyl hydrolase/lysophospholipase
superfamily protein

AT2G35990 -0.09 2.46 3.33 6.8E-01 4.8E-05 2.4E-06 Putative lysine decarboxylase family protein (LOG2)

AT3G28510 0.27 2.44 4.21 3.0E-01 4.3E-11 6.7E-30  P-loop containing nucleoside triphosphate hydrolases
superfamily protein

AT5G65158  0.02 2.34 2.31 9.2E-01 9.4E-04 3.2E-03 Lipase/lipooxygenase. PLAT/LH2 family protein (PLAT13)

AT5G41080 1.31 2.26 1.30 3.8E-13 2.4E-35 1.7E-12  PLC-like phosphodiesterases superfamily protein (GDPG2)

ATAG14365 0.12 2.21 2.88 6.5E-01 1.6E-14 4.2E-23  XB3 ortholog 4 in Arabidopsis thaliana (XBAT34)

AT2G28210 0.36 2.09 2.46 1.2E-01 1.0E-16 3.3E-22 alpha carbonic anhydrase 2 (ATACA2)

AT3G29670 -0.09 2.07 1.22 7.6E-01 1.2E-13 1.8E-05 HXXXD-type acyl-transferase family protein (PMAT2)
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AT3G55840 0.29 2.05 2.32 2.5E-01 1.7E-06 4.6E-07 Hslpro-1 protein (HSPRO1)

AT5G10380  0.00 1.65 1.52 9.9E-01 3.3E-04 1.56-03  RING/U-box superfamily protein (ATL55)

AT4G22470 0.75 1.65 0.94 3.1E-03 1.7E-10 3.3E-04 protease inhibitor/seed storage/lipid transfer protein (LTP)
family protein

AT2G30660  0.00 1.57 2.96 1.0E+00 6.9E-04 1.5E-06 ATP-dependent caseinolytic (Clp) protease/crotonase
family protein

AT1G23390 0.48 1.57 1.25 3.4E-02 7.8E-11 5.7E-07 Kelch repeat-containing F-box family protein

AT4G32300 0.74 1.57 1.52 2.5E-03 2.3E-10 2.1E-09 S-domain-2 5 (SD25)

AT3G21500 0.18 1.52 2.13 3.0E-01 3.7E-03 3.0E-03  1-deoxy-D-xylulose 5-phosphate synthase 1 (DXPS1)

AT5G57190 0.32 1.51 0.99 1.3E-01 4.1E-14 2.6E-06  phosphatidylserine decarboxylase 2 (PSD2)

AT5G64000 0.24 1.51 2.43 3.4E-01 1.9€-07 8.8E-16  Inositol monophosphatase family protein (SAL2)

AT5G65140  0.55 1.48 1.46 1.1E-02 1.6E-12 1.3E-11 Haloacid dehalogenase-like hydrolase (HAD) superfamily
protein (TPPJ)

AT5G58830 0.16 1.43 2.67 - 5.8E-03 3.7E-03  Subtilisin-like serine endopeptidase family protein
(SBT4.8)

AT1G33700 0.49 1.43 1.32 2.7E-02 3.3E-10 2.2E-08 Beta-glucosidase. GBA2 type family protein

AT3G18930 0.30 141 1.19 2.3E-01 5.2E-06 2.3E-04 RING/U-box superfamily protein (ATL6S)

AT3G47800 0.54 1.35 1.00 9.6E-03 3.2E-11 2.0E-06  Galactose mutarotase-like superfamily protein

AT5G11320 0.19 1.34 2.83 1.1E-01 6.9E-03 3.1E-03  Flavin-binding monooxygenase family protein (YUC4)

AT2G38600 0.13 -1.47 -2.12 6.2E-01 3.5E-07 5.3E-11 HAD superfamily. subfamily IlIB acid phosphatase

AT3G57010 -0.50 -1.50 -1.00 2.6E-02 3.0E-10 4.2E-05 Calcium-dependent phosphotriesterase superfamily
protein (SSL8)

AT5G58770 -0.77 -1.51 -1.39 4.7E-03 2.4E-06 2.8E-05 Undecaprenyl pyrophosphate synthetase family protein

AT5G62480 -0.58 -1.55 -1.24 1.2E-02 1.3E-10 5.2E-07 glutathione S-transferase tau 9 (GSTU9)

AT4AG38690 -0.44 -1.62 -1.09 7.3E-02 1.0E-06 7.3E-04  PLC-like phosphodiesterases superfamily protein

AT2G23000 -0.25 -1.67 -1.26 2.2E-01 7.5E-14 1.7E-08  serine carboxypeptidase-like 10 (SCPL10)

AT1G66460 -0.22 -1.80 -1.47 3.8E-01 2.7E-07 2.6E-05  Protein kinase superfamily protein

AT4G39000  0.03 -2.67 -2.35 9.2E-01 1.4E-06 2.0E-05 glycosyl hydrolase 9B17 (GH9B17)

Other hormonal responses

AT5G13320 0.03 5.29 4.28 9.0E-01 4.4E-17 4.2E-11  Auxin-responsive GH3 family protein (PBS3)
AT1G30040 0.32 2.33 2.67 1.9€-01 1.5€-17 4.3E-22  gibberellin 2-oxidase (GA20X2)

AT4G08950 0.46 1.86 2.41 3.1E-02 5.0E-18 9.0E-29 Phosphate-responsive 1 family protein (EXO)
AT2G39980 -0.43 1.81 2.39 6.0E-02 6.0E-15 2.2E-24  HXXXD-type acyl-transferase family protein
AT3G55720 0.18 1.49 1.74 4.3E-01 7.3E-12 3.7E-15 Protein of unknown function (DUF620)

AT4G37390 0.10 1.41 0.98 6.8E-01 7.4E-12 4.0E-06  Auxin-responsive GH3 family protein (YDK1)
AT5G20820 -0.04 1.40 1.48 8.9E-01 1.6E-03 2.7E-03  SAUR-like auxin-responsive protein family (SAUR76)
AT1G75590 -0.51 -1.43 -1.20 3.9E-02 2.0E-06 1.1E-04  SAUR-like auxin-responsive protein family
AT5G55250 -0.38 -1.43 -1.79 8.5E-02 2.2E-09 7.0E-13  IAA carboxylmethyltransferase 1 (IAMT1)
AT1G72430 -0.30 -1.47 -0.91 6.4E-02 8.5E-23 1.5E-09  SAUR-like auxin-responsive protein family (SAUR78)
AT2G16580 -0.64 -1.78 -1.04 7.8E-03 1.6E-11 5.9E-05 SAUR-like auxin-responsive protein family
AT1G75750 -0.29 -1.86 -1.44 2.4E-02 9.4E-62 2.0E-37 GAST1 protein homolog 1 (GASA1)

AT4G12550 -0.35 -2.19 -2.64 1.6E-01 1.4E-10 1.3E-13  Auxin-Induced in Root cultures 1 (AIR1)

Other signalling processes

AT5G66640  0.10 3.75 4.56 6.6E-01 1.3E-07 8.1E-10 DAl-related protein 3 (DAR3)

AT3G56380 0.04 2.47 391 7.3E-01 1.4E-03 1.0E-03 response regulator 17 (ARR17)

AT2G32140 0.31 2.40 3.08 2.0E-01 9.1E-07 5.3E-09 transmembrane receptors

AT2G20142 0.12 2.23 2.66 6.7E-01 3.6E-15 1.3E-20 Toll-Interleukin-Resistance (TIR) domain family protein
AT5G18350 0.15 2.09 2.26 3.8E-01 1.2E-03 2.7E-03  Disease resistance protein (TIR-NBS-LRR class) family
ATAG17660 0.04 2.04 4.99 7.3E-01 2.3E-03 2.5E-04  Protein kinase superfamily protein (PBL20)
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AT5G41750 0.57 1.95 221 1.2E-02 2.9E-17 2.4E-21 Disease resistance protein (TIR-NBS-LRR class) family

AT5G61560 0.39 1.65 1.98 1.1E-01 9.1E-09 2.9E-11  U-box domain-containing protein kinase family protein

AT5G38344 0.71 1.65 0.93 7.9E-03 1.0E-03 2.0E-02  Toll-Interleukin-Resistance (TIR) domain family protein

AT2G44080 0.07 1.64 2.38 8.0E-01 4.1E-11 8.8E-21  ARGOS-like (ARL)

AT4G11170 0.43 1.61 2.11 9.0E-02 5.0E-05 2.2E-06 Disease resistance protein (TIR-NBS-LRR class) family

AT1G72900 0.07 1.56 1.66 7.9E-01 6.5E-14 3.0E-15 Toll-Interleukin-Resistance (TIR) domain-containing
protein

AT2G26530 -0.03 1.55 1.33 9.1E-01 3.7E-13 1.7E-09  Protein of unknown function (DUF1645)

AT2G19330 -0.01 1.45 3.59 9.1E-01 5.7E-03 1.5E-03 plantintracellular ras group-related LRR 6 (PIRL6)

AT1G63750 0.11 1.44 1.38 6.9E-01 2.9E-06 2.0E-05 Disease resistance protein (TIR-NBS-LRR class) family

AT1G79860 0.06 1.36 1.65 8.3E-01 1.4E-07 8.3E-10 RHO guanyl-nucleotide exchange factor 12 (ROPGEF12)

AT4G23510 0.12 1.33 1.17 5.0E-01 9.4E-19 4.1E-14 Disease resistance protein (TIR-NBS-LRR class) family

AT4G40010 -0.41 -1.35 -0.78 2.1E-02 1.4€E-15 4.0E-06 SNF1-related protein kinase 2.7 (SRK2F)

AT2G22000 -0.80 -1.42 -0.87 3.2E-03 2.5E-06 2.9E-03 elicitor peptide 6 precursor (PEP6)

AT5G44610 -0.89 -1.53 -0.94 2.8E-03 4.8E-05 6.9E-03 microtubule-associated protein 18 (PCAP2)

AT5G45810 -0.72 -1.77 -0.92 3.2E-03 1.1E-11 2.8E-04 CBL-interacting protein kinase 19 (CIPK19)

AT1G01380 -0.61 -2.37 -1.15 2.2E-02 9.5E-07 3.6E-03 Homeodomain-like superfamily protein (ETC1)

Unclassified or unknown

AT1G65500 0.18 6.09 7.85 1.4E-01 4.1E-06 2.8E-08 NA

AT5G22530 -0.01 4.70 7.03 9.1E-01 8.7E-05 1.2E-06  NA

AT5G60350  0.33 4.40 5.29 8.2E-02 3.6E-07 5.9E-09 NA

AT2G24600 0.08 4.35 4.30 7.7€-01 7.0E-50 2.7E-48  Ankyrin repeat family protein

AT3G48640 0.04 4.35 2.51 7.3E-01 1.7E-04 4.3E-03 NA

AT5G54710 -0.11 3.96 4.65 6.9E-01 7.5E-18 1.0E-23  Ankyrin repeat family protein

AT5G22520 -0.01 3.52 5.84 9.1E-01 4.3E-04 5.3E-05 NA

AT5G52390 0.74 3.47 4.24 8.1E-03 3.6E-18 4.0E-26  PAR1 protein

AT5G54720 0.09 3.44 4.60 5.8E-01 1.2E-04 2.2E-05  Ankyrin repeat family protein

ATAG16008  0.26 3.39 3.08 2.1E-01 7.8E-07 2.1E-05 NA

ATAG20160  0.19 2.90 3.14 3.9e-01 7.1E-06 9.3E-06 NA

AT2G33850 0.36 2.67 3.07 1.5€-01 1.6E-18 1.3E-23 NA

AT3G46110 0.02 2.65 3.18 9.5E-01 1.3E-10 5.2E-14  Domain of unknown function (DUF966)

AT3G02840 -0.09 2.63 4.49 6.5E-01 5.2E-05 2.9E-09 ARM repeat superfamily protein

AT1G27020 0.36 2.62 2.32 1.3E-01 8.1E-18 5.4E-14 NA

AT1G75160 0.19 2.60 2.86 4.7E-01 2.1E-10 1.2E-11  Protein of unknown function (DUF620)

AT1G10340 0.42 2.49 2.38 6.5E-02 8.5E-25 3.5E-22  Ankyrin repeat family protein

AT3G01175 0.86 2.43 1.69 3.7E-03 5.3E-08 1.1E-04  Protein of unknown function (DUF1666)

AT1G59865 0.13 2.15 4.01 2.5E-01 2.0E-03 9.7E-04 NA

AT1G19380 -0.18 211 2.42 4.7€-01 2.6E-14 7.9E-18  Protein of unknown function (DUF1195)

AT2G05510  0.09 1.96 2.38 7.1E-01 7.5E-18 6.4E-25  Glycine-rich protein family

AT1G01453 0.29 1.70 2.33 2.5E-01 1.9E-08 1.7E-13 NA

AT2G18690  0.46 1.52 1.91 9.3E-03 2.9E-22 5.8E-34 NA

AT1G13480 0.17 1.50 1.91 5.1E-01 1.2E-08 2.8E-12  Protein of unknown function (DUF1262)

AT1G78460 0.23 1.49 1.14 3.7E-01 7.6E-06 8.3E-04 SOUL heme-binding family protein

AT1G33840 -0.40 1.47 1.86 1.1E-01 3.7E-05 1.9E-06 Protein of unknown function (DUF567)

AT5G36925 -0.53 1.46 2.07 3.1E-02 8.7E-05 9.3E-07 NA

AT3G43930 0.39 1.45 2.34 1.2E-01 3.5E-04 2.0E-06  BRCT domain-containing DNA repair protein
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AT5G48190 0.14 1.38 2.57 5.0E-01 3.2E-03 2.6E-04 Domain of unknown function (DUF23)

AT5G57340  0.39 1.37 1.22 6.2E-02 3.8E-11 1.2E-08 NA

AT5G44568  0.05 135 2.20 8.4E-01 3.5E-03 7.6E-04 NA

AT4G30460 -0.37 -1.32 -1.38 2.5E-02 1.8E-18 1.6E-19  glycine-rich protein

AT4G13615 -0.89 -1.34 -0.78 3.0E-03 2.5E-04 1.7E-02  Uncharacterised protein family SERF
AT1G47410 -0.69 -1.35 -0.81 7.4E-03 3.6E-06 3.8E-03 NA

AT2G24040 -0.56 -1.35 -0.72 2.3E-02 3.2E-06 8.0E-03 Low temperature and salt responsive protein family
AT1G36622 -0.78 -1.35 -0.93 5.3E-03 8.3E-05 4.8E-03 NA

AT4G30670 -0.51 -1.35 -0.71 2.0E-02 2.0E-09 1.2E-03  Putative membrane lipoprotein
AT5G54145 -0.85 -1.35 -1.01 3.3E-03 9.4E-05 3.2E-03 NA

AT1G72510 -0.79 -1.35 -1.37 4.9E-03 8.0E-05 1.9E-04 Protein of unknown function (DUF1677)
AT1G58070 -0.36 -1.35 -1.15 9.8E-02 1.5E-08 3.0E-06 NA

AT1G47820 -0.94 -1.36 -1.10 2.0E-03 2.1E-04 2.8E-03 NA

AT5G08050 -0.65 -1.36 -0.69 1.3E-03 4.3E-13 1.7E-04  Protein of unknown function (DUF1118)
AT3G15357 -0.85 -1.36 -0.87 3.8E-03 3.0E-04 1.2E-02 NA

AT3G62400 -0.84 -1.36 -0.89 3.9€-03 1.7E-04 8.8E-03 NA

AT4G39235 -0.64 -1.37 -0.80 1.5E-02 1.1E-03 2.3E-02 NA

AT1G31935 -0.86 -1.38 -1.16 1.9€-03 4.6E-06 2.0E-04 other RNA

AT3G55420 -0.50 -1.38 -0.96 4.9E-03 1.8E-17 49E-09 NA

AT2G37530 -0.54 -1.38 -0.82 2.9E-02 4.0E-06 4.0E-03 NA

AT1G67785 -1.01 -1.39 -0.74 9.7E-04 7.3E-05 1.8E-02 NA

AT1G18290 -0.52 -1.41 -0.77 3.6E-02 6.5E-06 7.3E-03 NA

AT2G41170 -0.41 -1.42 -1.26 4.0E-02 1.3€-12 7.2E-10  F-box family protein

AT4G30450 -0.47 -1.42 -1.35 4.0E-02 3.4E-08 4.4E-07  glycine-rich protein

AT5G25240 -0.22 -1.43 -2.93 3.8E-01 1.2E-03 1.8E-05 NA

AT2G34585 -0.85 -1.44 -1.13 3.1E-03 2.1E-05 9.7E-04 NA

AT5G07322 -0.83 -1.45 -1.08 2.9E-03 6.1E-06 8.5E-04 other RNA

AT1G68300 -0.82 -1.45 -1.09 4.4E-03 5.8E-05 2.3E-03  Adenine nucleotide a-hydrolases-like superfamily protein
AT4G14380 -0.57 -1.45 -0.77 2.6E-02 1.1E-05 9.2E-03 NA

AT3G41761 -0.65 -1.45 -0.94 1.2E-02 1.7E-03 1.8E-02 other RNA

AT1G75335 -0.94 -1.46 -0.82 2.7E-03 6.0E-04 2.2E-02 NA

AT3G07470 -0.77 -1.46 -0.86 3.6E-03 4.8E-07 2.3E-03  Protein of unknown function. DUF538
AT3G57062 -0.75 -1.46 -1.11 4.8E-03 1.7E-06 3.6E-04 NA

AT1G29520 -0.59 -1.47 -1.08 1.7€-02 4.0E-07 2.5E-04 AWPM-19-like family protein
AT2G30930 -0.92 -1.50 -1.08 6.7E-04 1.3E-07 1.9E-04 NA

AT3G11600 -0.70 -1.50 -1.26 7.1E-03 7.7€-07 5.9E-05 NA

AT1G12080 -0.96 -1.51 -0.88 5.5E-04 3.9E-07 2.4E-03  Vacuolar calcium-binding protein-related
AT5G18150 -0.88 -1.52 -1.05 3.1E-03 7.2E-05 4.1E-03  Methyltransferase-related protein
AT1G11700 -0.84 -1.52 -0.95 1.7E-03 9.9E-08 7.6E-04  Protein of unknown function. DUF584
AT2G45860 -1.28 -1.52 -0.97 1.8E-04 5.5E-05 5.9E-03 NA

AT3G52790 -0.67 -1.56 -0.92 1.1E-02 2.5E-06 3.4E-03 peptidoglycan-binding LysM domain-containing protein
AT3G22540 -0.38 -1.56 -1.25 1.3E-01 1.1E-04 1.7E-03  Protein of unknown function (DUF1677)
AT5G57785 -0.63 -1.58 -1.06 1.5E-02 4.9E-07 7.1E-04 NA

AT4G01140 -0.15 -1.58 -1.21 3.7E-01 8.4E-26 7.5E-16  Protein of unknown function (DUF1191)
AT3G52920 -0.64 -1.62 -1.02 6.6E-03 5.2E-11 4.7E-05  Family of unknown function (DUF662)
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AT4G22666 -0.81 -1.66 -0.84 2.8E-04 9.0E-15 8.7E-05  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

AT4G23870 -0.77 -1.69 -0.90 3.8E-03 2.5E-08 1.8E-03 NA

AT5G62150 -1.09 -1.71 -0.88 7.4E-05 8.2E-09 1.6E-03  peptidoglycan-binding LysM domain-containing protein

AT5G66985  -0.88 -1.71 -1.20 2.0E-03 2.5E-07 2.98-04 NA

AT2G27740 -0.69 -1.73 -1.18 1.1E-02 4.1E-06 1.1E-03  Family of unknown function (DUF662)

AT2G17300 -0.49 -1.74 -0.97 1.8E-02 1.8E-15 8.0E-06 NA

AT4G24130 -0.66 -1.75 -1.39 6.0E-03 1.4E-11 1.5E-07 Protein of unknown function. DUF538

AT2G41312 -0.35 -1.76 -2.08 1.6E-01 4.3E-05 1.6E-05 other RNA

AT4G37700 -0.62 -1.77 -1.98 1.4E-02 4.6E-09 3.2E-10 NA

AT1G79075 -0.99 -1.77 -1.00 2.2E-03 1.4E-04 1.1E-02 other RNA

AT5G26720 -0.87 -1.78 -0.92 3.3E-03 7.6E-06 7.7E-03 NA

AT1G61667 -0.77 -1.82 -1.21 5.5E-03 3.2E-07 5.1E-04  Protein of unknown function. DUF538

AT1G28815 -0.70 -1.83 -1.40 1.0E-02 7.3E-07 1.3E-04 NA

AT1G75550 -0.32 -1.87 -1.21 2.0E-01 9.3E-07 6.9E-04  glycine-rich protein

AT2G28410 -0.57 -1.93 -1.53 1.6E-02 1.4E-12 1.8E-08 NA

AT3G18450 -0.18 -1.95 -1.48 4.4E-01 5.0E-14 5.3E-09 PLAC8 family protein

AT3G19030 -0.83 -1.97 -1.37 4.4E-03 4.2E-06 8.3E-04 NA

AT1G17090 -0.69 -1.98 -1.14 1.0E-02 9.8E-08 1.0E-03 NA

AT5G06190 -0.51 -1.99 -1.07 4.6E-02 1.7E-05 6.0E-03 NA

AT3G51750 -0.76 -1.99 -1.25 6.2E-03 4.2E-07 7.1E-04 NA

AT3G53980 -0.46 -2.03 -1.02 2.5E-02 4.8E-23 1.1E-06  Bifunctional inhibitor/lipid-transfer protein/seed storage
2S albumin superfamily protein

ATAG09890 -1.08 -2.05 -1.51 8.8E-05 2.3E-11 5.1E-07  Protein of unknown function (DUF3511)

AT3G59370 -0.96 -2.12 -1.64 1.5E-03 7.9E-08 2.9E-05 Vacuolar calcium-binding protein-related

AT1G04778 -0.53 -2.14 -1.37 3.6E-02 3.0E-05 2.4E-03 NA

ATAG18422 -0.49 -2.23 -1.39 4.0E-02 1.2E-04 4.3E-03 NA

AT1G02700 -0.25 -2.35 -2.75 2.9E-01 8.6E-05 9.3E-05 NA

AT1G11740 -0.54 -2.38 -1.88 3.8E-02 5.5E-07 5.1E-05 ankyrin repeat family protein

AT3G59930 -0.41 -2.50 -2.11 1.0E-01 4.2E-11 3.1E-08 NA

AT2G36295 -0.90 -2.67 -1.67 2.5E-03 1.7E-10 2.4E-05 NA

AT3G48940 -0.68 -2.77 -2.28 9.3E-03 4.3E-14 2.2E-10 Remorin family protein

AT1G23110 -0.19 -2.88 -2.81 4.3E-01 2.9E-05 1.1E-04 NA

AT4G11020 -0.50 -4.04 -3.68 4.8E-02 3.0E-09 2.6E-08 NA

AT5G33355 -0.26 -6.47 -4.85 3.0E-01 3.4E-30 2.9E-30 Defensin-like (DEFL) family protein

A Differentially expressed genes (DEG) in 5-do kor1-4 roots relative to WT samples. Each genotype was first normalized to the WT (cutoff: logFC =
+1.32. p-value < 0.01). and kor1-4 DEGs were classified as JA-independent if their value remained at least 50% unchanged in kor1-4 aos with
respect to kor1-4. DEGs are organized by gene onthology (GO) functional classes and implemented manually. In many cases genes may fall into
more than one category. DEGs highlighted in magenta were selected for further analyses.

8 Logarithmic Fold Change of the means of two biological replicated experiments. A negative number indicates down regulated genes.
€ False Discovery rate (FDR) corrected p-value in comparison to WT.

NA: not annotated
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Table S4: List of oligonucleotides used in this study.

Name 5' — 3’ sequence Objective

Primers for cloning

MST-093 TTCCCCCCCGGGgatgatgctctctgataaage KORz1 promoter of 2132bp flanked by Xmal and Kpn/

MST-094 CGGGGTACCaagtcttttgggagctgcaa sites

MST-151 TTCCCCCCCGGGatecgacagatctcaatcte ESMD1 promoter of 2168 bp flanked by Xmal and

MST-152 CGGGGTACCggacgaggacatccttggta Kpnl sites

MST-096 AAAAGCAGGCTGatgtacggaagagatccatg KORz1 CDS* of 1866 bp flanked by attB1 and attB2

MST-095 GAAAGCTGGGTTtcaaggtttccatggtgctg sites

MST-098 GTACAAAGTGGTTatgtacggaagagatccatg  KORz1 CDS* of 1866 bp flanked by attB2r and attB3

MST-o97 GTATAATAAAGTTGtcaaggtttccatggtgetg — sites

MST-150 AAAAGCAGGCTGatgctagcgaagaategg ESMDz1 CDS no* of 1587 bp flanked by attB1 and

MST-149 GAAAGCTGGGTTggtggcaggaggtggtctc attB2 sites

Primers for genotyping

KOR2.F ttggatttaactcggecttg kori-4 and WT amplicons of 513bp, digested with
Hinfl result in WT (459 bp + 54 bp) and korz-4 (289 bp

KOR1.R tcacacccaaatccttcttacc +170 bp + 54 bp)

KOR.3F tgtcatggagaggtaattctgg kor1-5 and WT amplicons of 516bp, digested with
Ncol result in WT (516 bp) and korz-5 (401 bp + 115

327A.aR agatgctgaagccagagcag bp)

MST-226 gtgggtttaatgcttagaggaatg esmdi-1 and.WT amplicons of 439bp, digested with
ApeKiresult in WT (439 bp) and esmdz-1 (269 bp +

MST-227 ccgatgtttggattgtcaaagag 170 bp)

MST-143 tctcctgttgeatatttgatgg esmdi-3 and.WT amplicons of 491 bp, digested with
Haelll result in WT (290 bp + 107 bp + 94 bp) and

MST-144 tctggaacaaacaccaggaa esmdz-3 (384 bp + 107 bp)

DGo70 tegttttccaatttgggttt th'e1-1 and WT amplicons of 208 bp, digested with
Hinfl result in WT (184 bp + 14 bp + 120 bp) and thez-1

DGoy1 tggagtgaatctggaacaaaga (2153 bp +31bp +14 bp + 10 bp)

MST-321 cgccatctttgtttcaacaatcagatcc ein2-1 and WT amplicons of 149 bp, digested with

MST-322 ccagaggaaagagagttggatgtaaagtactctaccget SgiEtiesulie i T (00 oy 21 bip) eind e (24 &)

MST-362 gagaacaactcctggatttcgtaactac deki-4 and WT amplicons of 181 bp, digested with
Ddel result in WT (181 bp) and deki-4 (151 bp + 30 bp)

MST-363 gtcaagaaccatttcacatgaaatctctc

aos.F gggagcgattgagaaaatgg

205 R S —— For genotyping of aos. Amplifies 449 bp in WT and

: gacgag 9999 ca. 200 bp in aos.

P337 cgggcctaacttttggtgtgatgatgct

P26 ggtttcgctcatgtgttgagca For genotyping of JGP insertions 1 & 2

P83 tttttgctttctgcageaactg For genotyping of JGP insertion 1 together with P26.

P84 tttttgctttctgcagcaactg Amplifies 533 bp in WT and 721 bp in JGP.

P85 gagcaggcggtggttactgg For genotyping of JGP insertion 2 together with P26.

P86 caaaagcaaaggcccagttga Amplifies 784 bp in WT and 551 bp in JGP.

KOR.KO1.F tagctgcccatatattttcgg
kori-6 (SALK_075812)

KOR.KO1.R cagtccagacgaagatcttgc
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Table S4 (continued)

Name 5' — 3’ sequence Objective
DG-o54 tctccctgcatcattcaaaac ) ]
For genotyping of rop2-12 (WiscDsLoxz41B8)
DG-o55 tttgtttgtttccgatcttge
MST-112 tttatcaacgccgttgaaatc )
For genotyping of eru-2 (SALK_083442)
MST-113 attttgtgtcgcggtctgtag
DGoz cttcttggtcattctgctt
’ J = = For genotyping of wakz-1 (SALK_107175)
DGoa8 ttgtgctgacaagatgtgacc
DGos8 cctgcgaaaatgagtgaaga
> 9¢9 9397933949 For genotyping of wak2-12 (SALK_12_DosC)
DGos9g attcattgatgtctggccaag
DGos6 atgtgacttgggagttcgat
> e Ok R For genotyping of herkz-1 (SALK_008043)
DGosy tgcagatttcacgtctctgtg
DGo23 actggtcacaatgctactgcec )
For genotyping of herk2-1 (SALK_105055)
DGo24 cttaccaaaccctccaactcc
DGo68 atttccggctttgttagga
J 99t 1gTa9999 For genotyping of mri-2 (GK_820Do5)
DGob6g atgaaaatcatcccatgatcg
DGo62 attccactcccaagtccaatc F - fr (SAIL_c06_E12)
or genotyping of rlp44- 12
DGo63 aatggatggcatgattaggatc 2 AT BTAS —>9°-
MST-1 tcgaacgaatcagtttatc
34 gaacg 9 99 For genotyping of mikz (SALK_og5005)
MST-135 aatggccttggagattaatgg
MST-126 aacggatcgattccttctga ) .
For genotyping of mik2-1 (SALK_061769)
MST-127 ttttgcctgatagccgattc
MST- tttgtttgagtggacagggac
335 9193979932399 For genotyping of sub-9 (SAIL_1158_Dog)
MST-336 gatgttgttgtggttgcagtg
MST-32 ctgcacgagtactgcttttc
329 S For genotyping of mcaz-3 (SALK_206846)
MST-330 tctctatcaacaatgccgtcec
MST- ttggtttct tttaagcc
345 999 999 J For genotyping of msl10-1 (SALK_076254)
MST-346 tacttggagtaaccggtgctg
MST-331 taaccattcagttgggtttc
= 91999 9 For genotyping of oscaz-2 (SAIL_607_Fo9)
MST-332 attggacaaacaacgagttgg
MST- aaagacgaagctgcagaact
333 99c9399c9%99 J For genotyping of oscai-4 (SAIL_1172_Do2)
MST-334 tcgccatgccaatagtcttag
MST-276 ctgaagatcagcttttgtcc
! 2ER] J = For genotyping of tch3-2 (SALK_090554)
MST-277 ttgtggaatccctcagatcag
MST-2 acactaacgagcaaactcc
74 9 9ag g For genotyping of acaz3 (SAIL_878_Bo6)
MST-275 tctcgecgtgaaaatgttatc
MST-268 accaggtgtgtgtgaaccttc
e For genotyping of per52-1 (SALK_081257)
MST-269 agtagggagcttacggctacg
MST-270 tatgcagtatgcaacgagac
! geagras 99939 For genotyping of xth26-2 (SALK_o55758)
MST-271 ctgaccagtcgcatttcctag
MST-278 agtacacaccacacccagagc i
For genotyping of extz2 (SAIL_1249_F11)
MST-279 agatgtatggtggtggtggag
MST-30 tctaaccgtcgtgcactage
304 J LI J For genotyping of pll6-1 (GK_o33Do5)
MST-305 aaacgtctttggacgttctcc

SALK.LBb1.3  attttgccgatttcggaac

For genotyping of all SALK T-DNA insertion lines
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Table S4 (continued)

Name 5' — 3’ sequence Objective
GABI.LB atattgaccatcatactcattgc For genotyping of all GK T-DNA insertion lines
SAIL.LB3 tagcatctgaatttcataaccaatctcgatacac For genotyping of all SAIL T-DNA insertion lines

WiscDsLox.LB

aacgtccgcaatgtgttattaagttgtc

For genotyping of all WiscDsLox T-DNA insertion
lines

Primers for qRT-PCR
JAZ10.qF atcccgatttctccggteca
JAZ10 (At5g13220) 222 bp fragment
JAZ10.gR actttctccttgcgatgggaaga
UBQ.qgF cagtctgtgtgtagagctatcatagcat
4 - 2 UBC21 (At5g25760) 83 bp fragment
UBQ.gR agaagattccctgagtcgceagtt
MST-258 tgaccaaattcagatgctga
> 9999 9579939 JOX3 (At3g55970) 124 bp fragment
MST-259 aggaacattgccctttgggttg
VSP2F catcatagagctcgggattgaaccc
SR VSP2 (At5g24770) 111 bp fragment
VSP2R agatgcttccagtaggtcacgc
MST-1 tttgctgctttcgacgceac
4 93 993 PDF1.2 (At5g44420) 144 bp fragment
MST-148 gcatgatccatgtttggctcc

Note, for genotyping of T-DNA lines, sizes of amplification products are given by T-DNA express
(http://signal.salk.edu/cgi-bin/tdnaexpress). Three primer reactions will target a bigger WT amplicon (forward +
reverse primer) and a smaller mutant amplicon (T-DNA left border primer + forward or reverse primer).
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