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The clubroot disease caused by the obligate biotrophic
protist Plasmodiophora brassicae on host plants of the
Brassicaceae family is characterized by enhanced cell div-
ision and cell expansion. Since a typical root section of an
infected plant always includes different stages of the patho-
gen as well as uninfected cells, we were interested in inves-
tigating specific developmental stages of the pathogen and
their effect on host transcriptional changes. We extended
previous microarray studies on whole roots by using laser
microdissection and pressure catapulting (LMPC) to isolate
individual cells harboring defined developmental stages of
the pathogen. In addition, we compared the central cylinder
of infected plants with that of control plants. We were es-
pecially interested in elucidating the stage-specific hormonal
network. The up-regulation of genes involved in auxin and
cytokinin metabolism and signaling was confirmed. In add-
ition, we found evidence that brassinosteroid (BR) synthesis
and signal perception genes were in many cases up-regulated
in enlarged cells and the central cylinder. This was confirmed
by quantitative PCR. Treatment of wild-type plants with the
BR biosynthesis inhibitor propiconazole reduced gall forma-
tion, and the analysis of the BR receptor mutant bri1-6 re-
vealed less severe gall formation than in the respective wild
type. Our results identify novel hormone pathways involved
in clubroot development. Using LMPC to generate pools of
homogeneous cell type populations combined with tran-
scriptome analysis has been very useful to elucidate the
regulation of gall growth by this obligate biotropic pathogen
in a cell- and stage-specific manner.

Keywords: Arabidopsis thaliana e Brassinosteroid e Clubroot
disease ¢ Homogeneous cell type populations ¢ LMPC e
Plasmodiophora brassicae e Propiconazole e Transcriptome.

Abbreviations: ARF, auxin response factor; BR, brassinoster-
oid; CC, central cylinder; dai; days after inoculation; DI,
disease index; ET, ethylene; JA, jasmonate; LMPC,
laser microdissection and pressure catapulting; LP, large

plasmodia; PP2A, protein phosphatase 2A; RT-PCR, reverse
transcription—PCR; SP, small plasmodia; TCA, tricarboxylic acid.

Introduction .

Plants within the family Brassicaceae are subject to infection
with the obligate biotrophic protist Plasmodiophora brassicae.
Using Arabidopsis thaliana as a model system has allowed the
application of available genetic and molecular tools and has
thus advanced our knowledge of this economically important
plant disease (Siemens et al. 2002). The plant hormones auxin
and cytokinin play a role during gall formation, inducing hyper-
trophy and hyperplasia by increased cell division rates and cell
enlargement (Ludwig-Miiller and Schuller 2008, Ludwig-Mdiller
et al. 2009). When host roots have been transformed into galls,
the nutrition of the pathogen is dependent on sugar transloca-
tion from the host plant (Siemens et al. 2011). The investigation
of Arabidopsis mutants involved in various metabolic pathways
has provided only limited insight into the mechanisms by which
the parasite can change the host metabolism (Siemens et al.
2002, Alix et al. 2007). Therefore, several ‘-omics’ studies on the
two different phases of the P. brassicae life cycle have been
performed. The first phase comprises the colonization of host
root hairs, while the secondary phase is confined to the cortex
of the roots (Kageyama and Asano 2009). Transcriptome ana-
lyses during the root hair infection phase preceding the infec-
tion of the cortex showed only a small number of genes altered
in expression (Agarwal et al. 2011). In contrast, comparisons of
the transcriptome during two time points of the secondary
infection phase of the root cortex revealed a high number
of up- or down-regulated genes (Siemens et al. 2006).
Proteome data from Arabidopsis and Brassica roots infected
with P. brassicae gave indications for additional proteins pos-
sibly involved in the interaction (Devos et al. 2005, Cao et al.
2007). Technically, the problem is that an infected root is a
mixture of different cell types harboring different
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developmental stages of the pathogen. In the beginning of the
secondary infection, myxamoebae of the pathogen are
observed (Kobelt 2000). Later plasmodia develop and grow
first in the vicinity of the vascular bundle; afterwards they
can be found in the outer cortex close to the rhizodermis.
These multinucleate plasmodia eventually form resting spores
(Ludwig-Mdiller and Schuller 2008), destroying the structure of
the host cell. Therefore, it is necessary to analyze the global gene
expression patterns in more detail in a cell type-specific
manner.

Different methods can be used for analysis of individual cells
or groups of cells belonging to a certain cell type. The method of
choice, even though technically demanding, is laser microdis-
section (LM), by which individual cells are cut out, pooled and
finally analyzed. Recently, this method has been successfully
used in plant—-microbe interactions for arbuscular mycorrhiza
symbiosis (Guether et al. 2009, Gaude et al. 2012), powdery
mildew infection of Arabidopsis (Chandran et al. 2010), as
well as the interaction of host plants with parasitic nematodes
(Klink et al. 2005, Klink et al. 2009). Alternatively, syncytia
induced in Arabidopis roots by Heterodera schachtii were tran-
scriptionally analyzed by using microaspiration (Szakasits et al.
2009). This method would be difficult to use for the root galls
induced by P. brassicae due to their thickness. Even though the
methods for LM have been described in several papers (e.g.
Thome et al. 2006, Deeken et al. 2008, in addition to those
mentioned above), they are still not routinely applied.
Therefore, many methodological improvements and adapta-
tions to a given plant material need to be carried out.

While the growth hormones auxin and cytokinin have been
studied during clubroot development, not much evidence for
the involvement of other growth-promoting hormones in the
induction of club growth has been presented. For gibberellins,
several genes were reported to be up-regulated in a microarray
study (Siemens et al. 2006), but treatment of P. brassicae-
infected Arabidopsis plants with an inhibitor of gibberellin
biosynthesis did not result in reduced gall size (Pdsold and
Ludwig-Miller 2013), making a contribution of gibberellins to
clubroot development unlikely. Evidence for the involvement
of brassinosteroids (BRs) has been obtained from mutant ana-
lysis (Siemens et al. 2002). The det2 mutation resulted in less
severe galls, even though the plants are dwarfed. DET2 is
involved in the biosynthesis of BR (Li et al. 1997).

In general, BRs are involved in such diverse processes as cell
elongation, cell division, senescence, vascular differentiation,
reproduction, photomorphogenesis and responses to various
stresses (reviewed in Ye et al. 2011). BR function in several of
these processes overlaps with that of auxin, but defects cannot
be completely complemented by the other respective hor-
mone. The biosynthetic pathway of BR is complex and involves
several alternative branches (Fujioka and Yokota 2003). The
perception of the signal is dependent on the plasma mem-
brane-bound receptor kinase BRI1 (Clouse 2011a, Ye et al.
2011). The involvement of additional receptor-like kinases,
such as BAK1, in the BR response suggests that the receptors
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might interact with each other and are functional only as oligo-
mers (Clouse 2011a). Further downstream, a kinase named
BIN2 phosphorylates the transcription factors BES1 and BZR1,
thereby converting these into an inactive state. Activation of
these transcription factors is achieved by the activity of a phos-
phatase [protein phosphatase 2A (PP2A); Clouse 2011a].
Dephosphorylated BES1 and BZR1 activate BR-responsive
genes alone or together with accessory transcription regulators,
resulting in transcriptional networks. Further proteins asso-
ciated with the regulation of this pathway have been discovered
recently (Ye et al. 2011).

Since BR also interacts with auxin at different levels (Halliday
2004), it was of interest to determine whether BR is an add-
itional factor controlling gall size after infection with P. brassi-
cae. In a microarray performed on whole root tissue infected
with P. brassicae that was compared with whole control roots,
an involvement of BR in gall formation was not evident
(Siemens et al. 2006). The present study has used LMPC for
the first time to isolate individual cells harboring defined de-
velopmental stages of the pathogen in this intricate plant—
pathogen interaction. This work demonstrates plasmodial
stage-specific transcriptional changes of the host cells. In add-
ition, the tissues representing the central cylinders of control
and infected roots were compared. Here, we present evidence
that BR synthesis and signaling are involved in gall size, which
was confirmed using the BR synthesis inhibitor propiconazole
(Hartwig et al. 2012) and the BR receptor mutant bril-6. In
addition, the analysis of the total transcriptome of homoge-
neous cell type populations of Arabidopsis harboring various
stages of plasmodia, the major developmental form of P. bras-
sicae in the host root, led to the identification of other meta-
bolic pathways, which could play a role in clubroot
development.

Results

Single cells with different plasmodial stages
can be isolated from Plasmodiophora
brassicae-infected Arabidopsis roots

A major problem when dealing with plant—pathogen inter-
action occurs due to a mixture of infected and non-infected
cells within a given tissue, especially with obligate biotrophic
pathogens such as P. brassicae, the causal agent of clubroot
disease. In addition, the developmental stages of the pathogen
cannot be synchronized, so that small and large plasmodia
occur simultaneously (Fig. 1A, B), and, during later stages,
which were not analyzed here, resting spores are also present
in the same root section. We therefore hypothesized that the
analysis of homogeneous cell type populations harboring dif-
ferent states of the pathogen could contribute to solving this
problem.

We used LMPC with sections of paraffin-embedded
Arabidopsis roots infected with P. brassicae and control roots
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Fig. 1 Using laser microdissection and pressure catapulting (LMPC), it
is possible to isolate single cells harboring the clubroot pathogen
Plasmodiophora brassicae. (A) Example of a cross-section used for
the different experiments under fluorescent light. cc, central cylinder;
sp, small plasmodia; Ip, large plasmodia. With the red bars, the size is
indicated for 1, 31.46 um; 2, 10.66 um; 3, 28.57 um; and 4, 91.04 um.
(B) Pictures from sections 14 days after inoculation (dai) and 21 dai,
where the cell type used for LMPC is indicated by an asterisk. Left
column images show a longitudinal section; right column images a
cross-section. The second panel shows the same section after cata-
pulting out the single cell. The scale bar represents 10 um. (C) RT-PCR
experiment with RNA isolated from either embedded or LMPC-
collected samples and detection of P. brassicae actin transcripts.
Lane 1, non-infected root (34d after germination); lane 2, infected
root (pooled sample at different days after inoculation); lane 3, par-
affin-embedded LMPC-isolated host control cells (same age as sample
5); lane 4, paraffin sections of complete infected root section 24 dai;
lane 5, paraffin-embedded LMPC-isolated host cells containing large
plasmodia (24 dai). The actin band is marked by an arrow; below are
primer dimers.

to isolate individual cells harboring defined developmental
stages of the pathogen and the complete central cylinder.
LMPC was successfully performed (Fig. 1B). Using 20 um
thick longitudinal and cross-sections of paraffin-embedded
14- and 21-day-old infected roots, small plasmodia-containing
cells close to the central stele (left column) and large plasmo-
dia-containing cells in the root cortex (right column) could
have been isolated, as well as the complete central cylinder
(not shown). A section thickness of 20 im was chosen due to
the enlargement of the hypertrophied cells. To verify that RNA
could be obtained and reverse transcription—-PCR (RT-PCR)
fragments could be amplified from isolated cells, initial investi-
gations were performed. In addition to the complex tissues of
infected and control roots and sections of embedded infected
roots we used LMPC-sampled individual control cells and cells
harboring plasmodia. A P. brassicae transcript (PbActin) of
135 bp could only be detected in infected roots and large plas-
modia-containing cells (Fig. 1C, arrow).

For subsequent microarray hybridizations, cell sampling was
done with 20 um cross-and longitudinal sections of 14- and 21-
day-old infected and control roots. The following samples were
used for comparison (Fig. 2A, Table 1): a control which was the
total root section without the central cylinder (14c), the central
cylinder only from control roots (14cc), the central cylinder
only from infected roots (14cci), host cells with small plasmodia
close to the central cylinder (14sp), hypertrophied host cells
with large plasmodia in the cortex area (14lp) and, from 21 days
after inoculation (dai) and respective controls, a control which
was the total root section without the central cylinder (21c),
infected host cells close to the central cylinder (21sp) and
hypertrophied host cells with large plasmodia in the cortex
area (21lp). In general there exist several options to define
the control material: (i) individual healthy cells from control
tissue; (i) individual non-infected cells from an infected root
section; and (iii) complete sections of control roots treated as
the infected sections prior to LMPC. The latter was chosen to
prevent too high variation at least in the control samples. The
comparison of the central cylinder of infected and control
plants was performed because (i) P. brassicae was found in
the xylem of infected plants (Ludwig-Mdiller et al. 1999) and
(i) the vasculature could serve as an exchange point for signals
and nutrients between roots and leaves of the plant, e.g. trans-
port of nutrients to P. brassicae and signals to distant tissues.

The homogeneous cell type populations generated by LMPC
consisted of 345 (14sp), 293 (14lp), 364 (21sp) and 429 (21lp)
cells, respectively. The mean cell size in the different samples
corresponded to the increased hypertrophy of infected cells
harboring large plasmodia (Supplementary Fig. S1). In
Fig. 1A a scale for a non-infected cell, small and large plasmodia
is also indicated. Differential transcriptional responses were
evaluated and analyzed in detail for the following samples
(Table 1): 14cci vs. 14cc (14CC), 14sp vs. 14c (14SP), 14lp vs.
14c¢ (14LP), 21sp vs. 21c (21SP) and 21lp vs. 21c (21LP), with a
2-fold up- or down-regulation as cut-off. We will concentrate in
the following on the results of these five ratios. Comparison of
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all differentially regulated genes in these ratios revealed that the
highest number was found for both samples with large plasmo-
dia (14LP, which are still differentiating and 21LP, which are
mostly differentiated). There were almost similar numbers of
21 dai

CZQ\ cortex Cfo\
@B

plasmodia
small large
(14SP) (14LP)

A 14 dai

central cylinder
(14CC)

control

infected

small  large
(21SP) (21LP)
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Number of differentially regulated genes

14CC 145P 14LP 21SP  21LP
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Fig. 2 Description of the samples used for this study (see also Table 1
for more details). (A) The cartoons show the different comparisons
and locations of the samples within the section in gray (control) and
black (infected); dai, days after inoculation. For more details on the
different comparisons see text and Table 1. (B) Number of genes
differentially regulated after microarray analysis. The samples were
14CC (central cylinder infected vs. control 14 dai), 14SP (cells with
small plasmodia vs. control cortex 14 dai), 14LP (cells with large plas-
modia vs. control cortex 14 dai), 21SP (cells with small plasmodia vs.
control cortex 21 dai) and 21LP (cells with large plasmodia vs. control
cortex 21 dai). Cut-off for differential regulation was < -2 or >2.
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transcripts up- or down-regulated in the different stages
(Fig. 2B).

Differential gene expression in major metabolic
pathways

To get an impression of the general transcriptional changes in
major metabolic pathways, the data were processed and dis-
played using MapMan (Thimm et al. 2004, Fig. 3). Genes indi-
cated in blue in the figure showed an up-regulation and those in
red were down-regulated. Infection per se correlated in most
samples with higher metabolic activities, such as major carbo-
hydrate synthesis (starch, sucrose and glycolysis), the tricarb-
oxylic acid (TCA) cycle and lipid metabolism. With respect to
metabolic changes, the major differences could be observed
between small and large plasmodia and less between the dif-
ferent time points. On the other hand, general cell wall metab-
olism was down-regulated in these large hypertrophied cells. In
small cells from 14- and 21-day-old roots harboring small plas-
modia, MapMan analysis indicated some induction of meta-
bolic pathways, especially in the categories tetrapyrrole, light
reaction, N and S metabolism, glycolysis, TCA cycle and fermen-
tation (for an overview of all pathways see Supplementary
Fig. S2). In large plasmodia-containing cells from 14- and 21-
day-old roots (14LP and 21LP) the induction of the same meta-
bolic pathways was much stronger, an indication for plasmodia
with high metabolic activity (Fig. 3). In line with these obser-
vations, the comparison between infected and control central
cylinders (14CC) also showed not so much metabolic activity,
comparable with 14SP. With respect to metabolic pathways,
the infected root can be viewed as having concentric layers
with different activities, first the central cylinder, then the
inner cortex layer surrounding the central cylinder with
mainly small plasmodia, and finally the outer cortex layer
with large plasmodia.

With regard to synthesis of secondary metabolites
(Supplementary Fig. $3), the differential regulation of terpene

Table 1 Description of LMPC samples used for transcriptional analysis

Sample name Description

Comparison in microarray

14CC = 14cci vs. T4cc (infected central cylinder 14 dai vs. control
central cylinder 14 dai)

14SP = 14sp vs. 14c (infected cell 14 dai vs. control cortex 14 dai)

14LP = 14lp vs. 14c (infected cell 14 dai vs. control cortex 14 dai)

21SP =21sp vs. 21c (infected cell 21 dai vs. control cortex 21 dai)

l4cc Central cylinder from control roots 14d after inoculation

T4cci Central cylinder from infected roots 14d after inoculation

14c Cortex from control roots 14d after inoculation

14sp Host cells with small plasmodia close to the central cylinder
14d after inoculation

14lp Hypertrophied host cells with large plasmodia in the cortex
area 14d after inoculation

21c Cortex from control roots 21d after inoculation

21sp Host cells with small plasmodia close to the central cylinder
21d after inoculation

21lp Hypertrophied host cells with large plasmodia in the cortex

area 21d after inoculation

12LP =21lp vs. 21c (infected cell 21 dai vs. control cortex 21 dai)

dai, days after inoculation; control roots were the same age.
For a graphical depiction of sample details see Fig. 2.
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14CC

minor CHO

lem |29

TCA

Fig. 3 MapMan analysis for metabolism. Only a part of the metabolic overview is shown here; the complete data set is shown in Supplementary
Fig. S2. The samples were 14CC (central cylinder infected vs. control 14 dai), 14SP (cells with small plasmodia vs. control cortex 14 dai), 14LP
(cells with large plasmodia vs. control cortex 14 dai), 21SP (cells with small plasmodia vs. control cortex 21 dai) and 21LP (cells with large
plasmodia vs. control cortex 21 dai). For detailed sample description, see Fig. 2 and Table 1. Blue, up-regulated; red, down-regulated.

(continued)
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Fig. 3 Continued.

biosynthesis is interesting to note. In all ratios from plasmodia-
containing cortex cells the genes from the non-mevalonate
pathway were mostly down-regulated, while those from the
mevalonate pathway were up-regulated. In the central cylinder,
the regulation was just the opposite, even though transcrip-
tional changes were not so prominent. There was an up-
regulation of the shikimate pathway and flavonoid synthesis
in cells harboring large plasmodia at 14 dai and especially at
21 dai, while anthocyanins are regulated in the opposite
manner. Other secondary metabolite pathways, including
that of defense compounds such as glucosinolates, did not
show a clear regulation pattern in any of the comparisons
(Supplementary Fig. S3).

While MapMan displays gene expression data from a single
comparison of two conditions, PageMan (Usadel et al. 2005)
analyzes data series from time courses and/or treatments. One
problem with these types of data sets is usually that due to the
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sheer number of data points it is difficult to visualize an overview
of the data. PageMan can display several experiments in parallel
and can thereby indicate the changed number of transcripts for a
certain process. This gives a cluster of gene families regulated
similarly in the different comparisons. Further analysis using
the GO (Gene Ontology) terms within PageMan showed that
fermentative processes and lipid synthesis in particular were up-
regulated in cells with plasmodia (Supplementary Fig. S4). In
contrast, 3-oxidation and other lipid degradation processes were
down-regulated, which may be an indication for lipids as storage
products of P. brassicae (lkegami et al. 1982).

Plant defense-associated hormones

Hormones involved in plant defense responses, such as jasmo-
nate (JA) and ethylene (ET), were also differentially regulated at
the cellular level. For JA synthesis (Supplementary Fig. S5),
mostly increased transcript amounts were observed for all
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Fig. 4 PageMan analysis for brassinosteroids (BRs). Here the data from the whole root microarray (Siemens et al. 2006) are also included. TP1, 10
dai of whole root microarray; TP2, 23 dai of whole root microarray. The samples from the homogeneous cell sample array were 14CC (central
cylinder infected vs. control 14 dai), 14SP (cells with small plasmodia vs. control cortex 14 dai), 14LP (cells with large plasmodia vs. control cortex
14 dai), 21SP (cells with small plasmodia vs. control cortex 21 dai) and 21LP (cells with large plasmodia vs. control cortex 21 dai). For detailed
sample description, see Fig. 2 and Table 1. Blue, up-regulation; gray, items that are flagged as being unreliably measured.

investigated root cells harboring different developmental stages
of P. brassicae. Also, the JA signaling pathway was differentially
regulated. A down-regulation of the signaling components JAR1
[synthesis of the receptor ligand jasmonyl-isoleucine (JA-lle)]
and COI1 (receptor) specifically in the central cylinder was
observed, while three JAZ transcriptional repressor genes
were actually up-regulated (Supplementary Table S4). Cells
with older plasmodia, and especially large plasmodia from 21-
day-old roots (21LP), showed elevated transcription of ET syn-
thesis genes (Supplementary Fig. S5), as indicated by the more
reddish colors, while ET synthesis in cells harboring younger
plasmodia was not as clearly regulated. Salicylic acid and ABA
metabolism and signaling were down-regulated in large plas-
modia-containing cells 14 dai (data not shown).

Plant growth-promoting hormones

Plant hormones, especially auxins and cytokinins, are important
to clubroot development (see comparisons with whole root
array data in the Supplementary tables). The GH3 family
IAA-amino acid conjugate synthetases (Supplementary
Table S1) and also IAA-amino acid conjugate hydrolases
(Supplementary Fig. S6) were differentially expressed in plas-
modia-containing cells, indicating highly active auxin metabol-
ism. A gene from the nitrilase family involved in auxin
synthesis, Nitrilase2 (Nit2), was up-regulated in large plasmo-
dia-containing cells from 14- and 21-day-old roots (14LP and

21LP) (Supplementary Fig. S6, Supplementary Table S1). Also
another auxin biosynthesis gene, CYP79B2, is up-regulated in
these samples, but the homologous gene CYP79B3 is down-
regulated (14SP, 14LP and 21SP) as shown in the AraCyc
pathways (Supplementary Fig. S6). Root-specific cytokinin
oxidase CKX1 and CKX6 genes were down-regulated in com-
plete root gall tissues compared with controls (Siemens et al.
2006), whereas CKX4 was up-regulated at the late time point of
infection. The LMPC analysis could confirm the down-regula-
tion of CKX1 for the infected central cylinder and especially for
cells containing large plasmodia (Supplementary Table S2).
In addition, down-regulation of CKX3 and CKX7 in the infected
central cylinder and of CKX3 also in large plasmodia-containing
cells has been observed. A different expression pattern for
CKX6 was observed with LMPC samples. CKX6 was down-
regulated only in the infected central cylinder and was
strongly up-regulated in plasmodia-containing cells of the
cortex.

Brassinosteroid-related transcripts are
differentially regulated

In this work we could identify several components in BR syn-
thesis and signaling, which are differentially regulated in root
cells harboring different developmental stages of P. brassicae
(Figs. 4-6; Table 2; Supplementary Table S3). The PageMan
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Fig. 5 Differential regulation of brassinosteroid biosynthesis taken
from AraCyc (www.arabidopsis.org). Only one biosynthesis branch is
shown. The last branch contains enzymes involved in the inactivation.
Samples are given in the following order: 14CC, 14SP, 14LP, 21SP and
21LP. For details, see the legend of Fig. 3, Table 1 and text. Blue arrow,
up-regulation; orange arrow, down-regulation; black arrow, no regu-
lation. Abbreviations for enzymes are given in red, those where no
further information is available in gray and those of compounds in
black.

overview (Fig. 4) indicates a significant up-regulation of BR
metabolism for hypertrophied cells, i.e. cells with large plasmo-
dia at both time points, 14LP and 21LP, as well as enhanced
signal transduction in cells with large plasmodia, 21LP. The
central cylinder exhibited clear transcriptional activation only
for signal transduction, while the 21SP sample only showed
strong regulation in the category synthesis—degradation. A
more detailed analysis of the pathways revealed that most tran-
scripts encoding components of the biosynthetic pathway were
up-regulated (Fig. 5; Supplementary Table S3). For example,
transcripts encoding CAST and DWF5 were increased in all sam-
ples, whereas other genes were confined in their regulation to
some plasmodial stages. It should be noted that the expression
of some genes of the BR synthesis pathway was also increased in
the central cylinder of infected plants. In contrast, genes encod-
ing enzymes for BR metabolism and degradation were either
down-regulated or not regulated at all in the investigated LMPC
samples. The only exception was BAST that was up-regulated in
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Fig. 6 Differential regulation of brassinosteroid biosynthesis by
putative transcription factors (upper part of figure) and signaling
(lower part of figure) redrawn according to Ye et al. (2011). Samples
are given in the following order: 14CC, 14SP, 14LP, 21SP and 21LP. For
details, see the legend of Fig. 3, Table 1 and text. Blue arrow, up-
regulation; orange arrow, down-regulation; black arrow, no regulation.
For details on the regulation of synthesis and metabolism, see Fig. 5.
Phosphorylation of BEZ1/BZR1 results in protein degradation, cyto-
plasmic retention and reduced DNA binding, and also has an inhibi-
tory effect on some biosynthesis steps. Activation of BR-responsive
genes results in various features, i.e. cell elongation, cell division, root
growth, xylem development and stress responses. The interactions
with respect to auxin are shown in red.

the central cylinder and in 14LP and 21SP. Interestingly, tran-
scription of this gene was also strongly up-regulated in the
whole root array at TP1.

While transcription factors possibly controlling BR biosyn-
thetic genes were not considerably regulated (Fig. 6), compo-
nents of the signaling pathway were more often up-regulated
(Fig. 6; Table 2). The data for genes involved in BR signal trans-
duction were compiled from Ye et al. (2011) and Clouse
(2011b). The gene encoding the membrane-bound leucine-
rich repeat receptor-like kinase BRI1, required for BR percep-
tion, was strongly up-regulated in 14CC, 14SP and 14LP cells. In
agreement with this, this gene was also up-regulated at 10 dai in
the whole root array, even though with a small induction rate of
2-fold. BKI1, a membrane-associated negative regulator of BR
signaling that in the absence of BR probably prevents binding of
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Table 2 Differential regulation of selected brassinosteroid signaling-associated genes

AGI No. Gene name  Array result whole root Array result LMPC samples

TP1 TP2 14CC 14SP 14LP 21SP 21LP
At4g39400  BRIT 2.05 0 11.85 55.55 55.58 -100 0
At2g01950  BRL2 3.14 -4.17 -12.80 17.35 0 -100 -9.59
At3g13380 BRL3 0 0 -22.48 -100 -100 0 21.71
At5g42750  BKI1 0 5.29 2.08 0 -3.96 0 -6.23
At4g33430  BAK1 0 0 62.54 0 -2.55 0 0
At2g46280  TRIP1 0 0 0 49.71 64.39 0 0
At5g58220 TTL 0 2.02 0 0 0 0 0
At4g35230  BSK1 0 0 3.23 -25.32 0 4.60 15.09
At5g46570  BSK2 3.80 0 0 15.90 27.21 0 832
At4g00710  BSK3 0 0 -6.32 -11.68 =237 0 6.04
At1g03445  BSU1 0 0 0 8.17 0 0 0
At4g18710  BIN2 -2.70 0 0 11.77 52.73 100 99.41
At1g06390  BIL2 0 2.41 0 —15.48 —5.46 15.49 65.53
At1g19350  BEST Nt on Affymetrix array -2.24 2.41 8.56 8.76 100
At1g75080 BZR1-1 0 0 -27.01 0 0 0 0
At3g50750  BEH1 -2.70 4.01 0 -4.33 -8.79 0 -4.89
At1g69960  PP2A 0 0 —5.46 100 100 0 80.09
At5g08130  BIM1 2.27 2.61 2.41 -2.15 =212 100 100
At5g04240  ELF6/REF6 0 0 =295 0 2.42 -100 -100
At1g32130  IWS1 0 0 2.75 0 0 100 5.68
At4g30610  BRST 0 0 100 0 0 0 0
At1g71930 VND7 -2.04 0 —45.04 =221 -3.05 0 -3.90
At5g62380 VND6 0 -4.76 -8.82 -11.24 -3.03 0 =332

A larger compilation can be found in Supplementary Table S3.

Transcripts were considered up- or down-regulated at > 2-fold induction/repression. For simplification, values below this threshold are given as ‘0’ regulation.

The two time points for the whole root Affymetrix microarray were TP1 10 days after inoculation (dai) and TP2 23 dai (Siemens et al. 2006).

The samples from the Agilent array using LMCP samples were 14CC (central cylinder infected vs. control 14 dai), 14SP (cells with small plasmodia compared with
control cortex 14 dai), 14LP (same for cells with large plasmodia), 21SP (cells with small plasmodia compared with control cortex 21 dai) and 21LP (same for large

plasmodia).

Up-regulated genes are marked in blue, and down-regulated genes in orange. 100/-100 is the cut-off for up-regulation and means that the regulation is equal to or

larger than this value.

the BRIT co-receptor BAK1, was up-regulated in 14CC and
down-regulated in 14LP and 21LP. BAKT itself, which stimulates
BRI1 kinase activity, was strongly up-regulated in 14CC. TRIP1,
another putative cytoplasmic substrate of BRI1, was strongly
up-regulated in 14SP and 14LP. Positive regulators of BR signal-
ing, such as the BRI1 interactors BSK7-BSK3, were differentially
regulated in the investigated tissues and cell types. In response
to BR, BRIT phosphorylates BSK1 and phosphorylated BSK1
interacts with the phosphatase BSU1 and by this promotes
its interaction with the negative regulator BIN2, which plays a
central role in the downstream signaling process. BSU1 depo-
sphorylates BIN2, resulting in its inactivation. BIN2 negatively
regulates BR signaling by phosphorylating the transcription fac-
tors BZR1 and BES1. Phosphorylation of BZR1 and BES1 inhibits
their DNA binding ability and dimerization with other tran-
scription factors. BSU transcripts were only up-regulated in
14SP. On the other hand, a strong up-regulation of BIN2
was observed in all infected cortex cells at both time points.

The up-regulation of BIN2 could also indicate an induction of
auxin-mediated gene expression, because BIN2 phosphoryl-
ation prevents binding of the repressor auxin response factor
2 (ARF2) to the promoter of auxin-responsive genes (Vert et al.
2008). In the same plasmodia-containing samples, the tran-
scription factor BEST was also strongly up-regulated.
Interestingly, BIN2 was not regulated in the central cylinder,
in contrast to the transcription factors BZR1-1 and BEST,
which were both down-regulated in the central cylinder.
PP2A is involved not only in dephosphorylation and thereby
in activation of the transcription factors BZR1 and BES1, but
also in degradation of BRI (Ye et al. 2011). The PP2A transcript
was down-regulated only in 14CC, but it was strongly up-regu-
lated in 14SP, 14LP and 21LP.

In response to BR activation, BZR1 and BES1 bind to the
promoters of hundreds of BR-responsive genes, whereas they
can act as both transcriptional activators and repressors.
Dimerization/interacting partners have been reported, such
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Table 3 Verification of transcriptome data by quantitative RT-PCR for selected genes in BR biosynthesis and signaling

AGI Gene name 14CC 14SP 14LP 21SP 21LP

At3g19820 DWF1 Array 2.40 19.40 100.00 0.00 -52.67
gPCR 2.07 Up Up 100.00 59.63

At1g50430 DWF5 Array 20.00 6.90 57.51 100.00 71.86
gPCR 512 100.00 100.00 Up Up

At4g39400 BRI1 Array 11.85 55.55 55.58 -100.00 0.00
qPCR 19.85 100.00 100.00 -100.00 -4.29

At5g08130 BIM1 Array 2.41 -2.15 -2.12 100.00 100.00
gPCR 4.06 Up Up Up Up

The samples were 14CC (central cylinder infected vs. control 14 dai), 14SP (cells with small plasmodia compared with control cortex 14 dai), 14LP (same for cells with
large plasmodia), 21SP (cells with small plasmodia compared with control cortex 21 dai) and 21LP (same for large plasmodia).

For some control samples, no PCR product was obtained, but the sample from infected tissue gave values. In these cases, the regulation was designated ‘Up’.

As a cut-off for differential regulation, a value of 100 (as in the microarray data) is given.

as BIM1, ELF6/REF6 and transcription elongation factor IWS1.
BIM1 was slightly up-regulated in 14CC and strongly up-
regulated in 21SP and 21LP. On the other hand, a slight
down-regulation was observed for 14SP and 14LP. IWS was
also slightly up-regulated in 14CC, and more strongly up-
regulated in 21SP and 21LP. ELF6/REF6 showed an opposite
regulation. Other downstream factors involved in signaling
are the NAC-domain transcription factors VND6 and VND?7,
whose transcripts showed strong down-regulation in all sam-
ples, with the exception of 21SP (Table 2). Lastly, the gene BRS1,
encoding a carboxypeptidase, which was isolated as a repressor
of BRI, was strongly up-regulated in the central cylinder.
Further evidence for its function was provided by the investi-
gation of gall formation of mutant lines (Fig. 8).

To verify the transcriptome data by quantitative RT-PCR,
we chose several genes from the BR biosynthesis and signaling
pathways (Table 3), as well as genes annotated to different
hormone pathways and one gene from primary metabolism
(Supplementary Table S4). The up-regulation of DWF5, a
gene encoding an enzyme of the biosynthetic pathway, was
confirmed in all individual cell samples. The regulation of
DWF1 was confirmed in three of the five samples. The expres-
sion patterns for all homogeneous cell type samples were also
confirmed for the receptor gene BRIT and in three samples
(14CC, 21SP and 21LP) for BIM1. Thus, we could verify approxi-
mately 75% of the microarray data by additional qRT-PCR,
which is in the range of published confirmations of these
kinds of experiments (e.g. Bruder et al. 2007; verification of
nine out of 12 samples by quantitative PCR). For several
other genes not belonging to the BR pathway, we could also
verify the gene expression patterns by quantitative RT-PCR
(Supplementary Table S4) as shown for the central cylinder
(14CC). Here, the results showed an even higher percentage of
verification, as 14 out of 15 data sets could be confirmed. For
certain genes, no PCR products in the quantitative RT-PCR
experiments were obtained in the control samples, most prob-
ably because the expression levels were at the detection limit. In
these cases, the regulation was designated ‘up’. Variations in
transcription levels between microarrays and quantitative PCR
have already been described (Morey et al. 2006).

Impairment of brassinosteroid biosynthesis and
signaling results in tolerance to the clubroot
disease

To confirm the results that have been obtained by microarray
analysis following LMPC of infected host cells indicating a role
for BR synthesis and signaling in clubroot development, we
investigated the effect of (i) a BR biosynthesis inhibitor and
(i) mutations in BR signaling components on clubroot devel-
opment. As an inhibitor of BR synthesis, the recently intro-
duced propiconazole was tested (Hartwig et al. 2012). The
treatment started with the time point of inoculation, so that
the above-ground plant parts and the root system of control
and treated wild-type plants had the same size at the beginning
of the experiment. After the same time period as the untreated
wild type and mutant lines, plants treated with 1 UM propico-
nazole were evaluated for gall development (Fig. 7). It can be
clearly seen that the inhibition of BR synthesis resulted in re-
duction of gall size and consequently the root system on these
plants was larger. Transformed into a disease index (DI; Siemens
et al. 2002), the results showed that again this index was lower
and more plants were found in disease classes indicative of
tolerance (Fig. 8). When the percentage of plants in individual
disease classes is displayed separately, it is obvious that inhib-
ition of BR synthesis resulted in more plants in lower disease
classes, leading to significant (P < 0.01) differences between
control and treated plants (Fig. 8). The DI of Enkheim-2
(En-2) plants in this experimental approach was somewhat
lower when compared with that of the following experiment
(see below), perhaps due to the treatment with larger amounts
of water every second day during the treatment, which might
have led to dilution of spores. However, additional treatment of
wild-type plants with an active BR did not cause any further
increase in gall size (data not shown).

In addition, three mutants in BR signaling were investigated:
the receptor mutant bri1-6, as well as the suppressor mutants
bri1-5 bak1-1D and bri1-5 brs1-1D. Even though these BR sig-
naling mutant lines are smaller than the wild type (shown for
bri1-6 in Supplementary Fig. S7), reduction of gall size was
obvious and healthy root tissue was also present for bri1-6
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P. brassicae

control

Prp

bri1-6

Fig. 7 Gall phenotype of the wild type (En-2), the wild type treated
with 1M propiconazole and bri1-6 mutant plants. The left-hand
panels show control roots, and the right-hand panels show the
roots infected with P. brassicae. The scale bar represents 1cm. For
above-ground phenotypes, see Supplementary Fig. S7.

(Fig. 7). The DI mentioned above also takes into account that
smaller plants could produce smaller galls. Using this index,
bri1-6 had a significantly lower DI compared with the respective
wild-type En (Fig. 8). The result becomes more obvious when
the percentage of plants in individual disease classes is dis-
played, where bri1-6 had more plants in lower disease classes
than the wild type, again showing significant differences
(P <0.01) between wild-type and mutant populations (Fig.
8). It should be noted that on bri1-6 plants as well as for
wild-type plants treated with the BR synthesis inhibitor propi-
conazole, the root was not completely transformed into a gall

and there were still macroscopically intact roots visible (Fig. 7).
A variation in the severity of disease symptoms is shown in
Supplementary Fig. S7. In contrast, all wild-type plants had
roots that were completely transformed into galls. Two sup-
pressor mutants for BRIT were also included, which had an
intermediate phenotype concerning plant size (data not
shown). Both (bri1-5 bak1-1D and bri1-5 brs1-1D) are in the
Wassilewskija (WS) background. The DI did not show any dif-
ference compared with the wild type (Fig. 8), but when the
data were displayed again as a percentage of plants in the dif-
ferent disease classes, more plants were found in class 3 for the
two mutant lines, whereas the wild type had more in class 4
(Fig. 8), even though for the whole data set no significance
could be calculated. This would confirm the intermediate
phenotype of the suppressor lines for bril.

Discussion

While gene expression patterns using whole tissues have been
analyzed at different time points during clubroot disease
(Siemens et al. 2006, Agarwal et al. 2011), this report downscales
the resolution by investigation of the gene expression profiles of
pools of host cells containing different developmental stages of
the pathogen isolated by LMPC. In plant—pathogen inter-
actions not many reports of such attempts exist, especially
using root tissue. Examples are arbuscular mycorrhiza-
colonized roots (Guether et al. 2009, Gaude et al. 2012) and
roots colonized with nematodes (Klink et al. 2005, Klink et al.
2009). Here, we report the separation of different developmen-
tal stages of the protist, P. brassicae, a true intracellular patho-
gen, causing clubroot disease. Due to its obligate biotrophic
lifestyle, the interaction with the host cell is very strong. The
time points after inoculation used in this study are similar to
those investigated by Siemens et al. (2006) using whole roots,
with the exception that in our work resting spores which never
matured were visibly present in sections of infected roots. We
have compared our results obtained with homogeneous cell
type populations with the results from the whole root tissue
study. The range of developmental stages of P. brassicae in our
investigation is defined from host cells containing small plas-
modia at 14 and 21 dai close to the central cylinder to strongly
hypertrophied host cells containing large plasmodia in the
outer cortex of the roots (Fig. 1A) also at 14 and 21 dai. The
latest stages are large plasmodia in enlarged cells 21 dai, which is
close to sporulation. Small and large plasmodia-containing cells
were chosen, because the plasmodia represent the main devel-
opmental stage within the root cortex. They are involved in
reorganization of the host tissue for their benefit and also
alter nutritional flow towards the root galls (Ludwig-Miiller
et al. 2009). The central cylinder was also analyzed during the
early time point 14 dai, because young plasmodia have been
observed there (Ludwig-Mliller et al. 1999). Even though the
focus was on BR-related genes, many other metabolic pathways
are differentially regulated, which will be briefly discussed.
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Fig. 8 Phytopathological analysis of BR synthesis inhibition and BR signaling mutants in comparison with wild-type plants 28 dai. The wild type
(En-2) was treated with the BR biosynthesis inhibitor propiconazole at 1 uM. The BR signaling mutants tested are bri1-6 (En-2 background) and
two suppressor mutant lines bri1-5 bak1-1D and bri1-5 brs1-1D (in the WS background). The experiments with En-2 plants are given as a separate
data set, because the control groups were treated differently (see the Materials and Methods). The percentage of plants in the individual disease
classes is shown. 0, no symptoms; 1, very small galls mainly on lateral roots and that do not impair the main root; 2, small galls covering the main
root and few lateral roots; 3, medium to large galls, also including the main root; and 4, severe galls on lateral root, main root or rosette; fine roots
completely destroyed. For each treatment, at least 60 Arabidopsis plants per tray were analyzed, and two trays were investigated in one
experiment. The experiments were repeated with independently cultivated plant material (double mutants twices, propiconazole treatment
three times and bri1-6 six times). The qualitative disease assessment data were analyzed first by using the Kruskal-Wallis test and subsequently
by comparing the mean rank differences. The brackets indicate the two samples which were compared, and an asterisk indicates a significant

difference at P < 0.01. The disease index for each sample is given as a number above the respective histograms.

Further transcriptional changes should be used as indications
for future, more detailed, investigations.

Many metabolic pathways are altered in cells
harboring plasmodia

The analysis of the transcriptome in homogeneous cell type
populations of the host inoculated with P. brassicae provided
more detailed information on metabolic processes during
reprogramming of host cells and the development of plasmodia
at two different time points after inoculation. Both young and,
even more so, older growing plasmodia should be regarded as
metabolically highly active, which could have an effect on the
host cells. It was shown recently that the inhibition of invertase
activity in Arabidopsis reduced club size significantly after in-
fection with P. brassicae (Siemens et al. 2011), highlighting the
importance of assimilates for the pathogen. Major pathways
influenced in our investigation were sugar metabolism, lipid
synthesis and metabolism, and fermentative processes.
In contrast to lipid metabolism, differential gene regulation
associated with fermentation did not show up in the whole
root array data. While the increase in energy metabolism, for
example glycolysis, TCA cycle, electron transport and N/S

assimilation, was to be expected, the observation that
fermentation-related transcripts increased was somewhat
surprising.

A role for fermentation processes in plant—pathogen inter-
actions has been postulated earlier (Wildermuth 2010). In tis-
sues with high O, demand, which can be the case in obligate
biotrophic pathogen interactions with the host, hypoxia or
anoxia is a frequent metabolic status even during normal de-
velopment, due to a lack of an active transport system for
molecular oxygen (Geigenberger 2003). The fermentative path-
way could thus be important to maintain the primary energy
metabolism of the host cell under conditions of an increased
metabolic flux (hexose to pathogen) and an assumed low
oxygen pressure (high oxygen for pathogen; oxygen consump-
tion by a hypersensitive reaction) at the site of pathogen infec-
tion (Proels et al. 2011). Pathuri et al. (2011) showed that
alcohol dehydrogenase 1 of barley modulates susceptibility to
the parasitic fungus Blumeria graminis f.sp. hordei. Furthermore,
Tadege et al. (1998) showed that overexpression of a pyruvate
decarboxylase in potato leaves results in increased acetaldehyde
concentrations and induction of plant defense reactions. In the
case of the Arabidopsis—P. brassicae interaction, the induction
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of fermentation processes in plasmodia-containing cells corrob-
orates the increased energy metabolism, which could also lead
to oxygen shortage in this interaction, as explained above.

Furthermore, it was also shown that in cells containing old,
large plasmodia, cell wall synthesis tended to be more down-
regulated. This has been previously interpreted as reduced de-
fense of the plant (Agarwal et al. 2011), or as a prerequisite for
cell enlargement (Ludwig-Mdiller 2009).

Differential regulation of plant hormone
metabolism

Multiple lines of evidence indicate that plant hormones are
involved in the growth of clubroots (reviewed in Ludwig-
Miller et al. 2009). In general, four growth-promoting hormone
classes are described: auxins, cytokinins, gibberellins and BRs.
So far auxins (Grsic-Rausch et al. 2000) and cytokinins (Siemens
et al. 2006) have been shown to be responsible for hypertrophy
and cell divisions in clubroots. Consequently, Arabidopsis
plants with altered auxin levels showed reduced gall formation
(Grsic-Rausch et al. 2000). Also, with regard to cytokinins it has
been reported that overexpression of CKX1 and CKX3 resulted
in higher resistance to clubroot (Siemens et al. 2006).
Indications for a role of gibberellins in clubroot development
are scarce. Recent observations indicate that gibberellin syn-
thesis is not needed for the development of clubroot galls in
Arabidopsis (Pdsold and Ludwig-Miiller 2013). In agreement
with this, the LMPC microarray analysis revealed no significant
differential regulation patterns for gibberellin-associated tran-
scripts (data not shown). Besides the above-mentioned hor-
mones, BRs are also linked to cell division and are implicaed in
regulating cell expansion together with auxins (Clouse 2011b).

To date, expression data for hormone-related transcripts
were not stage specific, but based on previous results it can
be expected that auxins in particular can be linked to hyper-
trophied cells. An increased auxin content in infected
Arabidopsis roots was correlated with an increase in nitrilase
transcripts NIT1 and NIT2, and nit1 mutants showed smaller
galls (Grsic-Rausch et al. 2000). NIT1/NIT2 were also up-
regulated in a whole root array analysis (Siemens et al. 2006).
In the present cell-specific analysis, a high induction of NIT2 and
a somewhat lower induction for an NIT1 splice variant was
found exclusively in strongly hyptertrophied host cells harbor-
ing large plasmodia at 14 and 21 dai which were located in the
outer root cortex. The stage-specific strong up-regulation of
NIT2 in these large plasmodia-containing cells at both investi-
gated time points (approximatley 90- and 60-fold induction)
was significantly different compared with the regulation found
in the whole root array. In contrast, no significant induction was
found at the first time point of the whole root array and only a
7-fold increase was observed for the second time point
(Supplementary Table S1). Two pieces of independent experi-
mental evidence verify the expression patterns from the pre-
sent study on a cellular level. First, the expression pattern of
nitrilase found here in cells harboring large plasmodia 21 dai

confirms previous immunolocalization work demonstrating
that the nitrilase protein localized to cells harboring large and
sporulating plasmodia (Grsic-Rausch et al., 2000) and, secondly,
Arabidopsis promoter:GUS lines for nitrilase2 also showed the
highest staining in large plasmodia-containing cells (Pisold
et al. 2010).

Some of the most highly differentially regulated genes
involved in auxin homeostasis from the whole root array ex-
periment, the GH3 family of auxin conjugate synthetases
(Staswick et al. 2005), were also up-regulated in plasmodia-
containing cells according to the LMPC data (Supplementary
Table S1). Interestingly, genes belonging to the auxin conjugate
hydrolase family were up-regulated in the analysis using homo-
geneous cell type populations, whereas no evidence for the
involvement of auxin conjugate hydrolysis was found in the
whole root array in Arabidopsis. These results point to a pos-
sible dilution of low abundant transcripts, which can only be
detected by the more confined LMPC method. In Chinese cab-
bage, a differential regulation of auxin conjugate hydrolases was
demonstrated during clubroot formation (Schuller and Ludwig-
Midiller 2006).

Many genes encoding proteins involved in the synthesis and
metabolism of defense hormones were differentially regulated
when analyzed at the level of homogeneous cell type popula-
tions. Since the enzymes are encoded by large gene families, the
regulation was not completely consistent for all genes within a
family (Supplementary Fig. S5). However, generally more
genes were up-regulated in cells with older, large plasmodia.
At earlier time points, the pathogen might be able to suppress
host defense mechanisms, so that its own nutrition is guaran-
teed. This hypothesis is in agreement with the observation that
many defense genes were not up-, but even down-regulated in
the whole root array (Siemens et al. 2006, Ludwig-Mdiller 2009).
For JA synthesis mostly increased transcript amounts were
observed, which was especially strong in 14CC and 14SP sam-
ples (Supplementary Fig. S5). However, since it was shown
that JA can induce nitrilase (Grsic et al. 1999), the increase in
JA biosynthesis might have roles additional to defense activa-
tion. Salicylic acid metabolism on the other hand was down-
regulated, especially in large plasmodia-containing cells 14 dai
(data not shown); a down-regulation of the salicylic acid path-
way was confirmed for root hair expression data (Agarwal et al.
2011). ET synthesis was up-regulated mainly in infected host
cells (21 LP), while during early stages the regulation of ET
synthesis was not so prominent. Agarwal et al. (2011) observed
that during the very early interaction between P. brassicae and
root hairs, ET synthesis is down-regulated. However, intact ET
signaling is required to restrict gall size (Knaust and Ludwig-
Miiller 2013).

Brassinosteroid synthesis and signaling are
involved in clubroot formation

Hallmarks of the microscopic clubroot phenotype are the
enlarged (hypertrophied) cells as well as the increasing
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number of cell divisions (Ludwig-Mdiller et al. 2009). The first
indications that BRs might be involved in gall development
came from work by Siemens et al. (2002), who showed that
mutants in BR synthesis (det2) were more tolerant to the club-
root pathogen, even though the plants were very small. A role
for BRin clubroot formation has so far been overlooked, because
it was not prominent in whole root arrays (Siemens et al. 2006)
(Supplementary Table S$3). While most genes encoding BR
biosynthetic enzymes were considerably up-regulated at several
stages and time points in the arrays using homogeneous cell
type populations, the genes encoding degrading enzymes were
either not regulated at all or were down-regulated in these sam-
ples (Fig. 5; Supplementary Table S3). However, it should be
noted that DET2 transcripts were not differentially regulated,
even though the mutant displayed an altered phenotype con-
cerning gall formation. It is assumed that all tissues can synthe-
size BRs, but the DET2 expression in roots is quite low, as found
in public internet resources (i.e. eFP browser, http://bar.utor
onto.ca; Winter et al. 2007) and also for clubroots, which may
indicate effects of upper plant parts on gall formation.
Further evidence for the involvement of BR synthesis was ob-
tained in this study by treatment of plants with the BR synthe-
sis inhibitor propiconazole, which was recently introduced
by Hartwig et al. (2012). These authors showed that at low
concentrations this compound inhibited the biosynthesis of
brassinolide when Arabidopsis plants were grown on agar
plates containing the inhibitor. Here we show that this com-
pound also has inhibitory action when plants were grown in soil
and the roots were directly treated with the inhibitor dissolved
in H,O. Regular treatment with the biosynthesis inhibitor re-
sulted in a reduction of clubroot symptoms similar to the symp-
toms observed for the bri-1-6 receptor mutant (see below).

The LMPC data also revealed differentially regulated genes
for BR signaling. The expression of a BR receptor and other
genes classified as BR related was up-regulated in cells harbor-
ing plasmodia of different size and age, including the central
cylinder of infected roots (Table 2; Fig. 6). This correlates with
the reduced gall size of bri1 mutants (Figs. 7, 8), whereas sup-
pressor mutants (bri1-5 bak1-1D, Li et al. 2002; bri1-5 brs1-1D,
Li et al. 2001) showed an intermediate phenotype, even though
BRS1 was only up-regulated in the central cylinder. Since the
mutant allele bri1-1 (Clouse et al. 1996, Friedrichsen et al. 2000)
is extremely dwarfed, and therefore the infection with P. bras-
sicae could not be evaluated, the mutant bri1-6 (Noguchi et al.
1999, Friedrichsen et al. 2000) in the En background was ana-
lyzed in comparison with the respective wild type. The bri1-6
mutant is somewhat smaller than the wild type, but may be
three times the size of bri1-1 (data not shown). By showing that
there were still roots attached to the gall system of mutant
plants, a function for BRs in clubroot development has here-
with been demonstrated.

Auxin-brassinosteroid cross-talk

Stage-specific transcriptional changes of BR-associated genes
implied that BRs are specifically important for the development
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of cell size. BRs could be involved in causing hypertrophy to-
gether with auxin, because genes encoding biosynthetic en-
zymes, for example CPD, regulated by auxin were positively
affected in plasmodia-containing cells (Figs. 5, 6). While
auxin induces expression of a gene encoding a biosynthetic
enzyme involved in BR synthesis via the transcription factor
BRX (Beuchat et al. 2010), BR induces transcription factors
(ARFs) involved in the activation of auxin-responsive genes
(Depuydt and Hardtke 2011), and a set of common target
genes for both hormones has been described (Goda et al.
2004). Even though BRX and some ARFs were not obviously
differentially regulated in our experiments, interplay between
auxin (Supplementary Tables S1) and BR signaling is possible
and could be responsible for the hypertrophy observed in
mature clubroots. A direct point for auxin—-BR cross-talk is
BIN2, encoding the AtSK protein, a shaggy-like kinase family
member. In the BR signaling pathway, BIN2-mediated phos-
phorylation appears to promote BZR1 export from the nucleus
(Ryu et al. 2007). Both BIN2 and the corresponding phosphat-
ase PP2A are up-regulated in many plasmodia-containing cells
investigated, which is at first glance contradictory (Fig. 6;
Table 2). However, the role of BIN2 could be to regulate
auxin—BR cross-talk, while PP2A only regulates BR signaling.
BR signaling triggers the BIN2-mediated phosphorylation of
the ARF2 repressor to inhibit its binding to auxin-response
elements in the promoters of BR/auxin-regulated genes (Vert
et al. 2008). Once this repressor (and also others) is removed,
auxin-dependent gene expression via positive ARFs could be
activated. Thus, up-regulation of BIN2 might be involved in
positively regulating auxin-related gene expression (Fig. 6).
For the regulation of transcription factors it could be that,
since the cut-off used to define up- or down-regulation was + 2,
transcription factors with low expression levels did not fit the
criteria, even if their presence in the individual cells could con-
tribute to transcriptional activation. It was shown in micro-
arrays that the levels of transcription factors are usually quite
low (Czechowski et al. 2004). Another transcriptional regulator
of BR synthesis, CES (Poppenberger et al. 2011), was even down-
regulated in three investigated cell types (Fig. 6; Table 2), sug-
gesting that direct transcriptional activation might be achieved
by different signals, perhaps deriving from P. brassicae itself.

Brassinosteroids and xylem formation

In addition to many other growth regulatory effects, BRs are
involved in the proper development of the vasculature in stems
(Ibanes et al. 2009). Changes in vessel structures were already
reported as early as in the 1980s by Ikegami and Yamashita
(1983), who described the disorientation of vessels in turnip
roots infected with P. brassicae. Thus it is no surprise that many
genes connected to BR synthesis were also up-regulated in the
central cylinder area. Further indications for a role for xylogen-
esis in gall formation comes from recent work by Malinowski
et al. (2012), who showed by quantitiative RT-PCR that the
transcription of two NAC-domain-containing transcription
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factors, VND6 and VND7, was down-regulated in root galls.
These two transcripts were identified as factors involved in
BR-related transcription according to TAIR annotations and
were consistently down-regulated in 14CC, 14SP, 14LP and
21LP (Table 2). It was shown that the reprogramming of the
host tissue was dependent on cell division and retention of
meristematic activity (Malinowski et al. 2012). In addition,
gall development was dependent on the meristematic activity
in the vascular cambium, because disrupting this activity re-
sulted in smaller galls. In galls, the proper formation of xylem
was altered in favor of enlargement of the meristematic region
(Malinowski et al. 2012). BRs may be synthesized by the plantin
the central cylinder region in order to counteract the disassem-
bling vasculature, if xylogenesis is repressed, for example by
VND6 and VND?.

Brassinosteroids and disease resistance

The above-mentioned findings point to a role for BRs in tissue
hypertrophy. Nevertheless, a role for BRs in disease resistance
cannot be excluded. Application of brassinolide promotes dis-
ease resistance in rice and tobacco (Nakashita et al. 2003). In the
context of clubroot disease our data revealed the opposite re-
sponse: reduction of BR synthesis led to tolerance and treat-
ment with BR did not alter disease symptoms. In a recent
investigation it has been shown that BR can act antagonistically
or synergistically with responses to MAMPs (microbial-asso-
ciated molecular patterns) and that the synergistic activities
of BRs on MAMP responses require BAK1 (Belkhadir et al.
2012). In addition to BRI1, BAK1 also interacts with the co-
receptor FLS2, resulting in the activation of the plant
immune response (Wang 2012). On the other hand, BRs also
inhibited signaling triggered by the BAK1-independent recog-
nition of the fungal PAMP (pathogen-associated molecular pat-
tern) chitin, and a general mechanism in which BR-mediated
growth directly antagonizes innate immune signaling has been
proposed (Albrecht et al. 2012). For biotrophic pathogens it has
been suggested that they have evolved virulence mechanisms
to detect or create physiological states in which BR concentra-
tions are optimal for pathogen success (Belkhadir et al. 2012).
However, to characterize the observed tolerance response to
clubroot further, the amount of P. brassicae after inhibition of
the BR biosynthesis and in bri mutants would need to be
determined.

Conclusion

Taking all the results together, BRs could be functioning in
different areas during club development such as cell division
and elongation, xylogenesis and plant defense responses. In
addition, several differentially regulated genes in various path-
ways have been identified as being stage specific in infected
host cells. Future investigations of these important pathways,
such as fermentation, could shed light on their importance for
clubroot development. Since it was shown that the clubroot
disease caused by P. brassicae can be analyzed on the molecular

level in a cell- and stage-specific manner, it will be possible to
use RNaseq techniques for the analysis of specific transcripts
from the pathogen in the future. This might lead to the iden-
tification of key regulators for defined developmental stages of
P. brassicae and also signals involved in triggering the observed
changes in the plant’s response.

Materials and Methods

Growth conditions and infection procedure

Seeds of A. thaliana ecotypes Columbia (Col-0), WS or En were
soaked on wet filter paper in a Petri dish at 8°C for 72h and
sown onto a mixture of peat containing compost and sand
(volume ratio 5:2). Plants were grown in a growth chamber
at 24°C with a 12 h daylight period (100 pmol m™2s™ ") and at
18°C for 12 h in the dark. Air humidity was 60% and the plants
were regularly watered with tap water. After 14d, the plants
were inoculated with 2ml of a resting spore suspension
(2 x 10° spores ml™") of the P. brassicae (single spore) isolate
‘e5” as described by Fihling et al. (2003) and Graf et al. (2004).
Control plants were watered with the corresponding phos-
phate buffer only (50 mM KH,PO,, pH 5,5 adjusted with 25%
K,HPO,). Brassica rapa L. ssp. pekinensis cv. ‘Granaat’ (ECD-05)
was used for propagation of the P. brassicae isolate. The spores
were isolated as described by Mithen and Magrath (1992). At
defined time points, roots were harvested and carefully washed
with deionized water. Root material for RNA isolation was in-
stantly frozen in liquid nitrogen whereas root material for par-
affin embedding was instantly dissected and fixed as described
below.

Treatment with 1 UM propiconazole and 0.1 UM of an active
BR (220,23a-dihydroxy-243-methyl isomer of brassinolide;
Cohen and Meudt 1983, Ludwig-Miiller and Cohen 2002) was
performed twice a week by pipetting 0.5 ml of the compounds
directly onto each plant. Concentrations were chosen accord-
ing to Hartwig et al. (2012). The controls were likewise treated
with H,O. The treatments were started on the same day that
the inoculation with resting spores was done. The inoculation
was done first, then the spores were allowed to settle into the
soil and the first treatment with chemicals was performed 2 h
later. Treatment continued until the final evaluation of disease
symptoms 28 dai.

Phytopathological analysis of brassinosteroid
mutants

Disease symptoms were examined 28 dai. Disease severity was
qualitatively assessed by using the DI described by Siemens et al.
(2002). For this parameter, the disease symptoms were categor-
ized using a scale with five classes according to Klewer et al.
(2001): 0 (no symptoms); 1 (very small galls mainly on lateral
roots and that do not impair the main root); 2 (small galls
covering the main root and few lateral roots); 3 (medium to
large galls, also including the main root; plant growth might be
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impaired); and 4 (severe galls on lateral root, main root or ros-
ette; fine roots completely destroyed; plant growth is reduced).
For each treatment, at least 60 Arabidopsis plants per tray were
analyzed, and two trays were investigated in one experiment.
The experiments were repeated at least once with independ-
ently cultivated plant material. The numbers of individual ex-
periments are given in the legend to Fig. 8. The percentage of
plants in individual disease classes was determined according to
Jaschke et al. (2010). The qualitative disease assessment data
were analyzed first by using the Kruskal-Wallis test and subse-
quently by comparing the mean rank differences (Siegel and
Castellan 1988).

Tissue fixation and dehydration

Tissue fixation was performed with the HOPE® Reagents (DCS,
Innovative Diagnostic Systems). Transverse sections of the main
roots of Arabidopsis (< 5mm?®) were immediately submerged
in 1.5 ml of ice-cold (0-4°C) HOPE® | and incubated on ice
overnight. All subsequent incubation steps were performed
with pre-cooled solutions and were done at 0-4°C. The next
day the HOPE® | solution was discarded and staining of the
tissue was performed in 85% ethanol with a few crystals of eosin
(Eosin Y disodium salt, Sigma) for 30 min (the eosin staining
facilitated the recovery of the tissue within the cured paraffin
wax blocks). After removal of the staining solution, dehydration
started with incubation in a pre-mixed HOPE® ll/acetone
solution [1.5ml of acetone (100%) + 1.5 il of HOPE® II] for
2h. After the HOPE® ll/acetone solution was discarded, the
tissue was incubated in ice-cold pure acetone for 3 h, replacing
the acetone during this incubation step several times. Next,
acetone was replaced by pre-warmed low-melting paraffin
(52-54°C) (DCS, Innovative Diagnostic Systems) and the
tissue was incubated at 60°C for 1h. In the next step, this par-
affin wax was replaced by Paraplast X-Tra (Carl Roth GmbH)
and kept at 60°C for 1 h while replacing the paraffin either once
or twice. Then the paraffin wax including the tissue was poured
in a mold and, using pre-warmed needles, the tissue was placed
in the desired position at 60°C. The paraffin wax was cooled
down for hardening at room temperature. The embedded
tissue was stored until further use at 8°C with silica gel as
desiccant.

Sectioning, slide preparation and quality control

Every surface of the microtome as well as every instrument that
came in contact with the sections (e.g. blade, tweezers, etc.) was
cleaned with RNaseZAP® (Sigma-Aldrich Chemie GmbH). The
paraffin wax block was clamped directly in the ‘sample holder’
of the microtome and sections of 12-20 im were cut, taken off
with tweezers and placed on a drop of 75% ethanol pipetted on
a PEN-slide (PALM MembraneSlides PEN/NF, Carl Zeiss
Microlmaging GmbH). The PEN-slides were placed on a heating
plate at 45°C and incubated until the sections became
stretched. Excess ethanol was poured off and the samples
were air-dried at room temperature. A better attachment of
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the sections onto the PEN-slides was achieved by placing the
slides for a few seconds on a heating plate at 60°C until the
paraffin started to melt. PEN-slides with mounted sections were
stored at 8°C with silica gel as desiccant until LMPC. Before
LMPC, the RNA quality of the embedded plant material was
determined by isolating total RNA from the paraffin sections
with an ArrayPure™ Nano-scale RNA Purification Kit
(Epicentre Biotechnologies), whereas removal of paraffin wax
was done as follows: 20 um sections of paraffin-embedded
tissue were incubated in a reaction tube in 1.5 ml of xylene at
room temperature for 10 min. Solvent was poured off and treat-
ment repeated. The tissue was then incubated twice in 1 ml of
100% ethanol at room temperature for 10 min. All remaining
ethanol was aspirated and the tissue lysed in Nano-scale Lysis
Solution containing proteinase K according to the manufac-
turer’s instructions. Isolated RNA was quantified with an ND-
1000 Spectrophotometer (NanoDrop Technologies, Inc.) and
the integrity of the RNA was checked with the Agilent 2100
Bioanalyzer platform using the RNA 6000 Pico Kit (Agilent
Technologies Manufacturing GmbH & Co. KG).

Laser microdissection and pressure catapulting
and sample processing for microarray
hybridization

Before cells have been collected with LMPC, paraffin wax was
removed by incubation of PEN-slides with tissue sections in
fresh xylene for 5-10 min. Slides were then air-dried under a
fume hood for a few minutes and mounted on the PALM®
MicroBeam system. Cells and tissue areas of interest were se-
lected with the PALM® RoboSoftware, microdissected and
catapulted into the cap of a collection device (PALM
AdhesiveCaps, Carl Zeiss Microlmaging GmbH) located on
top of the desired area. For every sample, 200-300 cells were
collected. For each type of sample, the laser focus adjustment
was performed individually. For cutting and catapulting, the
menu ‘RobolLPC’ was used, with laser power 85-100, laser
focus 74-79. Cells were lysed directly in the cap of the collection
device using 6.4 1Ll of SuperAmp Lysis Buffer (Miltenyi Biotec)
according to the manufacturer’s instruction and stored at
—20°C.

Superamplification, labeling and DNA microarray hybridiza-
tion and analysis of gene expression were performed at the
Miltenyi Biotec gene array facility (Bergisch Gladbach,
Germany), using Agilent technology (Agilent Technologies).
The SuperAmp™ Technology method has been successfully
applied in previous research (e.g. Appay et al. 2007). For the
generation of amplified cDNA (SuperAmp Service, Miltenyi
Biotec), the mRNA was extracted from the RNA samples
using magnetic beads and transcribed into c¢cDNA using
tagged random and oligo(dT) primer. First-strand cDNA was
5’ tagged using 8 U of terminal deoxynucleotidyl transferase
(Fermentas) and incubated for 60 min at 37°C, 35min at
22°C before heat inactivating at 70°C for 5min. Tagged
cDNA was globally amplified (Expand Long Template PCR
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System DNA Pol Mix, Roche) using primer complementary to
the tag sequence and incubation at 78°C for 30's, 20 cycles of
94°C for 155, 65°C for 30 s and 68°C for 2 min, followed by 21
cycles of 94°C for 155, 65°C for 30's and 68°C for 2.5 min with
an extension of 10 s per cycle and a final step of 68°C for 10 min.
The PCR product was purified (NucleoSpin® Extract I,
Macherey-Nagel) and the cDNA vyield measured. The average
length of superamplified cDNA products ranged between 200
and 1,000 bp. The results of the Bioanalyzer run were visualized
in a gel imager and an electropherogram using the Agilent 2100
Bioanalyzer expert software. Labeling of 250 ng of purified PCR
product was done with Cy3-dCTP (Amersham) in a Klenow
fragment (10 U) reaction for 1h 50 min at 37°C before inacti-
vating through addition of 5 pl of 0.5M EDTA pH 8.0. Finally,
1.25 pg of Cy3-labeled and purified (CyScribe GFX Purification
Kit, GE Healthcare) cDNAs in hybridization buffer were hybri-
dized overnight (17 h, 65°C) to the 4 x 44K Agilent Arabidopsis
Oligo 3 Microarray (Agilent Technologies) using Agilent’s rec-
ommended hybridization chamber and oven. Microarrays
were washed once with 6x SSPE buffer containing 0.005%
N-lauroylsarcosine for 1 min followed by a second wash with
0.06x SSPE containing 0.005% N-lauroylsarcosine for 1 min and
a final wash step with acetonitrile for 30s. All washing steps
were performed at room temperature.

Fluorescence signals of the hybridized Agilent Microarrays
were detected using Agilent’s Microarray Scanner System
(Agilent Technologies). Microarray data analysis was performed
using Resolver (Rosetta Biosoftware) and MEV (TIGR) software.

Microarray data accession number

The microarray data determined in this study can be down-
loaded from the Genome expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo) under the accession
number GSE44676.

RT-PCR in initial experiments

Total RNA was isolated from infected roots of A. thaliana eco-
type Col-0 at different time points of infection (15, 20, 26 and
34d after infection) and from control roots at 34 d after infec-
tion using the TRIzol® method (Invitrogen Life Technologies)
for carbohydrate-enriched tissue. Since different developmental
stages of the pathogen are present in total root tissues, a mix-
ture of the isolated RNA samples has been used for the further
analysis of P. brassicae actin expression. Total RNA of two par-
affin cross-sections of infected roots at 24 dai was isolated with
an ArrayPure™ Nano-scale RNA Purification Kit (Epicentre
Biotechnologies), and total RNA purification of the LMPC sam-
ples (250-300 cells), isolated from infected roots at 24 dai and
control roots, was performed with an RNeasy® Micro Kit
(Qiagen) according to the manufacturer’s instructions.
Residual genomic DNA from complete infected and control
roots was removed by digestion with Turbo DNA-free™
(Ambion) according to the manufacturer’s protocol. In these
samples, first-strand cDNA synthesis was performed with 5 g

of DNase-digested total RNA, 0.8 LM oligo dT (15) deg primers
(MWG Biotech), 0.4mM dNTPs, 1 x first strand buffer
(Invitrogen), 20 mM dithiothreitol (DTT; Invitrogen), 40U of
RNaseOUT™ (Invitrogen) and 400U of M-MLV Reverse
Transcriptase (Invitrogen) for 50 min at 37°C. The reaction
was terminated by incubation at 70°C for 15 min. Digestion
of genomic DNA and cDNA synthesis of the isolated RNA
from paraffin-embedded sections and LMPC samples has
been performed with a SuperScript® Il Platinum® CellsDirect
Two-Step qRT-PCR Kit (Invitrogen) according to the manufac-
turer’s protocol. PCR was performed with 0.2 mM dNTPs
(Invitrogen Life Technologies), 3mM MgCl, (Invitrogen Life
Technologies), 0.5 UM forward and reverse primer, and 1U of
Platinum® Taq DNA Polymerase (Invitrogen Life Technologies),
in a total volume of 20 pl. The PCR amplification protocol con-
sisted of a denaturation cycle at 95°C for 3 min, continued with
46 cycles of 30s at 95°C, 30s at 55°C and 45s at 72°G final
extension was done at 72°C for 5min. The following primers
(synthesized by Eurogentec) were used for detection of P. bras-
sicae: Pb-act1, 5'-ATG TCC AAC TCG GAG CAG TC-3; and Pb-
act2, 5'-GGA CTC GTT GCC GAT CAT-3".

Quantitative RT-PCR

All primers for quantitative RT-PCR were synthesized by
Eurogentec. Sequences of all primers for quantitative RT-PCR
are listed in Supplementary Table S5. Before running the
quantitative RT-PCR experiments, the optimal primer concen-
tration for each primer pair and the PCR efficiency were deter-
mined. Quantitative RT—PCR analysis was performed under the
following conditions: RealMasterMix-Sybr ROX (5 PRIME
GmbH), primer mix (0.25-0.4 UM each) and 1l of cDNA
from LMPC-sampled cells using the Mastercycler ep realplex
gradient S (Eppendorf AG). Reactions consisting of a total
volume of 20 ul were run in triplicate in a 96-well thin-walled
PCR plate (Thermo Scientific). The PCR amplification protocol
consisted of a denaturation cycle at 95°C for 2 min, continued
with 50 cycles of 20's at 95°C, 15s at 61°C and 20 s at 68°C. For
verification of PCR products, each amplification reaction was
checked for the presence of non-specific products by melting
curve analysis (60-95°C). For selected primer pairs, quantitative
RT—-PCR experiments were repeated.

Expression levels for each target gene were relatively quan-
tified following normalization to EMB1075 (AT1G43710), an
endogenous reference gene which was unregulated in all sam-
ples, and correlated to the negative control (uninfected root at
a given time point). The final calculation was carried out by the
arithmetic formula 27°°" (Pfaffl 2001) calculated by the REST
analysis.

Analysis software/tools

To obtain a more general overview of gene expression changes,
analysis using MapMan (Thimm et al. 2004) was conducted.
Ratios of control to infected roots were calculated for each time
point for all values, and the values were converted to log2 in
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Microsoft Excel files before they were imported in the MapMan
software. Further analysis was performed using the GO terms in
PageMan (Usadel et al. 2005).

The metabolic pathways for hormone synthesis were ana-
lyzed using AraCyc (available from The Arabidopsis
Information Resource Website, http://www.arabidopsis.org/
tools/aracyc). The AraCyc database for Arabidopsis Col-0 was
used for running the expression viewer tool at each time point.
Up- or down-regulation of genes is displayed in a color relative
to the expression levels.

The annotation of the transcripts presented in the tables
was performed using the AGl numbers from the TAIR (http://
www.arabidopsis.org/) database. Annotated genes related to
auxin/cytokinin were taken from Siemens et al. (2006).

Supplementary data |

Supplementary data are available at PCP online.
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