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Somatic embryogenesis receptor kinases (SERKs) are ligand-binding coreceptors that are able to combine with different ligand-
perceiving receptors such as BRASSINOSTEROID INSENSITIVE1 (BRI1) and FLAGELLIN-SENSITIVE2. Phenotypical analysis of
serk single mutants is not straightforward because multiple pathways can be affected, while redundancy is observed for a single
phenotype. For example, serk1serk3 double mutant roots are insensitive toward brassinosteroids but have a phenotype different from
bri1 mutant roots. To decipher these effects, 4-d-old Arabidopsis (Arabidopsis thaliana) roots were studied using microarray analysis.
A total of 698 genes, involved in multiple biological processes, were found to be differentially regulated in serk1-3serk3-2 double
mutants. About half of these are related to brassinosteroid signaling. The remainder appear to be unlinked to brassinosteroids and
related to primary and secondary metabolism. In addition, methionine-derived glucosinolate biosynthesis genes are up-regulated,
which was verified by metabolite profiling. The results also show that the gene expression pattern in serk3-2mutant roots is similar to
that of the serk1-3serk3-2 double mutant roots. This confirms the existence of partial redundancy between SERK3 and SERK1 as well
as the promoting or repressive activity of a single coreceptor in multiple simultaneously active pathways.

The five somatic embryogenesis receptor kinase (SERK)
receptors in Arabidopsis (Arabidopsis thaliana) are Leu-rich
repeat receptor-like kinases that are involved in diverse

processes such as somatic embryogenesis (Hecht et al.,
2001), seedling development (Albrecht et al., 2008), plant
immunity (Chinchilla et al., 2009), and stomatal patterning
(Meng et al., 2015). SERK proteins function as ligand-
binding coreceptors by heterodimerizing with different
ligand-perceiving receptors (Chinchilla et al., 2009). Cur-
rent models indicate that SERKs contribute to ligand
binding by forming an integral part of the ligand-binding
pocket (Santiago et al., 2013; Sun et al., 2013). This is most
likely also the case for an increasing number of main
ligand-perceiving receptors found to employ members of
the SERK family in different plant families (aan den Toorn
et al., 2015; Wang et al., 2015; Fan et al., 2016). SERK1,
SERK3 (BAK1), and SERK4 (BKKI1) function as co-
receptors of BRASSINOSTEROID INSENSITIVE1 (BRI1),
which is the main ligand-perceiving receptor for brassi-
nosteroids (BRs) inArabidopsis (Wang et al., 2001; Li et al.,
2002; Karlova et al., 2006; He et al., 2007). BRs are a class of
plant-specific steroid hormones involved in cell elonga-
tion, division and differentiation, photosynthesis, stress
responses, and senescence (Clouse and Sasse, 1998). Mu-
tants unable to synthesize or perceive BRs have a dwarfed
stature, are impaired in photomorphogenesis, and have
fertility defects (Chory et al., 1991; Clouse et al., 1996;
Clouse and Sasse, 1998).The BRI1-mediated BR signaling
completely depends on its interaction with SERKs (Gou
et al., 2012). However, with the exception of SERK3, single
serk mutants do not give a morphological phenotype. Se-
vere BR-related phenotypes are observed only in double
or triple mutants of different SERK combinations, indi-
cating that they act redundantly in BR signaling (Albrecht
et al., 2008; Gou et al., 2012). An added complexity is that
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several members of the SERK family also serve in other
signaling pathways, such as plant immunity (Heese et al.,
2007; Chinchilla et al., 2009; Roux et al., 2011),male fertility
(Albrecht et al., 2005), BR-independent cell death (He et al.,
2007), abscission (Lewis et al., 2010), and root develop-
ment (Du et al., 2012). This complicates the phenotypical
analysis of serk mutants, especially in double and triple
mutant combinations. Most studies performed so far are
based on genetic and proteomic approaches. For example,
a suppressor screen of the nevershed mutant, which does
not show floral organ abscission, demonstrated that
SERK1 functions as a negative regulator of abscission
(Lewis et al., 2010). SERK3 has been identified as a
coreceptor of BRI1 in a genetic screen for suppressors
of a weak bri1 phenotype and in a yeast two-hybrid
screen (Nam and Li, 2002). SERK2 also can interact
with BRI1; however, exogenous application of BR only
enhanced SERK2 phosphorylation activity but not the
amount of SERK2 interacting with BRI1. This suggests
that SERK2 may have a less pronounced role in BR
signaling revealed only in unnatural situations such as
the overexpression of SERK2 or the exogenous appli-
cation of BRs (Gou et al., 2012).
The BR-related phenotype of serk3 can be enhanced

by serk1 (Albrecht et al., 2008; Du et al., 2012; Gou et al.,
2012), while serk4 enhances the defense- and cell death-
related phenotype of serk3 (Chinchilla et al., 2007; Heese
et al., 2007; Roux et al., 2011). Several genes involved in
cell cycle and root meristem differentiation, endoder-
mis development, and auxin transport were found to be
down-regulated in serk mutants. Because the root phe-
notype in double and triple serk mutants was found to
be different from that in strong bri1 mutant alleles, it
was concluded that so far unknown BR-independent
pathways requiring the SERK proteins are affected
(Du et al., 2012).
Profiling of the global transcriptional changes in bri1

null mutants has revealed a complex regulatory net-
work integrating BR and light signaling pathways and
showing multiple targets in the control of (root) de-
velopment and cell elongation (Luo et al., 2010; Sun
et al., 2010). This is in line with the proposed functions
attributed to the BR signaling pathways.
To determine which BR-related and BR-unrelated

processes are disturbed in serk mutants, a transcrip-
tional analysis was performed. To simplify the inter-
pretation, only serk1 and serk3 single and serk1serk3
double mutants were used, and the analysis was re-
stricted to roots rather than entire seedlings. The results
show that a significant number of BR-related genes are
differentially regulated in serk1-3serk3-2 double mutants.
In addition, transcriptional reprogramming occurred in
the double mutants that appears to be unrelated to BR
signaling and affects metabolic processes such as gly-
colipid and fatty acid metabolism. In particular, genes
involved in suberin biosynthesis are down-regulated,
while Met-derived glucosinolate biosynthesis genes
are up-regulated, in serk1-3serk3-2 double mutants.
Hierarchical cluster (HCL) analysis showed that, in
serk3-2, a similar but less pronounced regulation occurred

that was not detected in serk1-3. Apparently, SERK3
affects metabolic processes in a BR-dependent and BR-
independent fashion, suggesting that this single recep-
tor serves even more pathways in a partially redundant
mode with other SERK proteins.

RESULTS

The Magnitude of Differential Gene Expression Reflects
the serk Mutant Root Phenotype

The phenotypes of the serk mutants have been de-
scribed previously; serk1-3serk3-2 has a severe reduc-
tion in root growth, which is minor in serk3-2 and
absent in serk1-3 (Fig. 1A), largely comparable to that
of bri1 alleles (Supplemental Fig. S1A), corroborating
data presented previously (Du et al., 2012; Gou et al.,
2012). To determine which genes are differentially
regulated in the serk1 and serk3 mutant lines, RNA
isolated from roots of Col-0, serk1-3, and serk3-2 single
and double mutant seedlings was hybridized to
Affymetrix GeneChip arrays (Hennig et al., 2003).
Only genes differentially regulated more than 2-fold
with a false discovery rate (FDR) of 1% significance
were considered. RNA was isolated from roots cut just
below the hypocotyl at 4 DAG, because at this time
point, roots of the serk3-2 single mutant already showed
a reduction in root length (Fig. 1B). Out of more than
26,000 genes analyzed, only four and 42 genes were
found to change expression in serk1-3 and serk3-2mutant
roots, respectively (Supplemental Table S1). Principal
component analysis (PCA) of genes expressed in mu-
tants and the wild type showed similar variation be-
tween experiments for all genes (Supplemental Fig. S2).
In serk1-3serk3-2 roots, 698 genes are differentially regu-
lated (Supplemental Table S2), of which 29 also are dif-
ferentially regulated over 2-fold in the serk3-2 single
mutant (Fig. 1C; Supplemental Table S3). The expression
of a representative selection of these was confirmed
by quantitative reverse transcription (qRT)-PCR
(Supplemental Fig. S1). The majority of the 42 genes dif-
ferentially regulated in the serk3-2 single mutant display
the same expression profile as in the serk1-3serk3-2 double
mutant (Fig. 1D). A comparison of all differentially reg-
ulated genes was made by HCL analysis (Eisen et al.,
1998). Interestingly, the expression profile of serk3-2 is
very similar to that of the serk1-3serk3-2 double mutant
and differs only in magnitude (Fig. 1E). In contrast, the
serk1-3 mutant does not display this profile, suggesting
that, in root development and at the transcriptional level,
loss of SERK1 only has a measurable effect in the absence
of SERK3.

Genes That Are Differentially Regulated in serk3-2
and serk1-3serk3-2

The expression of all SERK genes was followed in
serk3-2 and serk1-3serk3-2 mutant roots. The serk1-3 mu-
tant carries a T-DNA insertion in the coding sequence of
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the SERK1 gene and, therefore, does not block the for-
mation of the transcript. Surprisingly, SERK1 (AT1G71830)
transcripts are significantly higher in the serk1-3serk3-2
mutant (2.4-fold change, FDR , 0.01), as are, to a lesser
extent, SERK4 (AT2G13790) transcripts (1.6-fold change,
FDR = 0.05). This possibly represents a compensa-
tory mechanism for the loss of active SERK1 and SERK3
protein.

Genes differentially regulated in the serk3-2 mutant
are involved in various cellular processes, such as
photosynthesis, transport, and protein degradation
(Supplemental Table S4). To assess if these genes are
part of a certain biochemical pathway, an overrepresen-
tation analysis (ORA) was performed (Backes et al., 2007;
van Esse et al., 2009; Hanssen et al., 2011). In the serk3-2
mutant, overrepresentation of photosynthesis and meta-
bolic pathwayswas noted among the up-regulated genes,
whereas none was found in the down-regulated gene
categories. In the double mutant, additional categories

were found to be overrepresented, mainly those involved
in energy metabolism and in glucosinolate biosynthesis.
In addition, down-regulated genes were found to be in-
volved in secondary metabolite biosynthesis (Table I).

The overrepresentation of photosynthesis genes sug-
gests a link between SERK activity, BR signaling, and
chloroplast development. Light-grown roots have the
capacity to develop chloroplasts (Kobayashi et al., 2012).
BR signaling is correlated with the response to light; in
the BR biosynthesis mutant deetiolated2, for example,
increased expression of light-responsive genes was
observed (Chory et al., 1991; Song et al., 2009). Fur-
thermore, BR up-regulated transcriptional activation
of BZR1 and BES1/BZR2 represses the expression of
positive regulators of light signaling and induces the
expression of negative ones (Luo et al., 2010; Sun et al.,
2010; Wang et al., 2012). Hence, reduced BR signaling
apparently results in an increase in the expression of
genes involved in photosynthesis.

Figure 1. Morphological phenotype in serk mu-
tants matches the magnitude of transcriptional
response. A, Root lengths of serk1-3, serk3-2, and
serk1-3serk3-2 mutants compared with wild-type
Columbia-0 (Col-0) at 8 d after germination (DAG).
B, Statistical evaluation of the root lengths of serk1-3,
serk3-2, and serk1-3serk3-2 mutants at 4, 6, and
8 DAG. Lowercase a, b, and c indicate statistical
differences. Data evaluation was done with a one-
way ANOVA using a Bonferroni test (a = 0.05). C,
Venn diagram showing the overlap in significantly
differentially regulated genes between the serk1-
3serk3-2 doublemutant and the serk1-3 and serk3-2
single mutants. D, Heat map comparing genes
differentially regulated in serk3-2 with the serk1-
3serk3-2 double mutant. E, HCL analysis of all
genes differentially regulated in the serk1-3 and
serk3-2 single mutants and the serk1-3serk3-2
double mutant. All HCL plots were made using
log2 fold change values. For all root length mea-
surements, error bars indicate SE; 20 or more roots
were measured in three independent replicates.
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Next, the genes differentially regulated in serk3-2 and
serk1-3serk3-2were comparedwith published data sets on
(putative) targets of BZR1/BES1 and differentially regu-
lated genes in the BRI1 null mutant bri1-116 (Sun et al.,
2010; Yu et al., 2011; Fig. 2; Supplemental Fig. S3;
Supplemental Table S5; Supplemental File S1). In total,
331 differentially regulated genes were observed in the
serk1-3serk3-2 mutant that are BR related (Tables II and
III). This is a significantly higher number than would be
expected by chance alone (124 genes; Table III) and indi-
cates that the BR signaling process is significantly affected
in roots of the serk1-3serk3-2 mutants. The majority of
up-regulated photosynthesis-related genes identified in
the ORA are BR related, while a number of BR-related
metabolic processes appear to be significantly down-
regulated (Table II). Interestingly, genes reported to par-
ticipate inBR-related aswell as non-BR-relatedup-regulated
metabolic pathways appear to be up-regulated in serk
mutant roots. This category includes genes involved
in the biosynthesis of glucosinolates, secondary me-
tabolites, fatty acid metabolism, and glyoxylate and
dicarboxylate metabolism (Table II).

Genes Differentially Regulated in the Weak Allelic bri1-
301 Mutant

Macroscopically, bri1-301 has a phenotype compa-
rable to that of wild-type seedlings while showing in-
sensitivity toward exogenously applied BRs (Xu et al.,
2008; van Esse et al., 2012). To assess whether roots of
the bri1-301mutant have a transcriptional phenotype at
physiological ligand concentrations, an analysis of this
mutant was included (Supplemental Tables S1 and S2).
Genes differentially regulated in the bri1-301 mutant
compared with the wild type were compared with

those affected in the bri1-116 mutant and the serk1 and
serk3 single and double mutants. In bri1-301 roots, only
four genes were seen to be differentially regulated
(Supplemental Table S6). This is significantly less com-
pared with the data set available for the strong bri1-116
mutant, where 3,531 genes (1.5-fold cutoff and FDR ,
0.01) are affected (Sun et al., 2010). The bri1-116 data set
obtained from the literature was constructed using a
lower cutoff and FDR value than used in our analyses.
The rationale behind this was that BR-regulated genes do
not show extensive transcriptional responses (Deng et al.,
2007). However, using a cutoff value of 1.5-fold change
(FDR, 0.01) did not increase the number of differentially
regulated genes found in bri1-301 in two independent
experiments (Supplemental Table S6). HCL analysis us-
ing bri1-301, serk3-2, and serk1-3serk3-2 did not show a
clear correlation, due to the absence of a clear transcrip-
tional profile in the bri1-301 mutant (Fig. 2B). In conclu-
sion, although bri1-301 roots are BR insensitive, hardly
any effect on transcriptional response is observed.

Global Transcriptional Analyses of Other SERK1- and
SERK3-Affected Processes

SERK1 and SERK3 are important components in
processes other than BR1-mediated signaling, such as
abscission, cell death, and defense. Since these pro-
cesses have been well studied, readily available data
sets of global transcriptional changes are available in
the Gene Expression Omnibus (GEO), The Arabidopsis
Information Resource (TAIR), and the literature (Edgar
et al., 2002; Zipfel et al., 2004; Denoux et al., 2008;
Boudsocq et al., 2010; Lamesch et al., 2012; Niederhuth
et al., 2013). Transcriptional changes due to the absence
of functional HAESA (HAE) and HAESA-LIKE (HSL2)

Table I. ORA of differentially regulated genes in serk1-3serk3-2 and serk3-2

Category Expected Observed P

serk3-2 up-regulated
Photosynthesis 0 5 3.6 3 10208

Metabolic pathways 3 6 4.1 3 10202

serk1-3serk3-2 up-regulated
Photosynthesis 2 26 2.1 3 10225

Photosynthesis antenna proteins 1 14 1.5 3 10215

Carbon fixation in photosynthetic organisms 3 16 9.3 3 10208

Metabolic pathways 51 79 9.3 3 10208

Porphyrin and chlorophyll metabolism 2 8 5.5 3 10204

Glyoxylate and dicarboxylate metabolism 1 6 2.1 3 10203

Glucosinolate biosynthesis 1 4 1.5 3 10202

serk1-3serk3-2 down-regulated
Glycerolipid metabolism 0 5 6.4 3 10205

Glycerophospholipid metabolism 0 5 3.2 3 10204

Phe metabolism 1 6 4.9 3 10204

Biosynthesis of secondary metabolites 7 15 7.4 3 10204

Phenylpropanoid biosynthesis 1 6 7.4 3 10204

Fatty acid metabolism 0 3 5.0 3 10203

Metabolic pathways 12 18 1.0 3 10202

Limonene and pinene degradation 1 3 2.6 3 10202

Stilbenoid, diarylheptanoid, and gingerol biosynthesis 1 3 2.6 3 10202
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receptor-like kinases and known abscission-related
genes derived from TAIR were used as a reference set
for abscission-related genes (Patterson, 2001; Sun and
van Nocker, 2010; González-Carranza et al., 2012;
Niederhuth et al., 2013; Kumpf et al., 2013). haehsl2
double mutants fail to abscise their floral organs (Jinn
et al., 2000; Cho et al., 2008; Stenvik et al., 2008). The
defense-related gene set consists mainly of genes that
are differentially regulated upon flg22 treatment (Zipfel
et al., 2004; Denoux et al., 2008; Boudsocq et al., 2010).
Known cell death-related genes were derived from
TAIR (Lamesch et al., 2012). This list was extended
using differentially regulated genes in a constitutive

expresser of PR genes5 (cpr5) mutant downloaded from
the GEO database (Edgar et al., 2002). cpr5 mutants
have several phenotypes, including spontaneous cell
death and defects in cell division, cell expansion, and
cell wall biogenesis (Bowling et al., 1997; Kirik et al.,
2001; Gao et al., 2011). Although none of these processes
are described to occur in roots, the corresponding genes
may nonetheless be differentially regulated. As men-
tioned previously, serk1-3serk3-2 has a reduced root
length and fewer meristematic cells (Du et al., 2012;
Gou et al., 2012). One possible cause for the meristem
phenotype of serk1-3serk3-2 is reduced cell cycle pro-
gression in the root meristem cells, as postulated pre-
viously for the bri1-116 mutant (González-García et al.,
2011). In addition, it has been proposed that SERKs
affect cell cycle and division via BR-independent
processes (Du et al., 2012). Therefore, we also in-
cluded previously described core cell cycle/cell dif-
ferentiation genes as well as known cell cycle- and cell
differentiation-related genes in TAIR in our analysis
(Vandepoele et al., 2002).

The reference sets thus obtained (Supplemental Tables
S8–S11)were comparedwith the transcriptional changes
monitored in root tissue of the serk1-3serk3-2 double
mutant (for P values, see Table III). Subsequently, it was
determined whether an overlap in the resulting set of
differentially regulated genes exists with BR- and non-
BR-related processes (Fig. 3). From the 209 core cell cycle
genes in the reference sets, only five genes were differ-
entially regulated in the absence of SERK1 and SERK3
(Fig. 3), suggesting that cell cycle activity is not a major
target of the SERK1 and SERK3 genes (Table III). How-
ever, when the expression of a number of genes was
tested by qRT-PCR, both CYCLIN D1;1 (CYCD1;1) and
CYCB1;1 were found to be down-regulated in serk1-
3serk3-2 mutant roots (Supplemental Fig. S1B). cycd1;1
mutants show a defect in seed germination and a
significant delay in the onset of cell proliferation
(Masubelele et al., 2005), phenotypes that have not
been observed in serk1-3serk3-2 mutants. If cell divi-
sion activity is affected in the absence of SERK1 and
SERK3, this may be a rather subtle effect. Similarly,
only a small overlap was observed between genes
involved in abscission, cell death, and defense and
the differentially regulated genes in the serk1-3serk3-2
double mutant (Fig. 3). For abscission- and cell death-
related genes, no significant categories were iden-
tified in the ORA using GeneTrail. Comparison
between the differentially regulated genes in serk1-
3serk3-2 root tissue with flagellin-responsive genes
suggested that there was a significant up-regulation
of this biological process (Table III). However, when
performing an ORA using GeneTrail software on the
44 genes overlapping between these data sets, it ap-
pears that they are involved mainly in secondary
metabolism rather than a core defense process. Notewor-
thy, a number of acetyltransferases were identified in
the comparison between the abscission-related data set and
the differentially regulated genes in serk1-3serk3-2 roots.
For example, GLYCEROL-3-PHOSPHATE-3-PHOSPHATE

Figure 2. Comparison of differentially regulated genes in the serk1-
3serk3-2 mutant with BR-related genes. A, Venn diagram showing
genes differentially regulated in the bri1-116 mutant and known BR-
related BES1 and BZR1 target genes compared with the serk1-3serk3-2
double mutant. B, HCL analysis comparing genes differentially regu-
lated in the bri1-116 and bri1-301mutants with the serk3-2 and serk1-
3serk3-2 mutants. Yellow indicates up-regulated and blue indicates
down-regulated. Data on BR-related BES1/BZR1 target genes and genes
differentially regulated in the bri1-116 mutant were derived from Yu
et al. (2011) and Sun et al. (2010).
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SN-2-ACYLTRANSFERASE5 (GPAT5) and FATTY
ACID REDUCTASE4 (FAR4) and FAR5 are acetyl-
transferases essential for the biosynthesis of suberin
(Beisson et al., 2007; Domergue et al., 2010). Genes
besides GPAT5 (AT3G11430; Li et al., 2007; Beisson
et al., 2012) known to be involved in suberin and cutin
biosynthesis also were checked (Supplemental Table
S7). Suberin in roots and cutin in leaves are second-
ary wall modifications that help make plant organs
waterproof. A comprehensive review of the current
knowledge of both processes is available (Beisson
et al., 2012; Vishwanath et al., 2015). Of the 11 genes
known to be involved in suberin biosynthesis, all but
two are differentially regulated 2-fold (FDR , 0.01;
Supplemental Fig. S4A). Suberin mutants such as
gpat5 have a more permeable seed coat (Beisson et al.,
2007). However, tetrazolium salt staining failed to
demonstrate a similar phenotype in serk1-3serk3-2
mutants (Supplemental Fig. S4C).

Aliphatic Glucosinolates Increase in serk1-3serk3-2
Double Mutants

The ORA of genes differentially regulated in serk1-
3serk3-2 indicates that the glucosinolate biosynthesis is
partly stimulated in this mutant. In particular, four of
the genes up-regulated in serk1-3serk3-2 encode enzymes
involved in the biosynthesis of Met-derived aliphatic
glucosinolates (Fig. 4). The branched chain amino acid
aminotransferase (BCAT4) constitutes the first reaction
of this pathway, catalyzing the deamination ofMet to the
corresponding 2-oxo acid in the cytoplasm. The second
up-regulated gene, MAM1, is involved in the first three
chain elongation steps of the 2-oxo acid in the chloro-
plast. The up-regulated CYP79F2 and CYP83A1 genes
constitute the first steps of the core pathway to form the
aliphatic glucosinolates from the chain-elongated amino
acid, being aldoximated by the cytochromes P450 of
the CYP79 family (Knoke et al., 2009). While CYP79F1

Table II. ORA of BR-related and non-BR-related genes differentially regulated in serk1-3serk3-2 double
mutants

Category Expected Observed P

serk1-3serk3-2 BR-related up-regulated
Photosynthesis 1 21 5.50E-20
Photosynthesis, antenna proteins 1 11 1.60E-12
Metabolic pathways including glucosinolates 3 34 2.90E-04
Porphyrin and chlorophyll 1 7 2.90E-04
Carbon fixation in photosynthetic organisms 2 6 4.00E-02

serk1-3serk3-2 BR-related down-regulated
Biosynthesis of secondary metabolites 3 8 7.00E-03
Phe metabolism 1 3 1.00E-02
Phenylpropanoid biosynthesis 1 3 1.00E-02

serk1-3serk3-2 non-BR-related up-regulated
Glyoxylate and dicarboxylate metabolism 0 4 5.00E-05
Carbon fixation in photosynthetic organisms 0 4 1.00E-03
Biosynthesis of secondary metabolites 4 9 8.00E-03
Metabolic pathways 6 11 3.00E-02

serk1-3serk3-2 non-BR-related down-regulated
Fatty acid metabolism 0 3 1.00E-03
Metabolic pathways 5 11 2.00E-03

Table III. ORA on (known) SERK1- and SERK3-related processes

Presented are the number of genes in the reference set (Refset), the number of genes to be found by
chance based on the size of the reference set, the number of differentially regulated genes (698 in serk1-
3serk3-2) and the 27,827 genes represented on the GeneChip (Expected), the number of genes actually
found (Observed), and the corresponding P values calculated using a cumulative hypergeometric distri-
bution.

Category Refset Expected Observed P

BR signaling 4,947 124 331 6.5 3 10275

BR signaling bri1-116 3,550 89 267 4.7 3 10267

BR signaling BZR1 target 955 24 69 3.7 3 10215

BR signaling BES1 target 250 6 9 1.0 3 10201

Abscission 410 10 23 3.2 3 10204

Cell cycle 209 5 5 6.0 3 10201

Cell death 439 11 14 2.2 3 10201

Defense 1,354 34 44 4.9 3 10202

Suberin and cutin biosynthesis 30 1 16 2.2 3 10218

Suberin biosynthesis 11 0 9 2.0 3 10213
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shows no chain length specificity, the serk1serk3
up-regulated CYP79F2 selectively catalyzes this re-
action for long-chain glucosinolates. Next, oxidation
by the serk1serk3 up-regulated CYP83A1 converts the
aldoximes to active compounds. A subsequent conju-
gation with a sulfur donor can occur nonenzymatically
using glutathione as a substrate. The produced S-alkyl-
thiohydroxymates are converted to thiohydroxymates,
glucosylated, and sulfated to give rise to glucosinolates,
which then can be further modified by S-oxidation,
resulting in sulfoxide glucosinolates (Halkier and
Gershenzon, 2006; Sønderby et al., 2010). Induction of
BCAT4, MAM1, CYP79F2, and CYP83A1 gene ex-
pression could result in an increase in aliphatic glu-
cosinolate biosynthesis in the serk1-3serk3-2 mutant.
To verify this hypothesis, glucosinolate levels were
determined by comparative liquid chromatography-
mass spectrometry profiling in methanol extracts of
Col-0 and serk1-3serk3-2 root tissue. Based on both
univariate and multivariate analyses of the data sets, a
total of 12 Met-derived aliphatic glucosinolates are
increased significantly in serk1-3serk3-2. These include
most of the short-chain glucosinolates, either in the
thioether or the sulfoxide form, as well as the long-
chain 8-methylsulfinyloctyl glucosinolate, all of which
are downstream products of the up-regulated genes (Fig.
4A). In addition, a parallel increase of the 2-oxo-5-
methylpentanoate intermediate and a decrease of the
sulfate donor glutathione are detected. The same response
was not observed for all four identified Trp-derived

glucosinolates (Table IV). Enrichment analysis per-
formed on all the identified metabolites confirms the
glucosinolate biosynthesis pathways as significantly
regulated, with a P value of 4.715 3 1027.

DISCUSSION

In this study, we employed a transcriptional analysis
using microarrays to identify biological processes in-
volving SERK1 and SERK3. This approach resulted in
the identification of known BR-related genes, indicating
the robustness of the analysis. In addition, serk1serk3
mutants were found to be affected in a secondary
metabolic process such as glucosinolate biosynthesis.
One major challenge in studying the gene regulation of
receptor mutants is that the effects may be caused in-
directly by the differential regulation of transcription
factors downstream of the receptor. This is complicated
even further by the interaction of SERK coreceptors
with different main ligand-perceiving receptors, thereby
affecting multiple signaling pathways. This raises the
question of whether all signal transduction pathways
mediated by SERK coreceptors can truly be separated
using genetic approaches. To simplify the analysis in our
studies, only entire roots were used from light-grown
seedlings, in contrast to the transcriptional analyses
done on bri1-116 whole seedlings that were compared
after growth in complete darkness (Sun et al., 2010).
Together with the fact that phenotypical effects in bri1

Figure 3. Global transcriptional anal-
ysis of non-BR-related processes
involving SERK1 and SERK3. Com-
parison is shown for the global tran-
scriptional responsesduringabscission,
cell cycle and differentiation, cell
death, and defense with differen-
tially regulated genes in the serk1-
3serk3-2 double mutant. Data on
genes involved in abscission, cell
cycle, cell death, and defense were
derived from the literature or ref-
erence data sets available in the
GEO and TAIR. Red type indicates
up-regulated and green type indi-
cates down-regulated.
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mutant roots appear to be more pronounced in only a
small number of cells in the meristem, this most likely
explains why, in our analysis, the number of genes
found to be differentially expressed in the weak mu-
tant bri1-301 and in the serk1 and serk3 mutants is
modest and only a subset of the entire transcriptome
affected by BRs.
Phenotypically, only serk3 single mutant lines show a

reduced root growth phenotype, whereas roots of serk1

single mutants do not have a phenotype. On the other
hand, serk1serk3 double mutants have a severe root
growth phenotype (Du et al., 2012; Gou et al., 2012).
Monitoring the transcriptional response using micro-
array analysis shows that serk3-2 singlemutants display
distinct transcriptional changes while the serk1-3 single
mutants do not. Only when SERK1 and SERK3 are both
disrupted is a significant increase in differentially reg-
ulated genes observed. Remarkably, the transcriptional

Figure 4. Aliphatic glucosinolate
levels are higher in the serk1-3serk3-2
mutant. A, Biosynthesis pathway of
Met-derived aliphatic glucosinolates
adapted from the KEGG database.
Highlighted with red squares are sig-
nificantly up-regulated genes and
corresponding increased amounts of
glucosinolates; highlighted with yellow
squares are glucosinolates that were
only significant in univariate anal-
ysiswithout Bonferroni correction; and
highlightedwith gray squares are those
that were detected but for which
peak intensity did not differ signifi-
cantly. B, Box plots of autoscaled
intensities of the five sulfinyl glu-
cosinolates (GLS) detected in the
serk1-3serk3-2 mutant (red) and in
the Col-0 control (green).

Table IV. Univariate and multivariate analysis of glucosinolate-related metabolites in serk1serk3 4-DAG root tissue extracts

RF, Random forest; SAM, significant analysis of microarrays. The P value for significance in univariate analysis with Bonferroni correction is 2.2 3
1024.

Rank Glucosinolate Fold Change P SAM Rank RF Rank

Significant in multivariate analysis and/or univariate analysis with Bonferroni correction
1 4-Methoxy-3-indolylmethyl glucosinolate 1.8 3.26 3 10211 1 8
5 8-Methylsulfinyloctyl glucosinolate 1.7 1.38 3 1027 12 6
7 4-Methylsulfinylbutyl glucosinolate 1.8 3.86 3 10210 2 25
24 6-Methylsulfinylhexyl glucosinolate 1.5 6.79 3 1024 27 27
45 Glutathione 0.6 2.60 3 1024 37 48
46 4-Methylthiobutyl glucosinolate 2.0 6.41 3 1026 53 23
50 5-Methylthiopentyl glucosinolate 1.7 3.58 3 1024 47 63
54 3-Butenyl glucosinolate 1.6 – 39 –
62 2-Oxo-5-methylpentanoate 1.4 – 42 61
.70 4-Benzoyloxybutyl glucosinolate 0.7 – 66 –
.70 1-Methoxy-3-indolylmethyl glucosinolate 0.8 – 69 –

Significant in multivariate analysis without Bonferroni correction
5-Methylsulfinylpentyl glucosinolate 1.6 2.01 3 1023 – –
7-Methylsulfinylheptyl glucosinolate 2.5 8.18 3 1023 – –

No significant difference
6-Methylthioexyl glucosinolate
7-Methylthioheptyl glucosinolate
8-Methylthiooctyl glucosinolate
4-Hydroxy-3-indolylmethyl glucosinolate
Indolylmethyl glucosinolate
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profile of the serk1-3serk3-2 double mutant emulates the
profile of the serk3-2 mutant but displays transcrip-
tional changes of a higher magnitude. Together, this
demonstrates that the global transcriptional profiles
resemble the macroscopically observed phenotypes.
Both at the phenotypic and transcriptional levels, loss of
SERK1 only affects root growth in the absence of
SERK3. The presence of SERK1 does provide a certain
robustness to the system, since it can partially rescue a
SERK3 mutant phenotype and ameliorate the tran-
scriptional changes in this mutant. Similarly, in other
tissues, other combinations of SERKs may display
similar profiles. Indeed, the rosette phenotype of the
serk1serk3 double mutant is more severe compared
with that of the serk3 single mutant (Gou et al., 2012),
and the defense phenotype of serk3 is enhanced by
serk4 while the serk4 single mutant does not have a
phenotype (Chinchilla et al., 2007; Heese et al., 2007;
Roux et al., 2011).

Preventing the production of functional SERK pro-
teins resulted in increased transcription or reduced
degradation of the corresponding truncatedmRNAs or,
in one case, increased transcription of another member
of the family. A similar phenomenon was noted pre-
viously in the analysis of the SERK family (Jeong et al.,
2010) and may suggest a form of feedback control.

A significant number of genes that are differentially
regulated in the absence of SERK1 and SERK3 are BR
related. From the root growth and BL insensitivity
phenotype, it is evident that roots of the serk1-3serk3-2
double mutant exhibit a BR-related phenotype. In total,
about 58% of the genes differentially regulated in the
absence of SERK3 also are differentially regulated in a
bri1-116 mutant or known as targets of BES1/BZR1. In
addition, a number of photosynthesis-related genes are
significantly up-regulated in root tissue of serk3-2 and
serk1-3serk3-2 mutants and in a bri1-116 null mutant.
This suggests that photosynthesis-related genes that are
differentially regulated in the absence of SERK1 and
SERK3 are the results of impaired BR signaling. This is
in line with the negative regulation of light-responsive
genes by BRI1-mediated BR signaling via the activation
of BES1/BZR1 (Luo et al., 2010; Sun et al., 2010; Wang
et al., 2012). An impaired BR signaling due a reduction
in either receptor or ligand levels results in an increased
expression of light-responsive genes (Chory et al., 1991;
Song et al., 2009).

BRI1 also is known to be involved in cell cycle pro-
gression and cell differentiation in the root meristem
(González-García et al., 2011; Hacham et al., 2011). In
the serk1-3serk3-2 doublemutants, the cell cycle- and cell
differentiation-related genes CYCD1;1 and AT1G67270
are differentially up-regulated and CLAVATA3/ESR-
RELATED44, ERECTA-LIKE2, and AT2G42220 are
differentially down-regulated. CYCD1;1, which in the
wild-type situation is up-regulated at the start of cell
division, is involved in the onset of cell proliferation
during seed germination, resulting in a delayed germi-
nation in the cycd1;1mutants (Masubelele et al., 2005). In
the serk1-3serk3-2 mutant, CYCD1;1 is down-regulated,

suggesting that the onset of cell division may be im-
paired. However, the ORA demonstrates that cell cy-
cling and differentiation are not disrupted significantly
in the serk1-3serk3-2 double mutant. This suggests that, if
the cell cycle and differentiation are disrupted in the
serk1-3serk3-2 double mutant, it is most likely through a
subtle effect on a small number of core cell cycle genes.
Here, CYCB1;1 expression remains unaffected in the
microarray experiments and shows significant down-
regulation by qRT-PCR, while previously, it was reported
that serk1serk3 roots show increased expression of
CYCB1;1 (Du et al., 2012). What causes this apparent
discrepancy is unclear; it may be due to differences in
material sampling procedures. Noteworthy, differences
in the identification of cell cycle markers in bri1mutants
have been reported previously. For example, the bri1
null mutant bri1-701 does not show altered CYCB1;1
levels according to the qRT-PCR data of Du et al. (2012),
while the expression of the same marker is reduced by
about 50% in the bri1-116 mutant using a reporter line
(Hacham et al., 2011).

In the ORA performed on non-BR-related genes, it
appears that metabolic pathways involving the bio-
synthesis of secondary metabolites and glyoxylate and
dicarboxylate metabolism are affected. These genes are
neither listed as direct targets of BZR1/BES1 nor af-
fected in the bri1-116mutant (Sun et al., 2010); therefore,
they are classified as non-BR-related genes in this study.
A number of genes found here appear to be related to
BR-related cell wall modifications (Wolf et al., 2012);
others, such as GPAT5, FAR4, and FAR5, are abscission
related. These genes are essential for suberin biosyn-
thesis, a process required to protect the abscission zone
with a layer of suberin and lignin (Roberts et al., 2000).
In line with our observations are the role of SERK1 as a
negative regulator of abscission in Arabidopsis flowers
(Lewis et al., 2010) and the finding that serk1serk3serk4
triple mutants display defects in floral organ abscission
(Meng et al., 2016). Suberin functions as a protective
barrier not only in abscission zones but also in root
tissues (Beisson et al., 2012). Suberin, a cutin-like fatty
acid- and glycerol-based polymer, forms part of the
protective barrier against pathogens, and the transport
of water and solutes forms the extracellular environ-
ment (Höfer et al., 2008; Baxter et al., 2009). While all
known suberin and cutin biosynthesis genes (Beisson
et al., 2012) were significantly down-regulated in roots
of the serk1-3serk3-2 double mutant, seed coat permea-
bility remains unaltered compared with the wild type.
This suggest that there is a form of physiological re-
dundancy in suberin biosynthesis perhaps dependent
on its developmental context.

In roots of the serk1-3serk3-2 double mutant, the
glucosinolate biosynthesis genes CYP79F2, MAM1,
BCAT4, and CYP83A1 are significantly up-regulated.
In agreement with these findings, significantly higher
levels of several Met-derived aliphatic glucosinolates
are observed in the serk1-3serk3-2 double mutants. This
is in line with the observationsmadewith BRI1 receptor
mutants (Guo et al., 2013), suggesting that the SERK1
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and SERK3 coreceptors are clearly involved in this
aspect of BR signaling. Direct comparison of metab-
olomics with other omics data often is not straight-
forward (Fernie and Stitt, 2012). Some prerequisites
for the successful correlation of transcriptomics and
metabolomics results appear to be met in our study.
First, the detected glucosinolates are the end points of
a regulated pathway; consequently, their levels are
expected to reflect differences in the metabolic flux
through this pathway. Second, at least one of the
regulated enzymes should control the flux through the
glucosinolate pathway. Olson-Manning et al. (2013)
reported that CYP79F1, catalyzing the first step in the
core pathway, mainly controls the flux toward short-
chain aliphatic glucosinolates. The related gene encod-
ing CYP79F2, which is up-regulated in our study, only
controls the biosynthetic flux of longer chain glucosino-
lates (Chen et al., 2003; Olson-Manning et al., 2013). Since
the levels of both short- and long-chain aliphatic gluco-
sinolates are increased in the serk1-3serk3-2 double mu-
tant, while only CYP79F2 is up-regulated, this is more
likely controlled by the increase in expression of the up-
stream BCAT4 and/or MAM1 enzymes. In line with this,
the upstream intermediate 2-oxo-5-methylpentanoate is
increased in our analysis. In addition, at least one Trp-
derived glucosinolate showed a significantly different
level in the double mutant.
It is not clear yet whether this results directly from the

SERK-mediated gene regulation or a secondary inter-
action between the two glucosinolate biosynthetic path-
ways. Disrupted glucosinolate biosynthesis is known to
correlate to severe growth and developmental pheno-
types and a disrupted hormone homeostasis (Bak and
Feyereisen, 2001; Bak et al., 2001; Smolen and Bender,
2002; Tantikanjana et al., 2004). Via a bioinformatics ap-
proach, it was shown that several hormone-related genes,
including those of abscisic acid, auxin, BR, cytokinin,
ethylene, and jasmonate metabolism, are connected to
glucosinolatemetabolism (Chen et al., 2011). For example,
CYP83B1 is the first committed enzyme of indole gluco-
sinolate biosynthesis. Loss of CYP83B1 function results in
an increased flux of indole-3-acetaldoxime into indole-3-
acetic acid biosynthesis (Bak and Feyereisen, 2001; Bak
et al., 2001),while disrupted jasmonate signaling results in
the down-regulation of genes involved in glucosinolate
biosynthesis (Chen et al., 2011). It remains to be deter-
mined whether, in a wild-type situation, these observa-
tions indeed point to physiologically relevant interactions
between the different hormone pathways. Proteomics
and metabolomics studies of plant lines with reduced
CYP79F2 expression resulted in a complex pattern of
possible associated processes, including altered levels of
other amino acids and sugars, chloroplast dysfunction,
oxidative stress, and hormonemetabolism (Chen et al.,
2012). Altogether, the increased expression of gluco-
sinolate biosynthesis genes in the serk1-3serk3-2 double
mutant may cause a disrupted hormonal homeostasis
resulting in a complex pleiotropic phenotype. This
would be in line with the phenotypical characteriza-
tion of the serk1serk3 double and serk1serk3serk4 triple

mutants (Du et al., 2012). It appears that the root
meristem phenotype of the serk1serk3serk4 triple mu-
tant is more severe when compared with that of the
bri1-701 mutant.

In addition, the expression of cell cycle marker genes
(CYCB1;1) and auxin transporters (PINs) is reduced
drastically in the serk1serk3serk4 triple mutant but not in
bri1mutants (Du et al., 2012). Therefore, Du et al. (2012)
postulated that SERKs may affect root development by
modulating the expression of root development-related
(WOX5 and SHR) and auxin transport-related (PIN)
genes, possibly by interacting with another (unknown)
receptor-like kinase. The data presented here indicate
that a possible mechanism for the observed phenotype
in the serkmutants, besides the known BR-, abscission-,
and cell death-related processes, is the disruption of
secondary metabolic processes such as glucosinolate
biosynthesis. The BR-deficientmutant cpd has an increased
glucosinolate content, while plants overexpressing the BR
biosynthesis gene DWF4 exhibit an increase in glucosino-
late level (Guo et al., 2013). In addition, five of the sixMYB
transcriptional regulators responsible for activation of the
glucosinolate biosynthesis genes, as well as the biosyn-
thesis genes CYP79B2, CYP79B3, CYP79F1, CYP79F2,
CYP83A1, andCYP83B1, are significantly down-regulated
in the gain-of-BR-function mutants bes1-D and 35sBZR1/
bzr1-1D (Guo et al., 2013). For this reason, it has been
postulated that BR signaling inhibits glucosinolate bio-
synthesis. The BR-mediated signaling is impaired in the
serk1-3serk3-2 double mutant; therefore, the up-regulation
of the glucosinolate biosynthesis-related genes CYP79F2,
MAM1, BCAT4, and CYP83A1 most likely correlates
to BRI1-mediated signaling. However, the same set of
glucosinolate-related biosynthesis genes also are known
to be affected upon defense responses (van de Mortel
et al., 2012) and down-regulated upon cytokinin treat-
ment (Brenner et al., 2005). Given the diversity of the
glucosinolate biosynthesis pathway and the bidirec-
tional effect of hormone homeostasis/glucosinolate
biosynthesis, it is attractive to speculate that the SERK
coreceptors affect secondary metabolic processes via
multiple signaling pathways.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Col-0 was used as the wild-
type reference. The serk1-3 (GABI-KAT line 448E10) and serk3-2 or bak1-4
(SALK_116202) single mutants, the serk1-3serk3-2 double mutants, and the
bri1-301 mutant (Xu et al., 2008), all in the Col-0 background, were used
throughout this study. gpat5-1 and gpat5-2 mutants have been described
(Beisson et al., 2007). Seeds were surface sterilized using ethanol:bleach
(4:1, v/v) and germinated on one-half-strengthMurashige and Skoogmedium
(Duchefa) supplemented with 1% Suc (Sigma-Aldrich), 0.1% MES (Sigma-
Aldrich), and 0.8% Daishin Agar (Sigma-Aldrich). Seedlings grown for RNA
isolation were germinated on growth medium containing 1.2% Daishin
Agar. To equalize germination, the plates were kept in the dark at 4°C for
2 d, after which the seedlings were grown vertically under fluorescent light
at 22°C with a 16-h-light/8-h-dark photoperiod. For the root growth assays,
each measurement consisted of 20 or more roots measured in three inde-
pendent replicates. To test seed coat permeability, a Tetrazolium Red assay
was used according to Beisson et al. (2007).
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RNA Isolation and Sample Preparation

Roots of 4-d-oldArabidopsis seedlingswere cut just below thehypocotyl and
ground in liquid nitrogen. Approximately 100 mg of ground material was
dissolved in 1mL of Trizol reagent (Invitrogen) and incubated for 5min at room
temperature. Next, 200 mL of chloroform was added, and the sample was ho-
mogenized, incubated for 2 min, and centrifuged for 15 min at 4°C. After phase
separation, isopropanol was added to the aqueous phase, which was incubated
subsequently for 10 min at room temperature and further purified using an
RNA Easy Mini Kit (Qiagen). Before hybridization on the microarray, the RNA
quality was tested using a bioanalyzer. All samples used for microarray anal-
ysis were replicated three times in independent biological experiments, and
each replication consisted of 3,000 or more seedlings.

qRT-PCR Analysis

RNA was extracted with the RNeasy Kit (Qiagen). Poly(dT) cDNA was
prepared from 1 mg of total RNAwith an iScript cDNA Synthesis Kit (Bio-Rad)
and analyzed on the CFX384 Real-Time PCR detection system (Bio-Rad) with
iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instruc-
tions. Primer pairs were designedwith the BeaconDesigner 7.0 (Premier Biosoft
International). All individual reactions were done in triplicate with two bio-
logical replicates. Data were analyzed with qBase (Hellemans et al., 2007). Ex-
pression levels were normalized to those of EEF1a4 and CDKA1;1. The primer
sequences are listed in Supplemental Table S12.

Metabolite Extraction and Mass Spectrometry

Roots of 4-d-oldArabidopsis seedlingswere cut just below thehypocotyl and
ground for 30 s at 30Hzwith anMM400 automatic grinder (Retsch) in prefrozen
holders. Immediately, 3 mL mg21 ice-cold acidified (0.125% formic acid) aque-
ous methanol was added to the ground material, and samples were incubated
for 2 min on ice. Subsequently, samples were sonicated three times at 40 kHz
and 22 mm of amplitude for 15 s using a Soniprep 150 with exponential mi-
croprobe (MSE) and centrifuged for 10 min at room temperature. The super-
natant was then filtered with a 0.2-mm polytetrafluoroethylene filter and stored
at 280°C.

For metabolic analysis, liquid chromatography-mass spectrometry was
performed using a 4.6-mm Ø Luna C18 reverse-phase column (Phenomenex)
and a microTOF-Q mass spectrometer (Bruker). For the annotation of metab-
olites, a data-dependent liquid chromatography-tandem mass spectrometry
analysis was performed, selecting top 10 peaks in each full mass spectrometry
scan, with 12-s dynamic exclusion and a window of 1.5 D, on a Q Exactive
hybrid quadrupole orbitrapmass spectrometer (Thermo Fisher Scientific). The
following gradient was used in both analyses: 5 min, 5% acetonitrile and 95%
water; 40 min, 40% acetonitrile and 60% water; 45 min, 100% acetonitrile and
0% water; and 55 to 65 min, 5% acetonitrile and 95% water. For each data
point, three biological replicates were measured three times each to minimize
variance.

Genomics and Metabolomics Data Analysis

The scanned Affymetrix GeneChip Arabidopsis Gene 1.0 ST arrays were
analyzed using Bioconductor packages (www.bioconductor.org; Gentleman
et al., 2004) integrated in the automated online MADMAX pipeline (https://
madmax.bioinformatics.nl; Lin et al., 2011). A quantile normalization was used
to normalize the array data, and expression estimates were compiled with the
RMA method using the empirical Bayes approach (Wu et al., 2004). The arrays
were considered as of sufficiently high quality if (1) the fitPLM images have less
than 10% of specks and (2) box plots representing the relative long expression
and normalized unscaled SE values should not deviate between the arrays.
Probe sets that were differentially expressedwere identifiedwith linearmodels,
using moderated t statistics and empirical Bayes regularization for imple-
mentation of the SEs (Smyth, 2004). As a control for the variation within the
replicates, PCA was performed on normalized intensity values. Given the
morphological differences between the serk1serk3 double mutant and the wild-
type seedlings (Du et al., 2012), further analysis was done on genes that were
2-fold differentially regulated compared with the Col-0 lines using an FDR of
1%. For comparison of the differentially regulated genes in the bri1-301 linewith
differentially regulated genes in the bri1-116 line (Sun et al., 2010), the same
stringency values as used by Sun et al., 2010 were applied. GeneTrail software
(Keller et al., 2008) was employed for ORA and underrepresentation analysis of

genes using a minimum of three genes identified per category and default
settings for statistics (i.e. an FDR [Benjamini and Hochberg, 1995] for correction
of multiple testing and a significance level of 0.05). Differentially regulated
genes were binned in different cellular processes using MapMan analysis
(Thimm et al., 2004). HCL was done with the TM4 microarray software suite
(http://www.tm4.org/mev/) using default settings, which apply a Pearson
correlation as a distance measure and an average linkage for clustering. Venn
diagrams were made using the R Bioconductor package VennDiagram (Chen
and Boutros, 2011).

For differentially regulated genes in the bri1-116 lines, data were derived
from Sun et al. (2010) and downloaded from the GEO2R database using GEO
accession numbers GSE25134 using GSM617578 to GSM617580 for the wild-
type reference set and GSM617575 to GSM617577 for bri1-116. For differen-
tially regulated genes in the cpr5 mutant, GEO accession number GSE40322
was downloaded, using GSM991297 to GSM991299 for the wild type and
GSM991294 to GSM991296 for the cpr5 mutant. Values for differentially reg-
ulated genes were derived from GEO2R using a Benjamin and Hochberg
adjustment for multiple testing (FDR) for calculation of the adjusted P values
(FDR values).

When comparing genes differentially regulated in the serk1-3serk3-2 double
mutant with known processes related to SERK1 and SERK3, the P values were
calculated using a cumulative hypergeometric distribution:

p ¼ ∑
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whereN denotes the number of probes on the Affymetrix GeneChip (27827), k is
the size of the reference set, n is the number of differentially regulated genes,
and m is the number of genes overlapping between groups k and n. The
hypergeometric distribution was computed using R version 3.0 (http://www.
R-project.org/). The number of genes that can be expected to be identified by
chance alone was calculated via:

Nexpected ¼ k3 n
N

Raw data files obtained through mass spectrometry were converted in
centroid .mzXML data sets using the ProteoWizardMSConvert tool (Chambers
et al., 2012) and visually inspected with Insilicos viewer (www.insilicos.com) to
determine the quality of the data sets. Alignment was performed with the xcms
online suite (Tautenhahn et al., 2012) using edited HPLC/Bruker Q-TOF neg-
ative settings (feature detection of 10 ppm, 10-s minimum peak width, 90-s
maximum peak width, noise intensity of 500 units; alignment, bw 15 s; mzwid,
0.03 D). Data analysis was performed on the MetaboAnalyst 3.0 server (Xia
et al., 2009, 2012) using the Statistical Analysis tool. Missing data were esti-
mated with KNN, and peak intensities were filtered on relative SD and nor-
malized on total raw signal. Peak intensities were log transformed, to reduce
heteroscedasticity, and autoscaled (van den Berg et al., 2006). The SAM and RF
methods were applied to identify metabolites that differ significantly between
the wild-type and double mutant samples. SAMwas performed with a Delta of
1, corresponding to an FDR of 0.03. RF was validated through 10-fold cross-
validation. A ranked data table of significantly regulated metabolites was cre-
ated by pooling the top scoring 50 features from each test, and a new rank was
assigned to them based on their average ranks.

Liquid chromatography-tandem mass spectrometry data were annotated
using MAGMa (Ridder et al., 2012, 2013) based on candidate molecules re-
trieved from the KEGG, MetaCyc, and PubChem databases. The best candi-
dates according to the MAGMa penalty score were assigned to each mass peak
of interest. Additionally, a query of monoisotopic mass peaks was submitted to
the AraCyc database with increasing ppm thresholds (5–50) to identify addi-
tional metabolites, assigning the identities with the lowest ppm difference.
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The following supplemental materials are available.

Supplemental Figure S1. serk1-3serk3-2 root physiological and molecular
phenotypes.

Supplemental Figure S2. PCA of microarray data.

Supplemental Figure S3. Comparison of genes differentially regulated in
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Supplemental Figure S4. Suberin biosynthesis genes are differentially reg-
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Supplemental Table S1. Raw data array 1 for single mutants serk1-3,
serk3-2, and bri1-301.

Supplemental Table S2. Raw data array 2 for double mutant serk1-3/
serk3-2 and bri1-301.

Supplemental Table S3. Genes differentially regulated in the serk3-2 single
and serk1-3serk3-2 double mutants.

Supplemental Table S4. Genes differentially regulated in the serk3-2 mu-
tant analyzed using MapMan.

Supplemental Table S5. Groups defined for genes differentially regulated
in serk1-3serk3-2.

Supplemental Table S6. Genes differentially regulated in the bri1-301 mu-
tant with at least log2 1.5-fold change and an FDR value of 1%.

Supplemental Table S7. Cutin and suberin biosynthesis genes differen-
tially regulated in the serk1-3, serk3-2, and bri-116 mutants.

Supplemental Table S8. Defense-related genes.

Supplemental Table S9. Cell death-related genes.

Supplemental Table S10. Abscission-related genes.

Supplemental Table S11. Core cell cycle genes.

Supplemental Table S12. Primers used for qRT-PCR.

Supplemental File S1. Genes differentially regulated in serk1-3serk3-2 com-
pared with known BRI1-related genes.
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