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Nup82 functions redundantly with Nup136 in a salicylic acid-dependent defense
response of Arabidopsis thaliana
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ABSTRACT
The nuclear pore complex (NPC) comprises more than 30 nucleoporins (Nups). NPC mediates
macromolecular trafficking between the nucleoplasm and the cytoplasm, but specific roles of
individual Nups are poorly understood in higher plants. Here, we show that the novel nucleoporin
unique to angiosperm plants (designated as Nup82) functions in a salicylic acid-dependent defense
in a redundant manner with Nup136, which is a component of the nuclear basket in the NPC.
Arabidopsis thaliana Nup82 had a similar amino acid sequence to the N-terminal half of Nup136 and
a Nup82-GFP fusion was localized on the nuclear envelope. Immunoprecipitation and bimolecular
fluorescence complementation analyses revealed that Nup82 interacts with the NPC components
Nup136 and RAE1. The double knockout mutant nup82 nup136 showed severe growth defects,
while the single knockout mutant nup82 did not, suggesting that Nup82 functions redundantly with
Nup136. nup82 nup136 impaired benzothiadiazole (an analog of salicylic acid)-induced resistance to
the virulent bacteria Pseudomonas syringae pv. tomato DC3000. Furthermore, transcriptome analysis
of nup82 nup136 indicates that deficiency of Nup82 and Nup136 causes noticeable downregulation
of immune-related genes. These results suggest that Nup82 and Nup136 are redundantly involved
in transcriptional regulation of salicylic acid-responsive genes through nuclear transport of signaling
molecules.

KEYWORDS
Arabidopsis thaliana; nuclear
envelope; nucleoporin;
Nup136/Nup1; Nup82; plant
immunity; proteome;
transcriptome

Introduction

The nuclear pore complex (NPC), which spans the
outer and inner nuclear membranes, tightly regulates
protein and RNA trafficking between the cytoplasm
and the nucleus. Although recent works suggested that
large ribonucleoprotein complexes could be exported
from the nucleus by budding from the nuclear mem-
brane,1 most of nucleocytoplasmic exchange occurs
through the NPC. Ultrastructure analysis indicated
that the overall structure of the NPC is conserved
among eukaryotes.2-4 The NPC is a cylindrical channel
comprising repetitive subunits that are organized with
8-fold radial symmetry around the central axis.
Despite its large size (»60 MDa in yeast and »120
MDa in mammals), the NPC comprises 30 species of
proteins, termed nucleoporins (Nups) that are present
in multiple copies.5,6 By combining a diverse set of
immunoelectron microscopic, crystallographic and

proteomics experiments, a detailed architectural map
of the yeast NPC was calculated and determined.7,8

According to this model, nucleoporins can be subdi-
vided into 5 classes: transmembrane ring, core scaffold
(inner ring, outer ring and linker), cytoplasmic fila-
ments, nuclear basket and central barrier.7-10 Trans-
membrane ring and core scaffold nucleoporins are
thought to play important roles in the assembly of the
NPC on the nuclear envelope, while other nucleopor-
ins are responsible for regulation of trafficking, via
their Phenylalanine-Glycine (FG) repeats, which can
bind nuclear transport receptors. The nuclear basket is
composed of 3 nucleoporins, including NUA,
Nup146/Nup1 and Nup50 in higher plants.11,12 Inter-
estingly, the nuclear basket plays multiple nuclear
envelope-associated functions, such as RNA biogene-
sis, regulation of SUMO homeostasis, chromatin
maintenance and the control of cell division.13
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In addition to the transport system, the NPC pro-
vides attachment sites for the underlying chromatin,
and regulates genome organization and gene expres-
sion by establishing distinct chromatin environ-
ments.14,15 An early electron microscopy study
demonstrated that the NPC is surrounded by a decon-
densed chromatin domain, while the nuclear mem-
brane is largely associated with heterochromatin.16

Nucleoporins in mammals and yeast interact with
chromatin or transcriptional machineries to regulate
gene expression.17,18 Recently, it was also shown that
tethering reporter genes to the NPC significantly
affected their expression level in Arabidopsis.19 These
results suggested that mechanism of gene expression
regulation by the NPC is well-conserved among
eukaryotes.

In the past 10 years, genetics and proteomics have
identified many plant nucleoporins and their physio-
logic roles.11,12 Importantly, plant nucleoporins mediate
many biologic processes,20 including pathogen interac-
tions,21-23 symbiosis24-26 hormone responses,27-30 abi-
otic stresses31-33 and the circadian clock.34 However, it
is largely unknown how different nucleoporins in the
NPC control the trafficking of cargo molecules for the
signaling pathways. Previously, we identified
Arabidopsis Nup136/Nup1, which has a plant specific
sequence, using an interactive proteomics approach.35

Based on its structure, its dynamics on the nuclear
envelope, and interactors, Nup136 was proposed as a
functional homolog of mammalian Nup153, which is
localized in the nuclear basket of the NPC.7,8 Nup136
deficiency resulted in pleiotropic phenotypes, such as
early flowering, abnormal nuclear shape and lower fer-
tility,35,36 suggesting the importance of Nup136 for
plant growth. In this study, we isolated and character-
ized a novel nucleoporin, Nup82, whose sequences are
similar to those of N-terminal half of Nup136. Our
results showed that Nup82 is functionally redundant
with Nup136 in mediating the salicylic acid-dependent
immune response, which functions via changes in gene
expression.

Results and discussion

Nup82 is a novel nucleoporin conserved in
angiosperms

To identify novel nucleoporins from Arabidopsis, we
searched protein databases with sequences of known
plant nucleoporins. This analysis indicated that

Arabidopsis thaliana contains a gene (At5g20200) that
encodes a homologous protein to Nup136
(At3g10650), with 40% similarity in overall amino
acid sequences. The At5g20200 gene was predicted to
encode an 82-kDa protein whose sequences are
homologous to those of N-terminal half of Nup136
(Fig. S1). We therefore named the protein as Nup82.
In contrast to Nup136, Nup82 has no FG repeats,
which are involved in nucleocytoplasmic transport,
nor does it have any known functional domain.
Homologs of Nup82 were found in other plant spe-
cies, including Glycine max (dicot), Populus tricho-
carpa (dicot), Nelumbo nucifera (eudicot), Zea mays
(monocot), Oryza sativa (monocot), and Amborella
trichopoda (basal angiosperm), but not in Physcomi-
trella patens (moss), Selaginella moellendorffii (fern),
or Picea abies (gymnosperm) (Fig. 1A). A phyloge-
netic tree with Nup82 and Nup136 members in plants
clearly demonstrated that 2 nucleoporin ancestors
existed before lineage-specific expansions (Fig. 1A).
Therefore, Nup82 is a unique nucleoporin that might
have been acquired during angiosperm evolution to
provide the NPC with additional functions. To clarify
the subcellular localization of Nup82, we expressed a
Nup82–GFP fusion protein in Arabidopsis plants and
protoplasts, stably and transiently, respectively. As
observed for other GFP-fused nucleoporins,35 Nup82-
GFP clearly labeled the nuclear periphery (Fig. 1B and
C), which was similar to the NPC fluorescent signals
obtained from other Arabidopsis and eukaryote nucle-
oporins.35,37 These results suggest that Nup82-GFP is
localized in the NPC.

We next determined whether Nup82 interacts with
other nucleoporins in the NPC. An anti-GFP anti-
body was used to immunoprecipitate detergent-solu-
bilized fractions from the transgenic Nup82–GFP
plants. To identify the components of the immuno-
precipitates, proteins were separated by SDS-PAGE,
followed by a mass spectrometry analysis using an
LTQ-Orbitrap instrument. The mass spectrometry
analysis demonstrated that Nup82-GFP coimmuno-
precipitated with 2 nucleoporins (RAE1 and
Nup136) and one nucleocytoplasmic transport
protein (Ran-binding protein1 domain-containing-
protein) (Table 1 and Supplemental Table 1). RAE1
and Nup136 are components of outer-ring and
nuclear basket of the NPC, respectively.11,12 Ran is an
evolutionary conserved member of small GTPase and
regulates nucleocytoplasmic transport.38 Bimolecular

302 K. TAMURA ET AL.



fluorescence complementation (BiFC) assays con-
firmed the interaction of Nup82 with Nup136 and
RAE1 but not with Nup82 itself (Fig. 1D). These
results indicate that Nup82 interacts with nucleopor-
ins, forming the NPC in Arabidopsis. Previously, we
found that Nup136–GFP, which dynamically associ-
ates and disassociates with the NPC, was also coim-
munoprecipitated with only a few nucleoporins.35

These results of the coimmunoprecipitates with
Nup82-GFP and Nup136-GFP suggest that Nup82

interacts directly with Nup136 in the basket of the
NPC. We hypothesized that Nup82 has a function
related to that of Nup136.

Nup82 and Nup136 function redundantly in plant
growth

To determine the physiologic function of Arabidopsis
Nup82, 2 T-DNA insertion mutant lines, nup82–1
and nup82–2, were isolated (Fig. 2A). Reverse

Figure 1. Nup82 is a nucleoporin that is unique to angiosperms and is localized on the nuclear envelope. (A) The phylogenetic tree of
Nup82 (yellow box) and Nup136 (purple box) proteins from representative angiosperms (Amborella trichopoda), monocots (Oryza sativa
and Zea mays), eudicots (Nelumbo nucifera), and dicots (Glycine max, Populus trichocarpa and Arabidopsis thaliana). The aligned amino
acid sequences were assembled into a phylogenetic tree using the boot-strapped neighbor-joining algorithm48 in MEGA 6.06 with 1000
trials (http://www.megasoftware.net/). Bootstrap values are indicated as percentages of 1000 trials at their respective nodes. Labels at
the branch tips indicate NCBI Reference Sequence Numbers or gene names. (B) Confocal fluorescence images of root tip cells from trans-
genic Arabidopsis stably expressing Nup82-GFP. (C) Confocal fluorescence images of protoplasts of Arabidopsis cultured cells transiently
expressing Nup82-GFP. (D) Bimolecular fluorescence complementation (BiFC) assays in tobacco leaf epidermal cells. Histone-RFP was
coexpressed as a marker for visualizing nuclei in the transformed cells. nYFP, N-terminal half of YFP. cYFP, C-terminal half of YFP.
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transcription polymerase chain reaction (RT-PCR)
confirmed that not full-length but truncated NUP82
transcripts were present in either allele (Fig. 2B and
Fig. S2). However, the mutants grew normally and
were indistinguishable from wild-type (WT) plants
under our standard our growing condition (data not
shown), suggesting that Arabidopsis has functionally
redundant nucleoporins. We speculated that Nup136
shares a function with Nup82. We, therefore,

Table 1. Identification of Arabidopsis nucleoporins and Ran-bind-
ing protein that interact with Nup82-GFP by mass spectrometry.

AGI code Assigned name Peptide Score

At5g20200 Nup82 30 545
At4g11790 Ran-binding protein 4 195
At1g80670 RAE1 1 31
At3g10650 Nup136 3 30

The Arabidopsis Genome Initiative (AGI) codes were obtained from the TAIR
database (http://www.arabidopsis.org). Peptide represents the number of
unique peptides matched by mass spectrometry. Scores were calculated
using MASCOT (Matrix Science).

Figure 2. Isolation of nup82 nup136 double mutants. (A) A schematic representation of the NUP82 gene, which contains 8 exons. The
positions of T-DNA insertions in nup82–1 and nup82–2 are shown. Closed boxes and solid lines indicate exons and introns, respectively.
Black arrows indicate the orientation of the left border sequence. Red arrows indicate the primers used for RT-PCR in (B). (B) RT-PCR
analysis of NUP82 and ACTIN2 (ACT2) transcripts in the wild-type (WT), nup82–1, and nup82–2. Amplification of NUP82 and ACT2
required 40 and 27 PCR cycles, respectively. These data are representative of 2 biologic replicates and 2 technical replicates. (C) Thir-
teen-day-old seedlings of wild-type (WT), nup136–2, nup136–2 nup82–1, and nup136–2 nup82–2 plants. (D) Five-week-old wild-type
(WT), nup136–2, nup136–2 nup82–1, and nup136–2 nup82–2 plants. (E) Siliques of wild-type (WT), nup82–1, nup136–2, and nup136–2
nup82–1 plants.
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produced double knockout mutants for Nup136 and
Nup82, which share similar amino acid sequences
(Fig. S1). At the seedling stage, the nup82 nup136 dou-
ble mutants grew normally, compared with either the
WT or the nup136 single mutant (Fig. 2C). However,
after bolting, the nup82 nup136 double mutants
showed a more severe phenotype, which included
stronger dwarfism and lower fertility (Fig. 2C and D).
We previously reported that Nup136 deficiency led
was important in nuclear morphology.35 However, the
nup82 mutation had no additive/synergistic effect on
the nuclear morphology in the nup82 nup136 mutant
(Fig. S3). These results suggest that Nup82 functions
redundantly with Nup136 in plant growth but not in
the nuclear morphology.

Nup82 and Nup136 are required for the plant
immune response

Since Nup82 and Nup136 shared amino acid sequen-
ces and were suggested to function redundantly, we
next examined the transcriptome of the nup82 nup136
double mutants to clarify the molecular function of
the nucleoporins. Total RNA was isolated from 14-
day-old seedlings grown under normal conditions and
labeled for a microarray analysis (Supplemental
Table 2). An enrichment analysis of the differentially
expressed genes in the WT and the mutant identified
12 Gene Ontology (GO) terms in the biologic process
category (the minimum hypergeometric (mHG)
model, P < 0.05; Benjamini–Hochberg false discovery
rate (FDR)< 0.33), all of which were identified among
the downregulated genes in the mutant (Supplemental
Table 3). On the contrary, none of GO terms were
enriched in upregulated genes in the mutant. The 12
GO terms were further analyzed using REViGO
(reduce and visualize gene ontology)39 to cluster
semantic functional redundancies across these lists of
significantly overrepresented GO terms (Fig. 3A). The
most prominent and significantly overrepresented
biologic processes among the downregulated genes in
the mutant were a defense response to other organ-
isms (Fig. 3A and Supplemental Table 3). Fig. 3B
shows a list of the top 10 defense response genes that
were downregulated in the mutant compared with the
WT. Among them, publically available microarray
data (AtGenExpress. http://jsp.weigelworld.org/AtGe
nExpress/resources/) revealed that the expressions of
6 genes were upregulated significantly in response to

attack by either virulent or avirulent bacteria (Fig. 3B).
To verify the microarray data, we performed quantita-
tive real-time RT-PCR (qRT-PCR) analysis of
14-day-old Arabidopsis leaf tissues under normal
growth condition. In the mutants, the expression lev-
els of the top 3 genes in the list (At2g14610,
At4g12490 and At4g07820) were significantly reduced
compared with WT (Fig. 3C). This reduction was in a
gene dose-dependent manner, suggesting that bacte-
rial response pathway in the mutant might be affected
by deficiency of both Nup136 and Nup82.

The reduced basal level of defense gene expression
in the mutant raised the possibility that the mutant is
more susceptible to pathogens than the WT. We first
challenged the nup136, nup82, and nup82 nup136
mutants with a virulent bacteria, Pseudomonas syrin-
gae pv tomato DC3000 (Pto DC3000). Two days after
inoculation, there was significant increase in Pto
DC3000 growth in each mutant (Fig. 4A). In particu-
lar, deficiency of both nup136 and nup82 led to the
strongest phenotype. To understand the immune
response against Pto DC3000 in the mutants, we
treated them with exogenous benzothiadiazole (BTH),
which is an analog of salicylic acid (SA) to trigger
global transcriptional reprogramming and resistance
to a broad spectrum of biotrophic and hemibiotrophic
pathogens.40 Consistent with a previous report,41 BTH
treatment induced disease resistance, resulting in a
substantial reduction of bacterial growth in the WT an
the mutants (Fig. S4). Bacterial growth on the nup82
single mutant showed no difference compared with
the WT (Fig. 4B). By contrast, the nup136 single and
the nup82 nup136 double mutant had statically higher
numbers of the bacteria than the WT and nup82 single
mutant (p < 0.05) (Fig. 4B). We also found that the
nup82 nup136 double mutant was compromised in
BTH-dependent expression of immune-related genes
(Fig 4C). These results suggest that the functions of
Nup136 and Nup82 are partially redundant in SA-
dependent resistance against virulent bacteria.

How do Nup82 and Nup136 control the expression
of defense-related genes? One possibility is direct asso-
ciation of the NPC with the genes to regulate their
activity. The nuclear basket components of the NPC in
Drosophila bind up to 25% of the genome domains that
are enriched in active transcription chromatin
markers.42 The other possibility is NPC-mediated
nucleocytoplasmic transport of specific cargos, which
induce the expression of defense-related genes. Several
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Arabidopsis nucleoporins have been found to be
involved in immune responses. Arabidopsis nup9621

and nup8822 mutants were deficient in SA accumula-
tion, defense-related gene expression and pathogen
resistance. In the nup88mutants, the nuclear accumula-
tions of defense-signaling components, either NPR1 or
EDS1, were impaired specifically,22 suggesting that
nucleocytoplasmic transport of particular cargos plays
a key role in the immune response. Consistent with
this, Nup160 and Seh1, both of which are components
of the Nup107-Nup160 subcomplex, were also required
for the nuclear accumulation of EDS1 in response to
bacterial infection.23 It would be interesting to know
the functional relationships between these nucleoporins
and Nup82/Nup136 in plant immune responses.

Considering the generality of NPC’s function in
plant cells, it is particularly interesting that a specific

set of genes is regulated by certain nucleoporins. Tran-
scriptome analyses have been performed for various
Arabidopsis nucleoporin mutants, including tpr,30

hos134, nup6212 and nup160.12 Interestingly, each nup
mutation affected the expressions of a different set of
genes, suggesting the functional diversity of nucleo-
porins. For example, in the hos1 mutant, multiple
functional categories of genes were affected, possibly
resulting from disruption of mRNA export from the
nucleus.34,43 By contrast, both nup160 and nup62
mutants upregulated groups of genes involved in
nucleoporins and nuclear transport factors, implying
feedback regulation to compensate for the loss of the
NPC activity.12 It is hypothesized that such specificity
of nucleoporin-mediated gene expression plays an
important role in response to multiple signaling path-
ways in plants.

Figure 3. Defense-related genes are downregulated in the nup82 nup136 double mutant. (A) An enrichment analysis of Gene Ontology
(GO) terms in the biologic processes category. REViGO amalgamated GO terms associated with the downregulated genes in the nup136
nup82 double mutant. (B) The top 10 genes in the group of defense response, which were downregulated in the nup82 nup136 double
mutant. Bacterial response indicates whether gene expression is induced by bacterial infection, according to a public microarray analysis
(AtGeneExpress). fold, fold change in gene expression between Control P.s. at 24 h vs Nonhost P.s. at 24 h. (C) Quantitative RT-PCR of
defense-related genes in 14-day-old seedlings of the wild-type (WT), nup82–1, nup136–2, and nup82–1 nup136–2 plants. Data represent
mean values of 3 independent experiments with standard deviations.
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Materials and methods

Plant materials

Wild type and mutant derived form Arabidopsis thali-
ana (accession Col-0) were used. The T-DNA insertion
mutants, SALK_001707 (nup82–1), SALK_024526
(nup82–2), and SAIL_796_H02 (nup136–2) were
obtained from the Arabidopsis Biological Resource
Center at Ohio State University.

RT-PCR

Total RNA was isolated from 14-day-old seedlings
using the RNeasy Plant Mini Kit (74904, Qiagen).
cDNA was synthesized using Read-To-Go RT-PCR
Beads (27925901, GE Healthcare) with an oligo (dT)

12–18 primer. DNA fragments were amplified using
specific primers (ACT2; 50-AGAGATTCAGATGCC-
CAGAAGTCTTGTTCC-30 and 50-GAGTATGAT-
GAGGCAGGTCCAGGAATCGTT-30, full length of
Nup82; 50- ATGGCCACTCAAGGAGAAGCGACG-
30 and 50-TTAACAGCAGACACCGTCACTTC-30,
primer set 1 of Nup82; 50- ATGGCCACTCAAGGAG
AAGC-30 and 50- CACTGGGATCATTGTCCTGTG
G-30, and primer set 2 of Nup82; 50- GGACCCAGTA-
GAAGAACTCGTC-30 and 50- CTCATCATGCAT
GCTTCTGG-30). ACT2 was amplified using 26 and
Nup82 using 38 PCR cycles, respectively. qRT-PCR
was performed with specific primers (At2g14610; 50-
CGAACACGTGCAATGGAGTT-30 and 50-CACTTT
GGCACATCCGAGTC-30, At4g12490; 50-CCCTACG
CCAGTCATTCCTC- 30 and 50- AGGTGATGGC

Figure 4. Nup136 and Nup82 are involved in benzothiadiazole (BTH)-induced resistance against Pseudomonas syringae pv tomato
virulent strain DC3000 (Pto DC3000). (A and B) Bacterial growth at 2 d after inoculation with Pto DC3000 (OD600 D 0.0001) in
the leaves of nup136–2, nup82–1, and nup136–2 nup82–1 mutants that were pretreated without (A) or with (B) 150 mM BTH
for 1 day. �, p < 0.05; ��, p < 0.01 compared with the wild-type plants. Data represent mean values of 2 independent experi-
ments (n D 16). Error bars indicate standard errors (Student’s t test, �p < 0.05, ��p < 0.01). (C) Quantitative RT-PCR of
defense-related genes in 14-day-old seedling of WT and nup82–1 nup136–2 with (CBTH) and without benzothiazole (-BTH)
treatment. Data represent mean values of 3 independent experiments with standard deviations.
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TGTCCCAACT-30, and At4g07820; 50-AGGCGTGA
GTCCCTTGATGT-30 and 50-TAGGGCCCACCT-
GAGAGAAA- 30) and SYBR Premix Ex Taq II
(RR820A, Takara).

Imaging

The Nup82 fragment was generated using specific pri-
mers (50-AACCAATTCAGTCGACATGGCCACT-
CAAGGAGAAGCGAC-30 and 50-AAGCTGGGTCT
AGATATCCACAGCAGACACCGTCACTTCCT-30)
and cloned into the pENTR1A vector (11813–011,
Invitrogen). To generate the DNA constructs for GFP
fusions, the cloned DNA fragment was transferred
from the entry clone to the pGWB405 Gateway desti-
nation vector44 by an in vitro recombination attL £
attR reaction. Transient and stable expression of
Nup82–GFP in Arabidopsis was performed as
described previously.35 Confocal images were obtained
using laser scanning microscopes (Zeiss LSM 780 and
Zeiss LSM 510 META; Carl Zeiss) equipped with a
488-nm 40-mW Ar/Kr laser, and a 100£1.45 N.A. oil
immersion objective (a Plan-Fluar, 000000–1084–514,
Carl Zeiss), or 63£1.2 N.A. water immersion objective
(C-Apochromat, 441777–9970–000, Carl Zeiss).
Image analysis was performed using either LSM image
examiner software (Carl Zeiss) or Fiji software.

Interactome analysis

Immunoprecipitation was performed with mMACS
Epitope Tag Protein Isolation Kits (Miltenyi Biotec),
as described by previously.35 LC-MS/MS analyses
were performed using the LTQ-Orbitrap XL-HTC-
PAL system (Thermo Fisher Scientific, Bremen,
Germany), as described previously.45 The Mascot
(Matrix Science Ltd, UK) search parameters were set
as follows: threshold of the ion-score cut-off, 0.05;
peptide tolerance, 10 ppm; MS/MS tolerance, §
0.8 Da; and peptide charge, 2C or 3C. The search was
also set to allow one missed cleavage by trypsin, a car-
boxymethylation modification of cysteine residues,
and a variable oxidation modification of methionine
residues.

Bimolecular fluorescence complementation (BiFC)

To generate the DNA constructs for a BiFC assay, the
cloned DNA fragments were transferred from the
entry clone to the Gateway destination vectors

(pB4NY2 and pB4CY2) by an in vitro recombination
attL £ attR reaction. Transient expression in tobacco
was performed as described previously.45 Histone-
RFP fusion was coexpressed as a marker for visualiz-
ing nuclei in the transformed cells.

Bacterial strains and preparation of the inoculant

Pseudomonas syringae pv tomato virulent strain
DC3000 (Pto DC3000) was grown overnight in King’s
B medium supplemented with 50 mg/ml of rifampicin.
The bacteria were harvested by centrifugation, washed
and diluted to the desired density with water.

Bacterial growth assay

Bacterial growth assays were performed as described
previously.46 Briefly, bacterial suspensions (OD600 D
0.0001) were infiltrated into leaves of 4 to 5-week-old
plants that had been treated with or without 150 mM
BTH for 1 day using a needleless syringe. Colony-
forming units (cfu) per cm2 of the leaf surface area
were counted from leaf tissue collected 2 d after
infiltration.

Microarray and GO analysis

Total RNA (200 ng) isolated from 14-day-old seed-
lings was labeled with Cy3 and hybridized to an Agi-
lent 4£44k Gene Expression Array (Arabidopsis
thaliana Ver. 4), according to the manufacturer’s
instructions. Functional categorization and GO
enrichment of the differentially expressed genes in the
mutant were performed using GOrilla.47 We consid-
ered a GO category significant if it had a hypergeo-
metric test P-value <0.05. REViGO39 was used to
account for the functional and semantic redundancies
among the identified of GO terms, using a simple clus-
tering algorithm.
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