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Abstract: The clubroot diseaseaused byhe obligate biotrophic protisflasmodiophora
brassicae affects cruciferous crops worldwide. It ¢haracterized byoot swellings as
symptoms, which are dependent on the alteration of auxin and cytokinin metabolism. Here,
we describe that two diffen¢ classes of auxin receptorbetTIR family andthe auxin
binding protein 1 (ABP1) irArabidopsis thalianaare transaptionally upregulatedipon
gall formation Mutations in theTIR family resulted in more susceptible reactions to the
root pathogen. As target genes for the different pathways we have investigated the
transcriptional regulation of selected transcriptiaeg@ressorsAux/IAA and transcription
factors ARF). As the TIR pathway controls auxin homeostasis via the upregulation of
some auxin conjugate synthetases (GH3), the expression of sebkdBgenes was also
investigated, showing in most cases upregutatiA doublegh3 mutant showed also
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slightly higher susceptibility t®. brassicaanfection, while all tested single mutants did
not show any alteration in the clubroot phenotype. As targets for the -Ai8iBded cell
elongation the effect of potassium ohal blockers on clubroot formation was investigated
Treatment with tetraethylammonium (TEA) resulted in less severe clubroot symptoms.
This research provides evidence for the involvementvofauxin signaling pathways in
Arabidopsis needed for the ediabment of the root galls by. brassicae

Keywords: ABP1; Arabidopsis thaliana auxin homeostasis auxin receptors;
clubroot diseaseGH3 proteins;Plasmodiophora brassica@otassium channel inhibitors;
tetraethylammoniumlIR1

1. Introduction

The clubroot disease of the Brassicaceae is one of the most damaging diseases within this plan
family [1]. The growth ofclubrootinfected plants is stunted compared to healthy plants and the root
system shows typical gall formation. At maturity, the galirn brown and soft as the tissue
decomposes so that the spores are liberated from the plant tissue. These spores can remain infectio
for at least 15 yeafd]. This economically important pathogen infects a range ofgiaogs within the
Brassicaceaeln addition, Arabidopsis thalianais a good host, making molecular and functional
studies feasiblg]. The disease is still difficult to control by either chemical or cultural mgins

Obligate biotrophic plant pathogens liReasmodiophora brassicaestablish an intricate interaction
with their host during at least some gaot the infection procesdecause ofheir dgpendence on host
carbon sourceslhey influence host physiology and alter host regulatory networks over a wide range
of its genome. Bpecially the plant's hormonal balance is altered by this interddfiofhe changes in
host hormone metabolism are connected to the intracellular life style of this protist.

The infection process of plants By brassicaeonsists of two phasegt) the primary phase, which
is restricted to root hairs arfd) the secondary phasehich occurs in the cortex and stele of roots and
hypocotyl and leads to abnormal developmi@it Especially during this later phase the host root
responds to infection by ineased cell division rates followed by hypertrophy of infected cells. These
harbor first the plasmodia ¢?. brassicae probably dividing together with the host cells. Latee
plasmodia grow and the host cell increases concomitantly in size. These enlarged host cedishcan
at least ten times the size of uninfected déllsWhile cell division has been attributed to the action of
auxins and cytokining7], cell enlargement has been so far linked exclusively to higher auxin
concentrationd8] and synthesig9,10]. The induction of auxin in Arabidopsis correlates with an
increase in seedling growth and Xylogludando Transferase/Hydrolase leading to cell elongaf&jn
In addition, a microarray7] revealed that genes involved in cell division and expansion such as cell
cycle genes and expansins argagulated, especially at the first analyzed time point of the disease
(10 days after inoculation2]. Consequently, ating hormoneconcentrationshas led to reduced
clubroot symptom$7,11]. Despite a long lasting research on hormonal evdrgsxact signaling and
control mechanisms are still not known. Therefore, it was investigatacth auxin signaling
pathway(s)ontribute toclubroot formation.
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Auxin signaling is regulated by two types of receptors: the nuldeatized TIR/AFB family{12,13
and the plasma membrane associated auxin binding protein 1 (ABR1(Figure 1. The nuclear
signaling pathway leads to the activation of the transcriptional response via auxin perception by the
F-box protein TIR1 ffansport inhibitor response 1)-bex proteinsfunction as substrate recognition
modules for the multisubunit complex ubiquitin ligases (also called Ski@lullin1-F-box protein
(SCF);here SCER) [15]. The Fbox proteinTIR1 is the receptor, which recruits, by binding to auxin,
the protein target that is designated for degradation by ubiquitinft®d6] Polyubiquitnated
proteins are then transferred into the 26S proteasome and degraded.

Figure 1. Model for the auxirdependent degradation of Aux/IAA proteins via the TIR
receptor family to induce gene expression by auxin in Arabidopsis and the possible
involvement & P. brassicaein this process (indicated in red). The role for a second
auxin receptor, ABP1, might lie in processes at the plasma membrane, leading in turn to
cell elongation.
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Auxin-mediated transcriptional response is controlled by negative @&x/and mainly positive
(ARF) regulatord16]. ARFs (auxin response factors) bind to the auxin responsive elements (AuxRe) in
respective promoters of auximducible genes for transcriptional activationjt lsome ARFs are also
inhibitors [17]. Both, Aux/IAAs and ARFs are present as large families. The Aux/IAA proteins bind to the
ARFs through homologous domains in both proteins and thereby represseguiated transcriptiofd 8].
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The Aux/IAA proteins are shotived, because they are degradeéd the SCER pathway and their
degradation is promoted by auxiiany mutations i\ux/IAAgenes are stabilizing the resulting protein
because degradation domains are affected and thus they constittgéfgaictionmutationg18].

Among the targetof ARFs are genes encoding proteins involved in the regulation of auxin
homeostasis. The IAA amino acid conjugate synthetases (GH3) have been first recognized as
auxirrinduced genefl9]. Later it was discovered that it is a large gene family and tima¢ gooteins
are involved in the conjugation of IAA to various amino ad@B]. GH3 proteins are irolved in
various responses ofgnts to abiotic and biotic stressgil]. Especially the protein GH3.5 seems to
play various roles in addition to the syrgieeof IAA amino acid conjugates. It also conjugates the
plant defense signal salicylic acid to amino adi@] and is involved in the synthesis of the
Arabidopsis phytoalexin camaleXi23]. One family member, GH3.11 (JARZTatalyzes the formation
of the isoleucine conjugate of jasmonic acid (JI2]. Contrary to the inactivation of IAA by conjugatjon
the isoleucine conjugate of JA is active, becauaitebinds to the JA receptor COJ25].

ABP1 has been shown to control events at the plasma membrane by the regulation of membrane
fluxes leading in consequence to cell elongation. ABP1 has an ER retention sequence, but it is
hypothesized that for action at the plasma membrane some [fiedee its intracellular locatiorfl4].

In addition there is no transmembrane sequence present in ABP1, which led to the speculation that a
docking proteincould be responsibléor anchoring ABP1 in the membran€igure 1). ABP1 is
involved inprotoplast swlling [26], which is an indic&on for its rolein plantain cell elongation. In
addition, many growth processes seem to rely on ABP1 activity, for example an ABP1 knockout
mutant is embryo lethgR7]. Downstream of ABP1 the action of ATPases and iommwéls was
postulated. Botha H-ATPase and Kchannels are needed for the auxindiated cell elongation
responsd14]. K*-channels necessary for the osmotic changes occurring during cell elorugatloe
induced by auxin in maize and Arabidopld8]. In contrast, the TIR pathway can be responsible for

the increased gene expressionthese channels in response to auxin, linking the two pathways.

Initial evidence for the involvement of the TIR pathway in the clubroot disease came from
Alix et al [29] who reported the partial resistance of the Arabidoasi8-1 mutant. TheAXR3gene
encodes the transcriptional repressor IAAA7member of the Aux/IAA family. The transcrig
stabilized in the mutant, so that the transcriptional activation cataket place. Here, we have
investigated the contribution of both auxin signaling pathways mentioned above to the clubroot
symptom developmentn addition targets of both pathways were functionally investigated for their
roles during disease progression.

2. Results and Discussion
2.1 TheAuxin Signaling ReceptoldR1 and AFBJAre Transcriptionally Upregulatedch Clubroots

The role of plant hormones during the infection of Brassicaceae roots with the obligate biotrophic
protist Plasmodiophora brassicabas been studied over the decad€&€ke increase in auxin and
cytokinin is welldocumented and experimental evidence for the biosynthetic pathways leading to
theseincreass have been obtaingd]. The role of auxin transport is less well understood, buetiser
also experimental evidence that IAA transport plays a role in clubroot fornjaigsO]. In contrast,
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the signal transduction pathwas IAA and their subsequerntargetshave not well been studie@nly

afew experimental data on the involvement of genes from the auxin signaling pathways are available.
The axr3 mutant is more resistant . brassicagwhile for thetirl mutant no phenotypical changes

after infection with the clubroot pathogen were fo{2@l.

As Arabidopsis thalianais a good host foP. brassicaewe usedthe ATH1 Affymetrix 22K
microarray to investigate host gene expression during the development of the disease on a broade
basis[7] and focused on genesvolved in the regulation of thauxin pool and auximduced gene
expression TablesS1 and S2). The data were also compared to other publicly available microarray
datasets to analyze additional featuseh as auxin treatmer(fableS2) [31].

As mentioned]AA is perceived by a faity of F-box proteins called the TIR1 (transport inhibitor
respons®)/AFB (auxin signaling Fbox protein). Phylogenetic studies showed that these proteins fall into
four clades in flowering plan{82]. TIR1 and AFB1 show high sequence homology to eacér fi],
whereas the other AFBs are more distantly reld&edthe auxin receptors investigated here the binding
of IAA was demonstratef82]. One group of AFBs wa®und to negatively regulate the auxin response
because loss of AFB4 resulted in growth phenotypes consistent with auxin hypersef38ivity
addition, the AFB4 clade was identified as the major target of auxinic herbjidRles

Our microarray analysis showed an upregulation of AF®8iring clubpbot (24 dai) so the
expression of the TIR1/AFB1 pair of auxin receptwes analyzedJsingRT-PCR an upregulation for
TIR1 and AFBL1 during later time points @ and 28 days after inoculatiodai) of the disease
developments shown(Figure 3.

Figure 2. (A1 C) Expression of three representatives of auxin receptors from the TIR
family during the clubroot diseas€lR1, AFB1, and AFB2 expression was normalized to
the gene encoding the mitosis prot&fhS8 (YELLOWLEARSPECIFIC GENE § of
Arabidopsis. Values are mean of at letliseeindependent experimentsSE. Significant
differences are indicated by an asterigkO 0. (D)5Relative expressiorof the

P. brassicae actigene during the development of the root gall.
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This is a time pointvhengalls are clearly visible and cell divisioss well as cell elongatioonccur
in the infected rootg/]. Cell elongation is connected to the presence of plasmodia containing cells and
high auxin concentrationshave been hypothesd for this cell type to occu©On the contrary, a
downregulation ofAFB2 transcript was dund at most time points (FiguréAR The presence of
P. brassicaewas detected using the relative transcriptionaefin from the pathogenRbAc)
(Figure B). These data suggest that auxin signaling is dependent on the TIR pathway during the time
frame where the major gall development occurs.

Single mutants in th&IR1, AFB1, anda double mutant in thAFB1 and AFB2 genes were then
tested for phenotypic changes after infection with the clubroot pathogemg§agand4).

Figure 3. Mutant analysis ofirl, afbl, andafbl afb2 double mutant with respect their
aboveground phenoty®8 days after inoculation witR. brassicae The shoot growthof
wild type and three different mutaplants is showrafter inoculation with three different
spore densitiesThe experiment was reproduced three tiraed the results of a typical
dataset showrThe bar represents 4 cm ahe size is the same for all panels.
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High inoculum densities were used to investigate tolerance or resistance phenotypes, because plant
which show a grade of tolerance agalsbrassicagshould show a low disease index compared to wild
type plants th a high index. On the contrary, low inoculum densities can show higher susceptibility.
While the disease index here is expected to be low for wild type plants, mutant lines with a higher index
are regarded as more susceptible. At different inoculumiteesnsno differences in aboveground
phenotypes of single mutants could be observed compared to the wild type. This is in accordance with
observations made by Aligt al [29] for thetirl mutant. The phenotypic changes concerning growth
patterns are only subtle for single receptor mutants [34]. Creating multiple mutants resulted in stronger
growth defect phenotypes depending on the tissue, which resulted in complex phenotypes obtained fo
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different mutant combinations [32,34]. Under the biotic stress conditions investigated here, a double
mutantafbl afb2showed alterations in phenotype,, it was more susceptible to clubroot (Figure 3),
because shoot growth was inhibited already ati®pere densities.

Differences in growtltould be quantified using the shoot index, even thawgtations were quite
high (Figure 4. The disease index (DI) as a parameter for the severity of the disease was similar at
higher spore densities (18nd 16 spores rh'%) used as inoculum, whereas some differences could be
observed at lower spore densities*(&pores rh'%), indicating by a higher DI that all mutants were
more susceptibléhan wild type (Figure 4

Figure 4. Mutant analysis ofirl, afbl, andafbl afb2 double mutant with respect their
gall developmen28 days after inoculation witR. brassicaeDisease index (DI) and Shoot
index (SI) oftirl, afbl, andafblafb2 mutants 28 daBoth values areneasursfor disease
severity. The infection was done with different spore densikes.each experiment at
least 60 plants per mutant and inoculation condition were anala&gks are means +SE
of three independent experimeritfe asterisk indicates signifcant difference at)= 0.05
based on KruskalVvallis analysisand mean rank comparison
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Higher order mutants were not considered for testing in response to clubroot due to their dwarfed
phenotype. These data suggest a role for thexrtype auxin receptors for clubroot development. The
higher susceptibility of the double mutants canrberpreted as missing downstream gene expression,
for example theGH3 genes, which encode proteins invadvin auxin homeostasis (s8ection2.3).

Other auxirinduced genes could be involved directly in cell cycle regulation or cell expansion, which
is an imprtant factor in club development [2,35]. Finally, potassium channels could be transcriptionally
regulated by ta TIR signaling pathway (s&ection2.5).

2.2 Aux/IAA and ARFKsenedAre Differentially Regulatediuring Clubroot

On the basis of microarragsults (TabléS1) some genes from the transcriptional repressor family
Aux/IAA and the transcriptional activators ARFs weltesen for further analysis (Figurg. ARF5
encodes the"ONOPTEROS(MP) protein[36]. Interestingly, tripletir afb mutants show a similar
embryo phenotypasthe mp mutant[37]. ARF7 is a positive regulator of lateral root format{G8].
Also, ARF5 and ARF7 partially overlap in their functif3®]. ARF5andARF7gene expression showed
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downregulation in infected rootéFigure 5, confirming the results from the microarray (Tal8#) [7].
Downregulation of apositive regulator of lateral root formation ARF7 could be interpreted as
disturbance of the ordered tissue layers of roots and a reduction of lateral roots rinoffavo
undifferentiated gall formation. In accordance with this hypothésigas shown that a cell division
reporter, CYCB1;1 was activated in patches a@tebrassicaenfection in roots not yet showing galls,
whereas in controls the marker was confitedhe root meristems of main and lateral ro&s].
Repression of ARF5 might similarly result in undifferentiated, instead of organized tissue layers,
depending on the target genes regulated by this ARF also via different pRfREEsis involved in the
regulation of embryonic roof89], thus,it might play a role in suppression of root formation in galls.

Figure 5. Expression of selected transcriptional repressors (Aux/IAA) and activators
(ARF) of the TIR signaling pathway during the clubroot disease. Expression was
normalized tothe YLS8(see Figure 2pf Arabidopsis. The presence Bf brassicaes
shown by the &nscript of theactingene. ¢ = control roots; i = infected roots.

14c 14i 17c 17i 21c 21i 24c 24
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PbActin

ARF8 in accordance with the microarray data, showetighttranscriptional upregulation at some
time pointsduring disease progression (Figu)e ARF8 was shown to positively regula®H3.5[40],
a member of the auxi conjugate synthetases (s&ection 2.3). Also GH3.5 transcripts were
upregilated at soméme points (Figure B). GH3.5 belongs to the family membenshich conjugate
IAA to amino acids[20], but also conjugasesalicylic acid (SA) with amino acidiR22] and it is
involved in the synthesis of the Arabidopsis phytoalexin camal@8ihIn addition, he expression of
three other GH3 genes GH3.3, GH36, GH3.17) was decreased iarf8 mutants, whereas iIARF8
overexpessors the same genes showed an increased exprgsdioARF8 might therefore be an
important regulator for the concentration of several signaling migedn plant defense reactions in
addition to IAAconcentrations

Transcriptional responses of twax/IAA genes were also determinéthe gene expression was
normalized on the reference ge¥ieS8from the host andP. brassicaewas determined by relative
expression of itactin gene.lAA7 was upregulated in transcription in infected roots, also confgymin
the microarray data. Transcripts I#€A28 were always higher in control rootempared to infected
roots (Figure % again indicating good correlation between-RTR data and microarray results.
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Interestingly,another Aux/IAA gene]AA2, was shown to beipregulatedusing a promoter::GUS
fusion in previous workl0], whereas the microarray points to strong downregulation.

IAA28 is also associated with ti{eegative)regulation of lateral rooformation [42]. As with
lateral root formation, the hyperplasia observed in root gédiiss from the pericycl¢43]. Therefore,
the differential regulation of genes in cluboots, which are also involved in the regulation of lateral root
development could point to a similar roteroot development and club formation. In a healthy plant
cell-specific auxin accumulation patterns in xylem pole cells lead to the degradation of the IAA28
repressor proteiand determination of precursor cells for lateral root initiafé2]. In clubraots the
downregulation ofAA28 might be a prerequisite for-embryonalizatiorof the pericycle tissue prior
to increased cell division ratesr gall development is initially started by massive lateral root
developmentFor IAA7 it has been shown thatcian induce growth processes by inhibitihg activity
of repressing ARF§44]. This could explain the upregulation of a transcriptional repressor in growing
root galls in response to auxi@ther ARFs, which have not been the subject of investigation toere
example ARF17arealso known to contrdbH3 transcriptional response, especidahpt of GH3.2and
GH3.3 but notGH3.5[45].

Under subthreshold auxin concentrations the Aux/IAA proteins heterodimerize with the ARF
transcription factors, therebyepressing auximnducible gene expressioR.. brassicaecould work
under low auxin conditions in repressing Aux/IAA gene function and thus inducingd&éBé&ndent
gene expression of auxinducible genedJnder high auxin conditions, auxin binding to TH&/AFB
receptors promotes the recruitment of Aux/IAA proteins to the SCF complexes. Subsequent Aux/IAA
ubiquitinylation and proteasommaediated degradation results in a declindux/IAA proteins, thus
derepressing auxinducible gene expressiomherdore, P. brassicaecould act by ugegulation of
the endogenous IAA concentration and use the cellular proteasome machinery to have Aux/IAA
proteins degraded so that the transcriptional response could take place.

To find putative downstream target gendstlus pathway, the gainf-function mutantaxr2-1
(ilaa7) was used (FigureA. This is not an overexpressor line, but the gshfunction comes from
the stabilization of the transcript encoding the repred§lerreasoned that gene expression altered in
this mutant should lead to good candidate genes for further evaluation during the clubroot disease
because of the upregulation I&A7 during gall developmentAs a basisthe microarray data from
Siemenset al [7] and Nakamuraet al [46] on theaxr2 mutant were usd to test this hypothesis
(Figure @). It was confirmed thatAA7 expression was higher in tlaxr2 mutant compaed to the
wild type. From other candidate genes chosen the expression of a lipid transfer protein (LTP)
displayed the expression tpan expectedupregulation) if the gene would be transcriptionally
regulated by tis particdar Aux/IAA gene (Figure B). Indeed, expression analysis showed that this
LTP gene waslownregulatediuring clubroot disease developméhi]. Furthermore, overexpression
of thisLTP gene in Arabidopsis led to a lower disease index and higher shoot index, both an indication
for reduced susceptibility to the clubroot pathogen [4Te result is in accordance with a role for
LTPs in disease devglment.This could thereforde a promising approach to further identify target
genes involved in gall formation, also for other transcriptional regulators @iuxiissignaling pathway.
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Figure 6. (A) Phenotype ofixr2-1 and Col wild type plants. The baepresents 1 cm.
(B) Using the constitutive repressor mutamt2-1 (iaa7) to identify putative target genes
of the pathway regulated by IAA&t 28 and 37 days after germination. @@xpression was
normalized toYLS8of Arabidopsis.The arrow points ta putative target gene, which
shows the expected regulation patte&kBP1: auxin binding protein 1; ExpAl7: expansin
Al7; LTP: lipid transfer protein
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2.3 SeveraMembersf the GH3Family Are Differentially Regulatediuring Clubroot Formation

Amongthe ssible target of the ARF transcription factors @3 geneq40]. Therefore, we have
investigated the transcriptional regulation of seleG&t8 genes. These were chosen according to the
results in the microarray analysis (Tald2). GH3.5 was chosebecause of its multiple roles IAA
and SA conjugation and also camalexin biosyr#ilse(Figure A). Theroot tissue specific expression
patterns of the select€8H3 genes arshown in FiguresSl [48].

The regulation of auxigoncentrationsluring the deelopment of plants is of importance, because
IAA in low concentrations stimulates growth and development, whereas higher concentrations can be
toxic to the plan§49]. Therefore, tight control of IAA concentration is necessary for proper plant
development. If this homeostasis is disruptasl in clubroot formation, the proper development of
tissuescannot occurPlants contaifow amounts of IAA as the free acithe active formand most of
their 1AA in conjugated form [50]. These conjugategeathought to be involved ifa) transport of
IAA within the plant; (b) the storage and subsequent reuse of 1fd);protection of IAA from
enzymatic destructiorfd) components of a homeostatic mechanism for control ofdé#centrations
and(e) as an dry route into the subsequent catabolism of I®A]. Two main types of conjugated
moleculesexist the amiddinked IAA forms bound to one or more amino acids and the-éstexd
forms primarily bound to sugar(s).

The ILRXlike IAA amidohydrolase geneammily is involved in the regulation of free 1AA
concentrationsWhile for Arabidopsis no differential regulation for this gene family during clubroot
has been foundhe genes encoding for proteins involved in the conjugation of IAA to amino acids and
thereby inactivating the free auxin are strongly upregulated in root gallsRafterassicaanfection.

The results showed thaspeciallythe member&H3.2 GH3.3 GH3.4 GH3.5 GH3.14 andGH3.17
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were upregulated at mosime points investigated (FigureBY. The genes for GH3.8, GH3.13and

GH3.20 were expressed in roots at very tmmcentrations

Figure 7. (A) Reactions from Tryptophan, IAA, Jand SA to their respective metabolites
catalyzed by different GH3 protein®nly thoseGH3 genes investigated this study are
shown Those genes in the box do not convert any of the plant hormones to conjugates.
(B) Transcriptional regulation of select&H3 genes, some of them encoding auxin amino
acid conjugate synthetases. Expression was normalize¥L&8 (see Figure 2)of
Arabidopsis. Values are means of at least three independent experitn®kts The
brackets above a dataset indicate significantly differential regulation at most time points.
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The conjugation of IAA to amino acids by GH3.2, GH3E13.4 and GH3.17 is most likely a
detoxification reaction initiated by the host plant against the tagicentration®f auxin generated in
the root galls. This assumption is supported by the induction @ idfegenes most highly expressed
in clubroots &o by auxin (Table S2). However, GH3.5 was shown to have additional functions to the
IAA conjugate synthetase activity. The defense sjgmlcan be converted to amino acid conjugates [22]
which is regarded as inactivation. The upregulatio®lB.5in clubroots might also be interpreted as
downregulation of plant defense responses via SA. GH3.5 is also involved in camalexin synthesis [23].
However, it should be noted that camalexin does not play a role in the plant's defense against
P. brassicad52]. Even though theoncentrationsf camalexin increased in infected Arabidopsis roots
compared to controls, a mutant devoid of camalexin was not more suscebbrdssicaenfection.

GH3.11(JARY andGH3.20showed downregulation, where@si3.13did not show any regulation.
GH3.10 did not show any gxession at all in roots (FigureBp and was therefore not further
investigatedIt should be noted that in the case of conjugate formation of JA with the amino acid
isoleucine [24] an activation is achiele.e., the JAisoleucine conjugate is recognized by the COI1
receptor, which in turn leads, in analogy to auxin, to a degradation of the transcriptional repressor
family JAZ [24]. The downregulation d&H3.11is in agreement with the assumption tRabrassicae
downregulates certain aspects of plant defense mechanisms [2]hFHd mutant {arl) was shown
to be more susceptible to clubroot infection [583.a function for GH3.20 has not been described yet,
there is no possibility to speculate on tb&e of transcriptional downregulation during clubroot. Also,
GH3.20might be truncated [54]. One imdtion for a role in thauxincytokinininteraction came from
Jones and Ljung [55]. They analyzgenes involved in auxin metabolism differentially e)xgsed in
response to altered cytokinmoncentrationgnd/or responsiveness in Arabidopsis using Genevestigator
and found several members of tH3 family (GH3.3 GH3.7, GH3.8 GH3.18 and GH3.20
differentially regulatedThese genes are thought to beoinredin the feedback metabolmontrol that
regulates relativeoncentration®f auxin and cytokinirin plants[55]. Both hormones play a role in
gall development.

ARFs interact with Aux/IAA proteins of transcriptional repressors and bind to auxin respons
elements (AuxRE) in auxtmducible promoters[19]. Once the repressors are degraded via
ubiquitination in the 26S proteasome, the ARFs can induce -aesponsive genes such as Gid3s
(Figure 1). To confirm that the transcriptional regulation is via the aumxducible gene expression,
most likely then via ARFs, we have compar&ti3.2 promoter::GUSines with an intact auxin
response element (AuxRe) in the promoter and onenqier with a mutated UxRe (Figure B[56].
Indeed, the strong coloring in wild type promoter plaptSH3.2::GUS was almost abolished in those
transgenic lines harboring a mutat&H3.2 promoter (MpGH3.2::GU$. This indicates that also
during clubroot the AuxRe elements inetlespective promoters need to be intact and that the
regulation of the auxin response is via this transcriptional activation in root galls. The inducibility of
the wild type promoter by IAA was confirmed, whereas this stimulation was absent in the mutated
form (TableS3).
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Figure 8. The activation ofGH3 genes byP. brassicaeoccurs most likely via the auxin
responsive element in the promoter. On the left side the wild ®4p&.2 promoter was
fused tothe GUS gene(pGH3.2::GUS andon theright side a mtated version olGH3.2
promoter in the auxin response elemempGH3.2::GU$ was tested. The two upper
panels showypical pictures othe comparison of the staining of a mature root gall. The
bar represents 1 cm. The two lower panels show parts of thewitlotiagification. The

bar represents 1 mm.

pGH3.2::GUS mpGH3.2::GUS

The analysis of several single knockout mutants in selégté8 genesgh3.3 gh3.4 andgh3.13
(data not shown), as well gb3.5andgh3.17(Figure A,B) did not show angignificantalterations in
the disease phenotypeer all different spore concentrations tested

Figure 9. (A) Mutant analysis of twé&H3 genesgh3.5andgh3.17 as well as the double
mutant gh35 gh3.17 for changes inclubroot development 28 dai. Value$ the DI at
different inoculum densitieare means ofwo to threeindependent experimentsSE. (B)

The same set of plants was evaluated for the shoot {&tlexThe values are given as % of
wild type. Values of theSI at different imculum densities are means tbfeeindependent
experimentst SE. The asterisk indicatea significant difference at) = 0.05 based on
KruskalWallis analysis and mean raokmparison (60 plants per experiment were evaluated).
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The mutantarl was previously shown to be more susceptible to the clubroot pathisgemA
double mutant o§h3.5gh3.17was more susceptible as indied for the shoot growth (Figur&®
whereaghe DI did not show any chges compared to wild type (Figur&)9 It should be noted that
subsequent work has shown that the3.5 mutant used here only partially reduces transcript
concentrationslue to a TDNA insertion in the promoter regidh7]. A gene knockout of5H3.5 such
aswesl] might yield greater susceptibility [21Dther GH3 proteins capable of conjugating IAA to
amino acids could substitute for the loss of GH3.5 and GH3.17, explaining the rather weak root
phenotype. Therefore, in the futurgher order mutants should be included in this research.

A higher susceptibility could be due to higher awamcentrationsvhen the conjugation of IAA to
the inactive forms is reduced in the double mutant. This in turn can result in increased auxin
accumulation, leading first to larger cells and second to growth inhibition of the shoot, if auxin is too
high. For example, a double GH3 mutant of the nRisgscomitrella patenwas reduced in growth,
especially under conditions with high auxioncentratios[58].

Recently evidence was presented that the IAA amino acid conjugate with asparta#&s@féan
promote disease progression after baaltanfection in Arabidopsis §9]. IAA-Asp was able to
regulate virulence gene expression in the bacterial pathogen, indicating a novel mechanism in
adaptation to auxin conjugate formatifB0]. These results could also explain the upregulation of
severalGH3 genes (Figure 7B), but thestdts on thegh3 mutant analysis are not in agneent with
such a function (Figure 9). If higgH3 transcriptconcentrationsvould result in disease susceptibility,
then a mutation should result in tolerance or resistance to the pathogen, but hereltsundesate
that thedouble mutantgh3.5 gh3.17was more susceptible than wild type to the protist least
according to the shoot weighthisis more in accordance with high auxdancentrations

2.4. ThePlasma Membrane Associated ReceptBP1ls also Upregulatedduring Clubroot Formation

In addition tothe nuclear auxin signalinthere is evidence for a plasma membrane associated auxin
receptor, the auxin binding protein(ABP1). Even though this receptor has been known for a very
long time, its function is still a matter of deb&6®)]. A T-DNA insertion mutant indicated a function
of the single copy genABP1 in embryogenesibecausdhe mutant was embrylethal [27]. Since
then severalconditional ABP1 mutants methodsave been generatday biotechnologicamethods,
which demonstrate a role cell division and elongatiof61].

The transcriptional upregulation of the gene encoding the plasma membrane auxin receptor ABP1
startsearlier than the upregulation of théR1family (Figure10). From 18 dai the transcripts ABP1
are significantly increased in infected roots compared to controls. This time point is usually the time
frame wha the gallsfirst become visible. The incrsais detectablaintil 24 dai (Figure 18).

Klode et al [62] provided tools to investigate the tissue specific localization of ABP1, which were
also employed in this studyPromoter::GUSlines of Arabidopsis gABP1::GUS showed clear
differences inlocalization and staining intensities between control and infected roots systems
(Figure 10B). In infected rootsl4 daia strong GUS activity is largely visible in the main roots,
whereas in control roots of corresponding age the staining is confinedttdips especially of the
lateral root systemAt 21 daithe staining in the control roots is almost zero, whereas the gall is highly
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stained. The promoter was not activated by different IAA concentrations (data not shieevimportance
of this signalilg pathway has to berther demonstrated, e.y using conditionahBP 1mutants.

Figure 10. (A) Gene expression of auxin binding protein ABP1) during clubroot.
Transcript analysis was normalized Yo S8 of Arabidopsis. Values are mean thiree
indeperent experimentst SE. Significant changesare indicated by an asterisk.
(B) Promoter::GUSanalysis pABP1::GUS at two time points after inoculatiqadai). The
bar represents 0.1 cm.

2.5. Treatment witiPotassium Channéhhibitors Increase Tolerandewards theClubroot Pathogen

The upregulation oABP1warrants the investigation tifie role ofputative target moleculeturing
gall formation As ABP1 isreportedto be involved in the regulation of cell expans@d] possible
targets are either the'HATPase at the plasma membrane or the influx potassium channels at the same
location fFigurel). The activity of potassium channels is directly connected with the increase of the
turgor pressure within the cell by causing uptake ¢D Hhto the vacuoleand thus the necessary
counterpart to cell wall loosening.”¥hannelactivity can be activated by auxi®3], so the high
auxin concentrationgluring clubroot might directly act on cell elongation via increase of potassium
ion influx and subsequent incsEain turgor pressurén addition K*-channel gene transcription can be
influenced by auxin and follows the auxin redistribution during gravitropic curvature in [6di8é).
A role for K'-channels in auxin induced cell elongation was also demonstratektabidopsis
hypocotyls[66]. After the application of auxin differences between protoplasts from wild type and
K*-channel mutankatl were monitored. The amplitude of 'Kin currents in the mutant was reduced
two-fold in comparison to wild typéndicating a function for KAT1 in auxin induced potassium influx

According to microarray analysgg] several inward directed potassium changehe highly
expressed in the hypocotyls of ArabidopE28] are upregulated after infection with. brassicae
(Figurel11A). All channels belongatthe cyclic nucleotide bindingivard rectifier potassiurohannels.
Clausseret al [67] demonstrated that auxinduced cell elongation could be very effectivaliibited
by potassium channel blockef®herefore, we i the K-channel inhibitor tetraethylammoniu(MEA)



