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Incorporating Motif Analysis into Gene Co-expression
Networks Reveals Novel Modular Expression Pattern and
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Abstract

Understanding of gene regulatory networks requires discovery of expression modules within gene co-expression networks
and identification of promoter motifs and corresponding transcription factors that regulate their expression. A commonly
used method for this purpose is a top-down approach based on clustering the network into a range of densely connected
segments, treating these segments as expression modules, and extracting promoter motifs from these modules. Here, we
describe a novel bottom-up approach to identify gene expression modules driven by known cis-regulatory motifs in the
gene promoters. For a specific motif, genes in the co-expression network are ranked according to their probability of
belonging to an expression module regulated by that motif. The ranking is conducted via motif enrichment or motif
position bias analysis. Our results indicate that motif position bias analysis is an effective tool for genome-wide motif
analysis. Sub-networks containing the top ranked genes are extracted and analyzed for inherent gene expression modules.
This approach identified novel expression modules for the G-box, W-box, site Il, and MYB motifs from an Arabidopsis
thaliana gene co-expression network based on the graphical Gaussian model. The novel expression modules include those
involved in house-keeping functions, primary and secondary metabolism, and abiotic and biotic stress responses. In
addition to confirmation of previously described modules, we identified modules that include new signaling pathways. To
associate transcription factors that regulate genes in these co-expression modules, we developed a novel reporter system.
Using this approach, we evaluated MYB transcription factor-promoter interactions within MYB motif modules.
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Introduction

The advancement in technologies in recent years has resulted in
many large data sets cataloging the biological systems at various
levels. Biological networks inferred from these data have become
an important tool to describe and analyze biological signaling
systems [1-3]. Depending on the sources of the data, different
biological networks include information on protein-protein and
protein-DNA interactions, or network structures for gene co-
expression, metabolism, phosphorylation, and yet other structured
sets that integrate diverse data sources. Identifying novel signaling
or gene expression modules from these networks has become a
major goal of systems biology.

Plant biological networks are mainly gene co-expression
networks based on large-scale transcriptome data. Relatively few
studies on protein-protein interaction [1,4,5], protein-DNA
interaction [6,7] or phosphorylation [8] have been reported.
The gene co-expression networks consist of nodes representing
genes and edges representing connections between nodes. An edge
between two genes indicates that they have similar expression
patterns under various biological conditions. The pair-wise gene
expression similarities are mostly measured using the Pearson
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correlation coefficient [9-12]. In addition, association measure-
ments have also been derived using Mutual Rank [13], the
Spearman correlation coefficient [14], and the partial correlation
coefficient [15—17] methods. Plant functional networks integrating
multiple data types, including co-expression, have also been
reported [18-21].

Once generated, these co-expression networks are used to
identify expression modules to extract biological meaning. An
expression module includes a subset of genes from within the
network that are highly interconnected with each other but show
only limited connection to genes outside the subset. Expression
modules usually represent groups of co-expressed genes with
condition-specific similar or same expression patterns, suggesting
that they likely belong to gene expression units regulated by the
same transcription factor(s) (TF). Various network clustering
methods have been used to identify such modules from plant
gene co-expression networks. These include Markov chain
clustering (MCL) [9,10,22,23], IPCA [12], NeMo algorithm
[24], and HQcut [25]. In these methods the clustering algorithms
while searching for modules only consider the topology and
connectivity of the networks but fail to take into account the
properties of the nodes or the genes such as promoter sequences.
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Author Summary

Gene co-expression networks unite genes with similar
expression patterns. From these networks, gene co-
expression modules can be identified. A specific family of
transcription factor(s) may regulate the genes within a co-
expression module. Thus, module identification is impor-
tant to decipher the gene regulatory network. Previously,
module identification relied on clustering the gene
network into gene clusters that were then treated as
modaules. This represents a top-down approach. Here, we
introduce a reverse approach aiming at identifying gene
co-expression modules regulated by known promoter
motifs. For a given promoter motif, we calculated the
probability of each gene within the network to belong to a
module regulated by that motif via motif enrichment
analysis or motif position bias analysis. A sub-network
containing the genes with a high probability of belonging
to a motif driven module was then extracted from the
gene co-expression network. From this sub-network, the
modular structure can be identified via visual inspection.
Our bottom-up approach recovered many known and
novel modules for the G-box, MYB, W-box and site Il
elements motif, whose expression may be regulated by
the transcription factors that bind to these motifs.
Additionally, we developed a rapid transcription factor-
promoter interaction screening system to validate predict-
ed interactions.
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Motif Analysis over Gene Co-expression Networks

Motifs in the promoters are only searched after the modules are
extracted. This represents a top-down strategy.

Here, we describe a bottom-up approach to identify expression
modules from a previously published Arabidopsis thaliana gene co-
expression network based on the graphical Gaussian model
[15,26]. Our major interest is to understand how known promoter
motifs are distributed across the gene network and to identify gene
expression modules that these motifs might regulate. For any given
motif, every gene in the network was first analyzed to calculate its
probability of belonging to an expression module regulated by that
motif. Then, all the top ranked genes were used to extract a sub-
network from the original gene co-expression network. From this
sub-network, the modular structures will self-manifest, thus
enabling discovery of novel signaling pathways. We used this
approach to successfully identify novel expression modules for four
well studied motifs - G-box, MYB, W-box, and site II element. We
validated our predicted promoter-motif interactions using a novel
i viwo reporter assay system. The bioinformatics program
described here can be used to extract expression modules for
any motif of interest.

Results

Network-based motif analysis

Gene co-expression networks describe the pattern of co-
expression between genes. The connected gene pairs within such
networks share similar expression patterns. A subset of genes
within such a network might be combined by the presence of a

o . -1000 -500

Position relative to TSS (bp)

Figure 1. Motif enrichment and motif position bias analysis. (A) A representation of the co-expression network. Each node represents a gene,
while a connection between two genes indicates similar expression pattern. Genes containing a given motif are shown in red. Genes in group Il are
enriched for this motif and are more likely to be regulated by that motif. (B) In this sub-network, both gene groups include similar numbers of genes
containing the motif, but the motif positions distribute differently along the promoters in two modules. Group Il genes display position bias for the

motif and are more likely to be regulated by that motif.
doi:10.1371/journal.pgen.1003840.g001
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specific motif in their promoters. Depending on their expression
patterns, some of these same-motif-containing genes cluster
together and form expression modules, while others disperse
across the network (Figure 1A). The genes in the former category
cluster together at a frequency higher than random distribution. It
is assumed that these clustered same-motif-containing genes
belong to expression module(s) that will be regulated by the
corresponding motif in a condition-specific manner. It is also
important to note that the promoter motifs tend to show position
bias in their distribution relative to the transcription start site
(TSS). Consider two groups of genes containing the same motif in
their promoters with similar frequency. We can distinguish them
by one where a motif is distributed evenly along the promoters and
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the other where the motif'is skewed towards being present closer to
the TSS (Figure 1B). The probability for the latter group of genes
to be regulated by that motif is higher than the former group.
Thus, by studying how a specific motif distributes across the
network, it is possible to identify the expression modules it
regulates. The key is to distinguish the same-motif-containing
genes belonging to expression modules with motif enrichment/
motif position bias from those that do not belong. For this, we
employed two independent methods. One is based on the
hypergeometric distribution to assess motif enrichment and the
other is based on the uniform distribution to measure motif
position bias towards TSS. Specifically for each motif, a pValue of
motif enrichment and a z-score for motif position bias were
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Figure 2. A sub-network for the G-box motif based on motif enrichment analysis. Genes were identified by motif enrichment analysis with
pValue for the G-box motif <=0.001. Eleven modules were identified and labeled with the name of the representative gene. Red nodes - genes
whose promoters contain the G-box motif; white nodes - genes whose promoters lack the G-box motif.

doi:10.1371/journal.pgen.1003840.g002
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calculated for every gene within the network in the following
manner. For any gene, the gene and its immediately connected
neighbor genes within the network are considered as a group. The
frequency of the motif present within the promoters of this group
of genes is compared to those of the whole genome and a pValue
based on the hypergeometric distribution is calculated. The
locations of the motif within these promoters are also used to
compute a z-score as an indicator of whether the motif has a
position-bias distribution towards TSS as described before [27]
(see Material and Methods). A large z-score indicates the motif has
a biased distribution towards TSS, while a motif with even
distribution along the promoters will result in a z-score close to
zero.

Genes are then ranked according to their pValues. The smaller
the pValue the higher the chance that the gene belongs to an
expression module regulated by the motif that is under consider-
ation. All genes with pValues smaller than a selected cut-off are
used as seeds to generate a sub-network from the original co-
expression network. The sub-network is inspected for the existence
of densely connected modules that provide information about the
propensity of the motif to drive the modular expression of its
targets. As an independent method, genes are also ranked
according to their z-score. The genes with z-scores larger than a
selected cut-off are extracted and used to generate sub-networks.
The sub-networks are then inspected for module structures.

For our analysis, we used an Arabidopsis gene co-expression
network that had been established based on the graphical
Gaussian model (GGM) [15,26]. With a partial correlation co-
efficient cut off at 0.05 [26], it contains 16,459 genes (nodes) and
120,276 co-expressed gene pairs (edges) (Table S1). Here, we
focused our analysis on the 10,385 nuclear-encoded genes
connected to 5 or more co-expressed genes, i.e. nodes with
> =15 edges.

Expression modules regulated by the G-box motif in a
co-expression network

The bZIP transcription factor family includes 75 members in
Arabidopsis that regulate diverse signaling processes in plants [28].
bZIP TFs predominantly bind to the G-box (CACGTG) motif in
promoters. We analyzed how the G-box motif is distributed across
the gene co-expression network. Out of the 10,385 genes analyzed,
497 exhibited a pValue for the G-box lower than 0.001 (Table S2),
while only 5 genes on average were recovered in permutation
experiments with randomized promoter sequences. The estimated
false discovery rate (FDR) is 1%. A sub-network for these 497
genes is extracted from the original gene co-expression network
(Figure 2). Out of the 497 genes in the sub-network only 291
harbor the G-box motif. The remaining 206 genes are represented
in the sub-network because their neighbors possess the G-box
motif. Within the G-box sub-network, several densely connected
sub-groups of genes or expression modules were identified.
Functions of genes in the sub-network are illustrated by their
enriched GO term (Figure 2, Table 1).

Our analyses identified 10 gene modules that are regulated by
various developmental or environmental cues such as abiotic and
biotic stress, pathogen elicitors, hormones, and different light
regimes (Figure 2, Figure S1, Table 1, and Table S3). Module V,
VI, and VIII included genes that are known to be regulated by
bZ1Ps in ABA response pathways [29,30], embryogenesis [31-33],
and the ER stress response [34-36].

Interestingly, Module V includes genes that are induced by the
bacterial pathogen Pseudomonas syringae pv tomato (Psf) DC3000 but
repressed by the DC3000 hrcc™ strain that lacks the type III
secretion system used to deliver effector proteins into plant cells.
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Table 1. GO enrichment of co-expression modules identified
in the G-Box sub-network*.

Module Enriched GO (or notes) pValue

| Phytosynthesis 6.24E-10

Il circadian rhythm 1.62E-06
1] cold acclimation 9.28E-15
\% flavonoid biosynthetic process 4.56E-07
Vv response to abscisic acid stimulus 7.31E-17
Vi seed development 3.37E-19
Vil response to jasmonic acid stimulus 1.23E-08
Vil response to endoplasmic reticulum stress 3.88E-16
IX glycosinolate biosynthetic process 1.84E-22

X response to chitin 2.87E-12
Xl starch matebolic process 2.23E-10
Xl response to heat 6.81E-06
Xl (seed specific expression) N/A

XV (root specific expression) N/A

*GO enrichment was calculated according to the modules in Figure 2 (Modules |
to X) and Figure 3 (Modules XI-XIV). See Table S3 for gene IDs within the
modules.

doi:10.1371/journal.pgen.1003840.t001

This indicates that the Pst DC3000 pathogen appears to deliver
effectors that stimulate ABA signaling pathways through bZIP
transcription factors as reported before [37]. In contrast, Module
VI includes ER stress genes that are also induced by various
pathogens and elicitor treatments. Several genes in Module X are
previously categorized as common stress responsive genes [38] but
TFs that regulate these genes via the G-box motif have yet to be
identified. Thus, Module X identified here is a novel module
requiring further studies.

Interestingly, some bHLH transcription factor family members
also bind to the G-box motif [39]. PIF3 and PIF4 bHLH
transcription factors bind to G-box containing photosynthesis
genes and the circadian rhythm genes LYH and CCALl, indicating
Module I and II's regulation by bHLH factors [40,41]. Module I
genes were induced by long exposure to light and Module II genes
were induced by short exposure to light. Another bHLH protein
AtMYC2 also binds to the G-box element and regulates genes in
the jasmonate signaling pathway [42-44] which were enriched in
module VII. The genes in module IX were enriched for functions
in glucosinolate biosynthesis including SURI1 that might be
negatively regulated by AtMYC2 [43,45].

As an independent measure, we carried out module discovery
for the G-box motif wa motif position bias analysis. 519 out of
10,385 genes analyzed show a z-score for G-box larger than or
equal to 3. A sub-network for these genes was extracted (Figure 3).
On an average, only 1.3 genes were identified with a z-score> =3
in permutation experiments with an FDR of 0.3%. Interestingly,
this method recovered 9 out of the 10 modules that were also
identified via the pValue method (Figure 2). Modules derived by
either method shared a large number of genes, demonstrating the
reliability of the analysis. Four additional modules emerged,
among them two potentially novel modules regulated by the G-
box motif: Module XII is enriched for heat shock proteins and
Module XIV contains genes specifically expressed in roots.

The majority of the modules identified in our analyses for the
G-box motif are consistent with previous studies that focused on
individual pathways. In addition, we discovered three novel
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Figure 3. A sub-network for the G-box motif based on the motif position bias analysis. Genes were identified in the motif position analysis
with z-score> = 3. Thirteen modules were identified. Among them, 9 modules (circled in blue) were also identified via the motif enrichment analysis
(See Figure 2), while 4 modules (circled in green) represent additional modules identified via the motif position analysis. Red nodes - genes whose
promoters contain the G-box motif; white nodes - genes whose promoters lack the G-box motif.

doi:10.1371/journal.pgen.1003840.g003

modules. Importantly, many genes were identified here as part of
the known modules for the first time (Table S3). In addition, our
analysis successfully places these genes in a signaling framework
that will facilitate further studies on biological functions. Another
notable observation is detection of an overlap of the modules for
ABA signaling and jasmonate signaling (Figure 2), suggesting that
the regulatory circuits to which these genes respond might be
under the control of these two hormones. The interaction and
binding of bZIP or bHLH transcription factors with the G-box
motif in the promoters of these genes might lead to competition. In
fact, antagonistic interaction between the two hormones has been
reported before [46,47].

PLOS Genetics | www.plosgenetics.org

Expression modules regulated by the MYB motif
CCwACC in a co-expression network

In Arabidopsis, the MYB transcription factor family includes
>190 members that regulate diverse functions [48,49]. We
analyzed distribution of two MYB binding motifs, CCwACC
and ACCwACC (with “w” standing for “A” or “C”) [50,51],
across the co-expression network. In the network, 243 genes show
pValues for CCwACC or ACCwACC lower than 0.01 (Table S2).
A sub-network for these genes is shown in Figure 4.

An inspection of the sub-network revealed 10 expression
modules (Figure 4, Table 2). A number of these modules are
known to function in biosynthesis of various secondary metabolites

October 2013 | Volume 9 | Issue 10 | e1003840
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Figure 4. A sub-network for the MYB motifs based on motif enrichment analysis. Genes were identified in the motif enrichment analysis
with a pValue for MYB motifs <=0.01. Ten modules were identified, labeled with the name of the representative gene. Red nodes - genes whose
promoters contain the MYB motif; white nodes — genes whose promoters lack the MYB motif.

doi:10.1371/journal.pgen.1003840.g004

such as flavonoid (module III), glucosinolate (II), indole derivative
(), anthocyanin (IV), and phenylpropanoids (VIII). Their expres-
sion pattern (Figure S2) clearly highlights the activation of diverse
metabolic modules in Arabidopsis to cope with distinct environ-
mental stresses. For example, Module V genes were highly induced
in response to pathogen elicitors and the bacterial pathogen Pst
DC3000, possibly representing their function in the basal innate
immune response. Genes in this module are implicated in different
steps of lignin biosynthesis pathway. Module I genes were up-
regulated by broader stimuli including methyl jasmonate, the
oomycete pathogen Phytophthora, and the fungal pathogen Botrytis. In
contrast, the glucosinolate genes in Module II were universally
repressed by pathogens. Module VII appears to operate in nitrogen
metabolism based on the presence of UPM1 and AT3G58610 genes
in this module. Together, the functions collected in these modules

PLOS Genetics | www.plosgenetics.org 6

are consistent with previous reports about MYB-mediated regula-
tion of diverse metabolic pathways [48,52—60]. Three of the
modules (VI, IX, & X) in the sub-network are involved in tissue
development. Module IX contains genes specifically expressed in
roots and seeds (Figures S3), indicating a novel module that might
control root and seed development.

We also noted that module II of the MYB sub-network shared
genes with module IX of the G-box sub-network. For example,
SURI and CYP83A1 genes (Figure 2 and Figure 4). Gene DFR in
module III also appears in module IV of the G-box sub-network.
These results indicate some of the genes in these modules are
regulated by both the G-box motif and the MYB motif.

The position bias analyses of the MYB motif identified 348 genes
in the co-expression network with z-scores for the CCwACC or
ACCwACC larger or equal to 2.2. For genes with z-score between

October 2013 | Volume 9 | Issue 10 | e1003840



Table 2. GO enrichment of co-expression modules identified
in the MYB motif sub-network*.

Module Enriched GO (or notes) pValue

| indole derivative biosynthetic process 5.49E-21
Il glucosinolate biosynthetic process 1.42E-26
1] flavonoid biosynthetic process 1.17E-17
\% anthocyanin biosynthetic process 1.33E-06
Vv phenylpropanoid metabolic process 1.69E-16
Vi pollen exine formation 1.40E-16
Vil cellular nitrogen compound biosynthetic process 2.86E-04
Vil respiratory electron transport chain 1.18E-04
IX (specifically expressed in root and late embryo) N.A.

X cell wall polysaccharide biosynthetic process 3.59E-05
Xl abscisic acid mediated signaling pathway 2.46E-04
Xl response to hypoxia 1.92E-05
Xl sexual reproduction 1.87E-08
XV nitrate transport 1.08E-06
XV response to auxin stimulus 4.80E-14
XVI response to blue light 7.35E-05
Xvii wax biosynthetic process 8.60E-09
Xvil (carpel specific expression) N.A.

*GO enrichment was calculated according to the modules in Figure 4 (Modules |
to IX) and Figure 5 (Modules IX-XIV). See Table S3 for gene IDs within the
modules.

doi:10.1371/journal.pgen.1003840.t002

2.2 and 3, it is required that there are at least 5 instances of the motifs
within the promoters of that gene and its neighbor genes. A sub-
network for these genes is shown in Figure 5. This sub-network
revealed 15 modules. Seven of these modules were also identified via
the pValue method (Figure 4). In the remaining 8 modules 2 function
in known MYB-regulated pathways: nitrate transport (XIV) and wax
biosynthesis (XVII). Three of the modules are novel and include
genes responding to ABA (XI), auxin (XV), and hypoxia (XII).

To assess the FDR in the MYB motif analysis, permutation
experiments were conducted with randomized promoter sequenc-
es. The permutation was performed 15 times. In each permuta-
tion, motif enrichment analysis was conducted for the MYB motif,
and the genes with pValue<<=0.01 were used to extract a sub-
network from the entire gene co-expression network. A typical
sub-network is shown in Figure S4. On average 2.7 gene modules
were recovered that each contained at least 6 genes from each
permutation. Therefore, the FDR for MYB motif module
identification is 2.7 out of 10 or 27% in the motif enrichment
analysis. Similarly, in the motif position bias analysis, on average
3.1 gene modules with > =5 gene numbers were identified among
genes with z-score>=2.2 from each permutation (Figure S5).
Thus, there might be up to 3.1 false discovered modules or a FDR
of 21% (3.1/15) in the analysis based on position bias.
Additionally, in each permutation, only 1 gene on average was
recovered with both pValue<=0.01 and z-score>=2.2, and no
gene modules was identified that fulfills both requirement. This
indicates no falsely discovered modules exist among the 7 MYB-
related modules recovered by both methods.

Expression modules regulated by the W-box motif

The WRKY transcription factors play important roles in plant
defense. They bind to the W-box motif [61]. The core sequence of

PLOS Genetics | www.plosgenetics.org
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the W-box motif is TTGACy (with “y” standing for “A” or “G”),
but various variant forms of the sequence also show binding
affinity to WRKY proteins [62]. Here, we analyzed the W-box
motif variant kKTTGACy (with “k” standing for “G” or “T”)
identified in our previous study [27]. There are 388 genes whose
pValues for this W-box motif is less than 0.001 with a FDR of
1.1%. A sub-network for these genes is shown in Figure 6. From
this sub-network, five expression modules can be recognized
(Table 3). The majority of the genes in modules I and II are
regulated by pathogen responses. The genes in Module II are
primarily induced by Microbe Associated Molecular Patterns
(MAMPs) or by pathogens, while the genes in module I were also
strongly induced by salinity stress in Arabidopsis roots (Figure S6).
Interestingly, genes in Module II were repressed by Pst DC3000 at
6 hour post infection. However, at the same time point, these
genes were not repressed by the DC3000 hrcc™ mutant (a mutant
that’s unable to deliver effectors into plant cells) [26]. Thus, it
appears that the pathogen Pst DC3000 actively delivers effectors
into plant cells that interfere with plant signaling pathways and
suppress the induction of these genes, presumably for the benefit of
the pathogen.

The majority of genes in module III can be characterized as
common stress responsive genes because they are induced by
different types of abiotic or biotic stress [38]. Interestingly, the
majority of genes in module IV are specifically expressed in the
roots under normal growth condition (Figure S7) but are repressed
by salinity or osmotic stress in roots (Figure S6). In contrast, these
genes do not respond to MAMPs or pathogen treatments. These
observations raise the possibility that WRKY-mediated signaling
might regulate root development. Consistent with these observa-
tions, WRKY75 has a function in root hair development [63].
However, any regulatory influence of WRKY75 on genes in
module IV has not yet been analyzed. Finally, module V genes are
also specifically expressed in roots (Figure S7) and no specific
function for WRKY in the regulation these genes are known.

Using the motif position bias analysis, 357 genes were identified
with a z-score>=3 and with a FDR of 2.4%. The recovered
modules included 3 modules (I, II, V) identified by the motif
enrichment method and 2 additional modules with genes
specifically expressed in roots (VI) or siliques (VII) (Figure 7 and
Figure S7).

Expression modules regulated by the Site Il element
motif TGGGCy

The Site II element motif TGGGCy, bound by TCP
transcription factors is present in the promoters of many cell-cycle
genes, ribosomal protein genes, and nuclear-encoded mitochon-
drial protein genes [64-67]. Our motif position bias analysis
resulted in 1,161 genes with z-scores for TGGGCly larger or equal
to 3 with a FDR of 0.4%. The sub-network for these genes is
shown in Figure 8. Thirteen modules were identified from the sub-
network (Table 4). Consistent with previous reports [64-67],
modules enriched with cell-cycle genes (V, VI, VII), ribosomal
proteins genes (I), and mitochondrial proteins genes (IX) were
identified. Our analysis revealed that some nuclear-encoded
chloroplast genes may also be regulated by the site II element
motif (module II, XI, XII). Additionally, two novel modules (III,
VIII) harbor genes functioning in protein folding and one (IV)
contains genes encoding members of the proteasome complex. Yet
another novel module (X) includes a number of fatty acid
biosynthetic genes. Thus, our analysis indicates that site II element
motif might regulate a broader array of biological processes than
previously thought. Many of the functions that are highlighted
show strong relationships to housekeeping functions of plant cells.

October 2013 | Volume 9 | Issue 10 | e1003840
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Figure 5. A sub-network for the MYB motifs based on motif position bias analysis. Genes were identified in the motif position analysis
with z-score> =2.2. Sixteen modules were identified. Among them, 7 modules (circled in blue) were also identified via the motif enrichment analysis
(See Figure 4), while 8 modules (circled in green) represent additional modules identified via the motif position analysis. Red nodes - genes whose
promoters contain the MYB motif; white nodes — genes whose promoters lack the MYB motif.

doi:10.1371/journal.pgen.1003840.g005

Using the motif enrichment analysis method, 161 genes were
recovered with pValue<=0.001 for the motif TGGGCy at a
FDR of 3.6%. Therefore, for the site II element motif, the position
bias analysis recovered more genes and performed better than the
motif enrichment analysis.

A combined sub-network incorporating gene expression
modules regulated by the G-box, MYB, W-box, or the site
Il element motif

The above analysis identified gene expression modules for
individual motifs. Here, these modules were incorporated into a
single network. Shown in Figure 9A is a sub-network consisting of

PLOS Genetics | www.plosgenetics.org

the top 6,000 co-expressed gene pairs from the original GGM
network (the whole GGM network is too big to depict here).
Among the 3,756 genes in this sub-network, 1,056 (28%) are
regulated by at least one of the four motifs. Gene modules
regulated by the W-box motif appear in multiple clusters across
the network. The modules regulated by G-box, MYB, or site 1II
elements have similar distribution pattern. A number of modules
within the network are regulated by two motifs: MYB & G-box,
W-box & G-Box, or G-box & site II elements (Figure 9B). These
modules are similar to those identified via single motif analysis. IFor
example, module I from this analysis is regulated by the site II
element and shares many genes with the site II element module VI
from the single motif analyses (see Iigure 8). Module II is regulated
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Figure 6. A sub-network for the W-box motif based on the motif enrichment analysis. Genes were identified in the motif enrichment
analysis with pValue for the W-box motifs < =0.001. Five modules were identified and labeled with the name of the representative gene. Red nodes -
genes whose promoters contain the W-box motif; white nodes - genes whose promoters lack the W-box motif.

doi:10.1371/journal.pgen.1003840.g006

by both the G-box and MYB motifs and shares many genes with
the G-box module IX (see Figure 2) and the MYB module II (see
Figure 4) from single motif analyses. The structure of the
combined motif sub-network is more complex than the one
derived from single motif analyses, while the single motif analyses
provide the basis to reveal the modular structures within this
network.

Comparison between the bottom-up and top-down

approaches for module discovery

To compare our bottom-up module discovery approach
described here with the top-down approach, we used previously
published Arabidopsis Gene Co-expression Network (AGCN)
generated from 1,094 Affymetrix ATHI microarray data sets via

PLOS Genetics | www.plosgenetics.org

the AtGenExpress project [9]. The AGCN network contained
6,206 genes and was clustered into 527 modules using the MCL
algorithm via a top-down approach [9]. Using the same motif
enrichment and motif positions bias analysis employed in our
bottom-up approach, we identified AGCN modules that are
regulated by the G-box, MYB, WRKY, and the site II element
motifs (Table S4). The results of comparative analyses are shown
in Table 5 and Figures S8, S9, S10, S11, S12, S13, S14, S15. The
two approaches were considered to share a common identified
motif-driven module if the respective modules from each approach
share common genes between them. 7 out of the 14 modules
regulated by G-box motif identified via our bottom-up approach
were not recovered by in the AGCN network using the top-down
approach (Figure S8 and S9). These include the modules

October 2013 | Volume 9 | Issue 10 | e1003840



Table 3. GO enrichment of co-expression modules identified
in the W-box motif sub-network*.

Module Enriched GO (or notes) pValue
| response to chitin 7.66E-14
Il defense response 4.38E-07
1] response to chitin 2.01E-05
\% cell wall organization or biogenesis 5.18E-04
Vv (root specific expression) N/A
Vi (root specific expression) N/A
Vil (early slique specific expression) N/A

*GO enrichment was calculated according to the modules in Figure 6 (Modules |
to V) and Figure 7 (Modules VI-VII). See Table S3 for gene IDs within the
modules.

doi:10.1371/journal.pgen.1003840.t003

responding to ABA (V) and heat shock (XII), and modules related
to flavonoid (IV) and glucosinolate (IX) metabolism. Similarly, our
bottom-up method also identified 10 unique modules for the MYB
motif (Figure S10 & S11). While both methods identified similar
number of modules for WRKY motif (Figure S12 & S13), the top-
down method recovered 2 more distinctive modules for the site 1I
elements (Figure S14). Overall, more unique modules were
identified via our bottom-up approach.

The MCL clustering program used in the top-down approach
on AGCN network generated 3 large clusters (cluster No. 1, 2, and
3) with more than 500 genes in each cluster (Table S4) [9]. These
three clusters include 2,684 genes that represent 43% of all the
genes in the AGCN network. These clusters are large and include
a mix of real targets of modular regulation with many non-targets.
Therefore, prioritizing true target genes from this large cluster size
for downstream analyses is not straightforward. For example, the
largest cluster (No. 1) of the AGCN network contains 1,362 genes.
The enrichment of the G-box motif in this cluster suggests that all
genes within the cluster are regulated by this motif. In contrast,
our bottom-up approach analysis on the GGM network revealed
that only 62 genes out of these 1,362 genes are regulated by the G-
box motifs (Figure S15). These G-box regulated genes did not
spread evenly across the whole sub-network, but occupied certain
distinctive sub-domains within it. Thus, our bottom-up approach
was able to differentiate the genes potentially regulated by G-box
motif from those non-targets, resulting in a more refined and
precise gene regulation model than those obtained via the top-
down approach.

A rapid screening system to validate transcription factor-
promoter interaction in vivo

From our analysis it is apparent that a single motif can regulate
multiple expression modules. These modules might be regulated
by different transcription factors (TFs) from the TF family which
bind to that motif. For example, the 19 modules identified for the
MYB motif (Figures 4 and 5) can be driven by different MYB
transcription factors. An important task that remains for our
understanding of transcriptional networks will be to distinguish
the specificities within a TF family, ie. which member or
members of TF family drive the expression of individual modules.
At the same time, the TFs that regulate genes in the module
might not be a part of the modules themselves in the co-
expression network. This is because TT's themselves may not be
regulated at the transcriptional level but may be regulated at the
translational or protein turnover levels and thus might have
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expression patterns different from the genes in the modules.
Therefore, analyzing a co-expression network in isolation is not
sufficient to identify the TFs responsible for regulating the
expression modules.

To this end, we developed a rapid screening system to test the
transcription factor—promoter interactions. The setup employs the
Arabidopsis At4g22920 gene that encodes stay green (SGR)
protein as a reporter. SGR protein is required for dismantling
chlorophyll-protein complexes, leading to chlorophyll degradation
[68,69]. Transient over-expression of the SGR gene under the
control of GaMV 35S promoter induces yellowing of leaves in
Nicotiana benthamiana (Figure 10A).

In the screening system, the SGR gene was placed behind a
promoter of interest and transiently co-expressed with a selected
TF in N. benthamiana (Figure 10B) (see Materials and Methods for
details). If the over-expressed TF can bind to the promoter of
interest and drive the expression of SGR gene, the infiltrated M.
benthamiana leaves will turn yellow (Figure 10A). In a pilot
experiment, the SURI gene promoter was linked to the SGR
gene and co-expressed with seven different Arabidopsis MYB TFs
or an actin gene as a negative control. Only AtMYB28 and
AtMYB29 caused leaf yellowing (Figure 10C; spot #1 and #2).
Thus, this straightforward screen established interaction between
MYB28 and MYB29 transcription factors and the SURI
promoter.

Next, we were interested in determining which MYB TFs
regulate the five expression modules (Figure 4) involved in
different secondary metabolic pathways. Using the SGR screening
approach, eight promoters from these 5 different expression
modules (Figure 4) were selected, and screened against 82 different
Arabidopsis MYB TFs. The TSBl promoter of Module I
displayed exceptionally high basal expression levels in the leaves
and was excluded from further experiments. The analyses
identified 34 interactions between 18 AtMYB TFs and 7
promoters (Table 6). For each promoter, at least one MYB
protein was identified as driving its expression.

As a further validation of our SGR reporter assay, a luciferase-
based assay was performed to measure the promoter activity
[70,71]. Four selected promoters were cloned in front of the
luciferase gene and co-expressed with different AOMYB TFs in .
benthamiana. Luciferase activities were then measured 48 or
72 hours later as an indication of the promoter activities (Iigure
S16). We tested 29 of the 34 interactions identified using the SGR
system, and confirmed 23 of them. This demonstrates the
usefulness of the rapid SGR-based screening system and its value
in the analysis and verification of predictions made by the
program.

Among the interactions recovered by both reporter systems are
the interaction between the SUR1 and APK promoters and
several regulators of glucosinolate synthesis, including ATRI,
HIG1, HAG2, and PMG2, which is consistent with previous
reports [53,54]. The gene C1P98A435 is from module V of the MYB
sub-network. Module V is enriched with lignin biosynthesis genes
that are induced by pathogen treatment. This is consistent with
previous reports that infection by pathogens induced lignification
in plants [72-74], although mechanistic details are not known.
MYBs are important regulators of lignin biosynthesis [75] but the
exact MYB(s) that regulate pathogen induced lignification have yet
to be identified. Our results showed that several MYBs drive the
expression of the CYP98A3 promoter (Table 6, Figure S16).
Among them, the MYBI14, MYB15 and MYB32 genes themselves
were also induced by pathogen treatments (Figure S17). These
MYBs might act as master regulators of the lignification process in
the response leading to pathogen resistance.
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Figure 7. A sub-network for the W-box motif based on motif position bias analysis. Genes were identified in the motif position analysis
with z-score> = 3. Five modules were identified. Among them, 3 modules (circled in blue) were also identified via the motif enrichment analysis (See
Figure 6), while 2 modules (circled in green) were additional modules identified via motif position analysis. Red nodes - genes whose promoters
contain the W-box motif; white nodes — genes whose promoters lack the W-box motif.

doi:10.1371/journal.pgen.1003840.9g007

Discussion

We describe a bottom-up strategy to identify gene expression
modules from gene co-expression networks that are regulated by
known promoter motifs. Two independent methods were used to
identify genes belonging to modules regulated by specific motifs:
based on motif enrichment and motif position bias. For the G-
Box, W-Box, and the site II elements, the cut-offs were set at a
pValue of 0.001 for motif enrichment analysis and a z-score of 3
for position bias analysis. Many known and a number of novel
modules were identified with a FDR of ~1%, indicating very
high confidence. To recover additional modules for the MYB
motif, the cut-offs were lowered to 0.01 for the pValue and 2.2

PLOS Genetics | www.plosgenetics.org
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for the z-score. From this, 18 modules were identified with a FDR
of 21%—27% representing moderate confidence. However, the
overlap of modules between the motif enrichment analysis and
the motif position bias analysis for MYBs revealed high
confidence. Thus, two different stringency levels may be chosen
depending on the nature of the motifs. Even at high stringency
levels, our analysis identified more modules than other module
analysis based on gene co-expression networks, such as the
AGCN network (Table 5) or by Vandepoele et al. [76]. For the
G-Box motif, the analysis by Vandepoele et al. [76] recovered
modules enriched with GO terms for response to cold,
photosynthesis, starch metabolism, and response to ABA. Our
analysis identified 14 modules and includes many additional
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Figure 8. A sub-network for the site Il element motif based on motif position bias analysis. Genes were identified in the motif position
analysis with z-score> = 3. Thirteen modules were identified, labeled with the name of the representative gene. Red nodes — genes whose promoters
contain the site Il element motif; white nodes — genes whose promoters lack the site Il element motif.

doi:10.1371/journal.pgen.1003840.g008

GO-terms (Table 1). The site II element motif analysis by
Vandepoecle et al. recovered modules enriched for the GO term
ribosome biogenesis and assembly. Our analyses identified 13
modules consisting of 6 known and 7 novel modules.

Promoter motifs have long been shown to have position bias
towards T'SS [27,77-79]. This feature has been widely used as
supporting evidence for the validity of a bona-fide motif in motif
discovery algorithms. For example, the AMADEUS platform
calculates localization bias based on a binned enrichment score
[80], while the FIRE program uses mutual information to
detect motif position bias [79]. Here, a z-score based on
uniform distribution was used to measure motif position bias

PLOS Genetics | www.plosgenetics.org
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[27]. Our analysis provides evidence that motif position bias
could be used as an effective tool to identify gene expression
modules. In the four motifs studied here, our analysis based on
motif position bias performed as well as (for G-box and W-box
motif) or even better (for MYB and the site II element motifs)
than analyses based on motif enrichment. For some of the
identified motif-module combinations, the motif was localized
with position bias within the modules without enrichment.
Therefore, application of motif position analysis to other known
plant promoter motifs has the potential to lead to the discovery
of additional novel signaling modules that so far have escaped
recognition.
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Table 4. GO enrichment of co-expression modules identified
in the W-box motif sub-network*.

Module Enriched GO pValue

| cytosolic ribosome 2.23E-52

Il plastid part 2.81E-21

1] response to heat 3.62E-37

\" proteasome complex 7.37E-66

Vv DNA repair 9.05E-05

Vi DNA replication 9.44E-31

Vil chromatin assembly 3.24E-46

Vil unfolded protein binding 6.20E-12

IX respiratory chain 3.08E-12

X fatty acid biosynthetic process 1.48E-14

Xl chloroplast part 2.38E-21

Xl Chloroplast 1.32E-08

X Nucleolus 2.44E-10

*GO enrichment was calculated according to the modules in Figure 8. See Table
S3 for gene IDs within the modules.

doi:10.1371/journal.pgen.1003840.t004

Our approach to identify motif based gene expression
modules presents a novel step to understand the regulatory
mechanisms underlying gene co-expression networks. An
important task for gene network analysis is to identify hub
genes which serve as the key regulators that determine the
expression of other genes within the network. Genes with the
most number of connections are usually treated as hubs. Here,
we argue that for co-expression modules driven by a specific
motif, hub genes should be the TFs that bind to the motif and
regulate gene expression. These TFs might not be part of the
gene co-expression network and can form regulatory networks
themselves (Figure 11A). For the modules identified from our
analysis, the potential regulatory motif and TF family that
govern the structure of a co-expression module can be
identified. In turn, the rapid TF-promoter interaction screening
system based on the SGR gene provides a fast method to
identify the transcription  factor(s) that drives the
expression of a specific module, thus revealing the specificities
for the TTs within the same family. For example, our results
indicated that the MYB-motif containing SURI1 promoter is
only activated by a subset of MYB TTs, while CYP98A3
promoters are activated by another subset of MYB TFs. On
the other hand, some MYB TFs do not activate any of the
selected promoters whose targets might reside in the MYB
modules we have not tested. It is intriguing how such
specificities between different MYB TFs and different MYB
motif containing promoters are achieved. The specificities
might be determined by different MYB motif variants, or the
nucleotides flanking the core MYB motifs, or the combinatorial
effects from other motifs in the same promoters. As another
advantage, our analysis also benefits from an existing library
collection generated in our laboratory for the expression of
plant proteins in N. benthamiana for protein microarray
productions including 1,100 Arabidopsis transcription factors
[5,8](Ma et al., unpublished data).

Finally, coupling the gene co-expression network, module
analysis, and gene expression visualization provides a powerful
way to study gene signaling systems. First, applying gene
expression visualization on co-expression modules can easily

exact
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determine if the response of the genes are mirrored by the same
stimulus, i.e. W-box module I, II, III (Figure S6), or whether
genes share similar or identical expression pattern in particular
tissues, i.e. W-box module IV, V (Figure S7). Second, by
comparing different expression modules, general frameworks of
signaling pathways can be outlined. For example, Figure S18
shows the expression of three modules induced by pathogens,
namely va the G-box, MYB, and W-Box motif, respectively.
Both MYB and W-Box modules are induced by MAMPs and
pathogens, and were repressed by Pst DC3000. However, only
the W-Box module was repressed by ABA treatment. Therefore,
these two modules represent two different branches of the basal
immunity pathways regulated by MYB and WRKY transcrip-
tion factors respectively. The MYB module mainly contains
lignin biosynthesis genes and our rapid SGR screening system
identified MYB 14, 15, or 32 could be their regulators. A model
for such regulation is depicted in Figure 11B which can be
further tested using different MYB mutant lines. As discussed
before, the bZIP module might be induced by Pst DC3000
effector proteins delivered into plant cells via ABA pathway. It
will be interesting to test the potential repression of the W-Box
modules by pathogen effectors in dependence on ABA.

In conclusion, we provide a robust approach useful for the
identification of gene co-expression modules regulated by known
promoter motifs that can be extracted from gene co-expression
networks. These predicted TF-promoter interactions could be
verified easily using a novel rapid screening system based on SGR
reporter gene expression. The algorithm will be available freely for
downloading to aid in the identification of expression modules
based on motifs selected by the user.

Materials and Methods

Gene network, promoter sequences, and promoter
motifs

We used an Arabidopsis gene co-expression network based on
the Graphical Gaussian model described before [15,26]. The
software package GeneNet was used when constructing the
network [16,81]. From this network, 120,276 gene pairs with
absolute values of partial correlation co-efficient >=0.05
(pValue<=7.03E-49) were chosen for the analysis, which
contained 16,456 genes (Additional data file 1).

The Arabidopsis promoter dataset was downloaded from TAIR
(ftp:/ /ftp.arabidopsis.org/Sequences/blast_datasets/
TAIR10_blastsets/upstream_sequences/
TAIR10_upstream_1000_20101104). The promoters are defined
as the first 1,000 bp upstream of the 5" UTR or upstream of
translation start codon if no 5" UTR data were available of the
33,602 TAIR 10 gene loci.

Our algorithm works with any promoter motifs described as
TUPAC consensus word sequences, consisting of the nuclides A, C,
G, T, and wobble nucleotides r (A or G), y (C or T), s(G or C), w
(A or T), mA or C), k (G or T), or n (any base). Many plant
promoter motifs are registered as such consensus word sequences
in the AGRIS and PLACE databases [82,83]. We chose four well-
known motifs for the current study.

Motif enrichment analysis

Motif enrichment was assessed based on hypergeometric
distribution. For a given motif, a pValue of motif enrichment
was calculated for every gene in the network. Suppose a gene and
all the genes immediately connected with it form a group of genes
with M promoters in total, and a motif presents in m promoters
among them. Within the K promoters in the whole Arabidopsis
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Figure 9. A sub-network with the top 6,000 co-expressed gene pairs extracted from the whole gene co-expression network. (A)
Genes identified to be regulated by the G-box, MYB, W-box, and site Il element motifs are spread across this sub-network, as indicated by the colors
of the nodes. Nodes without colors are genes not identified to be regulated by these motifs. Circled are two modules that recapitulate the results

from single motif analysis. (B) A Venn diagram showing the number of genes regulated by individual motifs or by combination of two motifs.
doi:10.1371/journal.pgen.1003840.9g009
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Table 5. Comparison between the bottom-up approach (for GGM network) with the top-down approach (for AGCN network) on

# of modules identified # of modules identified
via bottom-up approach via top-down approach

GGM modules shared by

# of AGCN
modules not

Motif for the GGM network for the AGCN network  AGCN* GGM modules not shared by AGCN* shared by GGM**
G-Box 14 5 7 -1, 11, VI, VIL VI, X, XI 7 - 1L 1V, V, I, X, X1, XIV 0

MYB 18 1 8- 1, 1L IV, VIIL, X, XII, XIV, XV 10 - 1Il, V, VI, VI, IX, X1, XIll, XVI, XVII, XVlIl 3

WRKY 7 8 6 -1 1l 1,1V, V, VI 1-Vil 1

Site Il 13 21 11 -1, 00 1 VI VI, VL X, 2-1v,v 4

element X, X1, X1, X1l

**See Table S4 for more details.
doi:10.1371/journal.pgen.1003840.t005

genome, the motif presents in £ promoters. A pValue for that motif
and gene combination is calculated as:

k\ (K—k
min(k, M) / M—I

pValue(motif ,gene)= Z

=

Motif position bias analysis

Motif position bias towards T'SS was assessed based on the
uniform distribution [27]. For a given motif, a z-score of motif
position bias was calculated for every gene in the network.
Suppose a motif appears 7 times in the promoters of a gene and
all the immediately connected genes. The locations of these =
motif instances relative to TSS is p;.po,....ps and their mean

C

|CaMV35S| TF |

+
| Promoter| SGR |

*Shown are the total number of modules and their id according to those in Figure 3-8. See Figure S8, S9, S10, S11, S12, S13, S14 for more details.

value is p. A z-score for that motif and gene combination is
calculated as:

L +

5P

(L—1+1)2-1
n

z(motif ,gene) =

where L is the length of the promoters, and / is the length of the
motif. The motif position is the midpoint of the motif relative to
TSS. For orientation, we describe p=0 as the position at TSS,
and p = —1000 at position of 1000 bp upstream of TSS.

Network visualization and GO analysis

For a given motif, genes with pValue of motif enrichment
smaller or equal to cut-off were selected. A sub-network was
extracted from the gene co-expression network for these genes. A
sub-network can also be extracted for all the genes with z-score
value larger or equal to a selected cut-off value. Network
visualization was carried out using the neato program with the

Figure 10. A TF-promoter screening system based on the SGR gene. (A) Transient overexpression of the SGR gene (left two leaves) in N.
benthamiana induced yellowing, while a control gene did not (two leaves, upper right). (B) The design scheme for the screening system. (C) Transient
over-expression of the SUR_Promoter::SGR construct together with 6 different MYBs (#1 to #6), and an actin gene as negative control (#0). Only
MYB28 (#1), MYB29 (#2) induced yellowing.

doi:10.1371/journal.pgen.1003840.g010
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“stress Majorization” algorithm which is included in the software
package Graphviz 2.21 [84,85]. The lay-out of the sub-network is
then visually inspected for modules. GO enrichment analysis was
then conducted by genes within these modules.

Permutation calculations

Permutation experiment on randomized promoters was carried
out to measure false discovery rate. Two steps were employed to
randomize promoter sequences. First, each of the 33,602
promoter sequences in the TAIR Arabidopsis promoter dataset
was randomized within itself. The order of nucleotides was
completely shuffled but the total numbers of each type of
nucleotide were kept the same. Then the resulting promoter
sequences were randomly assigned to each of the 33,602 genes
without replacement. Gene expression module discovery was
then carried out on these randomized promoters and false
discovery rate calculated.

We used an in-house developed software package called MotifNet-
work to conduct the above mentioned motif enrichment analysis,
motif position bias analysis, sub-network extraction, and permutation
analysis. The algorithm is provided through our website (http://
dinesh-kumarlab.genomecenter.ucdavis.edu/downloads.html)  and
upon request for academic use.
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Table 6. TF-Promoter interaction verified by SGR- and luciferase-based screening.

Expression Module No. v 1 ] ] \" v 1]
Promoter Gene Name FLS ATGSTF12 SUR1 APK CYP98A3 ATA4CL3 DFR
Promoter Gene AGI AT5G08640 AT5G17220 AT2G20610 AT2G14750 AT2G40890 AT1G65060 AT5G42800
TF_AGI TF Name

AT5G60890 MYB34 0 0 ++* ++* 0 0 ++
AT3G49690 MYB84, RAX3 0 ++* 0 0 0 0 0
AT1G74430 MYB95 0 0 0 ++* 0 0 0
AT1G18570 MYB51, HIG1 0 ++* ++* ++* 0 0 0
AT5G61420 MYB28, HAG1 0 +* ++* ++* ++* 0 0
AT5G07690 MYB29, PMG2 + 0 ++* ++* 0 0 0
AT3G05380 ALY2 0 0 0 0 0 0 0
AT1G48000 MYB112 0 0 0 0 0 0 0
AT2G16720 MYB7 0 0 0 0 0 0 0
AT1G66230 MYB20 0 AR 0 0 ++ 0 0
AT1G34670 MYB93 0 +H* 0 0 0 0 0
AT3G01140 MYB106 0 ++ 0 0 ++* 0 0
AT5G62470 MYB96 0 +* 0 0 0* 0 0
AT5G10280 MYB92 0 +* 0 0 +* 0 0
AT5G16770 MYB9 0 ++ 0 0 +* 0 0
AT5G26660 MYB86 0 L 0 0 0 0 0
AT3G62610 MYB11 ++ +* 0 0 ++ ++ 0
AT5G07700 MYB76 0 0 0 0 0 0 0
AT3G16350 0 0 0 0 0 0 ++
AT2G31180 MYB14 0 0 0 0 ++* 0 0
AT3G23250 MYB15 0 0 0 0 ++* 0 0
AT4G34990 MYB32 0 0 0 0 ++* 0 0
++ - strong interactions identified in the SGR assay.

+ - weak interactions identified in the SGR assay.

*indicates interactions confirmed by luciferase-based assay.

doi:10.1371/journal.pgen.1003840.t006

Gene expression data

Transcription profiling of Arabidopsis gene expression in different
tissues or gene expression regulation upon treatments with
different abiotic stresses, hormones, pathogen elicitors, pathogens,
and different light regimens were obtained from the AtGenEx-
pression project [86,87]. The data were downloaded from
WeigelWorld (http://www.weigelworld.org/resources/microarray/
AtGenExpress) and TAIR (http://www.arabidopsis.org/portals/
expression/microarray/ AT GenExpress.jsp). Data were processed as
previously described [38]. Table S5 lists the treatments used in the
gene regulation profiling experiment in Figure S1, S2, S6, S17, and
S18. Table S6 lists the tissues used in the tissues expression profiling
experiments in Figure S3 and S7.

Transcription factor-promoter interaction analysis

A TF-promoter interaction screen system was developed based
on the stay green gene (SGR). A gateway vector, SPDK2388, was
generated with a gateway cassette placed in front of SGR. The
promoter::SGR construct was generated via gateway cloning of the
selected promoters (1000 bp). Previously, we built an expression
library for expressing Arabidopsis proteins in plants [5,8] (Ma et al.,
unpublished data), which include the 82 TF genes used in this
analyses.
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Figure 11. Gene expression modules regulated by transcription factors in a gene co-expression network. (A) Different modules in a
gene co-expression network are regulated by different transcription factors (TF-A, TF-B, TF-C etc). These transcription factors are not necessary part of
the co-expression network, and they might interact with each other and form a regulatory network of themselves. (B) A gene expression model
derived from the network analysis. The MYB transcription factors (MYB14, 15, and/or 32) are activated upon pathogens infection and turn on the
expression of down-stream lignin biosynthesis genes (described in Figure 4 Module V).

doi:10.1371/journal.pgen.1003840.g011

For SGR-based screening, selected promoters were cloned into
SPDK2388, and transferred into Agrobacterium tumefaciens GV2260.
Over-night cultures of Agrobacterium with selected promoter vectors
were centrifuged and re-suspended to O.Dggo=0.1-0.3 with
mnfiltration medium (10 mM MgCly, 10 mM MES, 200 mM
acetosyringone), and mixed with TFs  Agrobacterium
O.Dgpp=1.0. The mixed Agrobacterium cultures were then
spot-infiltrated into 5 week-old N. benthamiana leaves. The
infiltrated spots were inspected at 48 to 96 hours after infiltration
for signs of yellowing.

TF-promoter interactions were also analyzed with the dual
luciferase system according to the protocol described in [71].
Briefly, selected promoters were cloned into the pPBGWL7 [88]
vector to make Promoter:LUC cassette, and transferred into 4.
tumefactens GV2260. The transferred Agrobacteria were then co-
infiltrated into 5 week old N. benthamiana leaves with Agrobacteria
containing a vector to constitutively express /7Renilla genes and
Agrobacteria containing different TTFs. Leaf disc of 1 cm in
diameter from the infiltrated spot were collected and used for
luciferase and Renilla fluorescence measurement using the Dual-
Luciferase Reporter Assay System (Promega, Fitchburg, WI) as
described in [71].
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Supporting Information

Figure S1 Expression pattern for genes in G-box modules after
different treatments. Data according to AtGenExpress.

(PDF)

Figure 82 Expression pattern for genes in five MYB modules
after different treatments. Data according to AtGenExpress.

(PDF)

Figure 83 Ixpression pattern for the genes in three MYB
modules in different tissues. Data are represented as relative
expression levels. Data according to AtGenExpress.

(PDF)

Figure S4 A typical sub-network for the genes recovered for
MYB with pValue<=0.01 in a permutation expression. Three
modules with > =5 genes were identified. The solid and grey lines
indicate gene pairs with top 20% or bottom 20% partial
correlation values respectively.

(PDF)
Figure S5 A typical sub-network for the genes recovered for
MYB with z-score>=2.2 in a permutation expression. Five
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modules with > =5 genes were identified. The solid and grey lines
indicate gene pairs with high or low partial correlation values
respectively.

(PDTF)

Figure 86 Lxpression patterns for the genes in five W-box modules
upon different treatments. Data according to AtGenExpress.

(PDF)

Figure 87 Expression patterns for the genes in two W-box
modules in different tissues. Data are represented as relative
expression levels. Data according to AtGenExpress.

(PDF)

Figure S8 Comparison between the GGM network (bottom-up
approach) and the AGCN network (top-down approach). The sub-
network identified for the G-box motif via motif enrichment
analysis for the GGM network shown in Figure 2 is intersected
with the G-box modules identified in the AGCN network. Red
nodes - genes identified in both methods; white nodes — genes
identified only in the GGM network. Circled in grey are modules
identified only via the GGM methods. Modules identified in both
methods are circled in blue.

(PDF)

Figure S9 The sub-network identified for the G-box motif via
position bias analysis for the GGM network shown in Figure 3 is
intersected with the G-box modules identified in the AGCN
network. Red nodes - genes identified in both methods; white
nodes — genes identified only in the GGM network. Circled in grey
are modules identified only via the GGM methods. Modules
identified in both methods are circled in blue.

(PDI)

Figure S10 The sub-network identified for the MYB motif via
motif enrichment analysis for the GGM network shown in Figure 4
1s intersected with the MYB modules identified in the AGCN
network. Red nodes - genes identified in both methods; white
nodes — genes identified only in the GGM network. Circled in grey
are modules identified only via the GGM methods. Modules
identified in both methods are circled in blue.

(PDF)

Figure S11 The sub-network identified for the MYB motif via
position bias analysis for the GGM network shown in Figure 5 is
intersected with the MYB modules identified in the AGCN
network. Red nodes - genes identified in both methods; white
nodes genes identified only in the GGM network. Circled in grey
are modules identified only via the GGM methods. Modules
identified in both methods are circled in blue.

(PDF)

Figure S12 The sub-network identified for the W-box motif via
motif enrichment analysis for the GGM network shown in Figure 6
is intersected with the W-box modules identified in the AGCN
network. Red nodes - genes identified in both methods; white
nodes — genes identified only in the GGM network. Modules
identified in both methods are circled in blue.

(PDF)

Figure S13 'The sub-network identified for the W-box motif via
position bias analysis for the GGM network shown in Figure 7 is
intersected with the MYB modules identified in the AGCN
network. Red nodes - genes identified in both methods; white
nodes — genes identified only in the GGM network. Circled in grey
are modules identified only via the GGM methods. Modules
identified in both methods are circled in blue.

(PDF)

PLOS Genetics | www.plosgenetics.org

18

Motif Analysis over Gene Co-expression Networks

Figure S14 'The sub-network identified for the site II element motif
via position bias analysis for the GGM network shown in Figure 8 1s
intersected with the site IT element modules identified in the AGCN
network. Red nodes - genes identified in both methods; white nodes —
genes identified only in the GGM network. Circled in grey are
modules identified only via the GGM methods. Modules identified in
both methods are circled in blue. Blue lines connecting two genes
indicated that they have negative correlated expression pattern.

(PDF)

Figure S15 A sub-network extracted for the 1,362 genes in the
AGCN cluster No. 1 from the GGM network. Labeled in red are
those genes deemed to be regulated by the G-box motif via our
bottom-up approach analysis on the GGM network.

(PDF)

Figure 816 The interactions between MYBs and selected
promoters. Assays conducted with the dual luciferase system.
Plotted are the relative luciferase activities for different MYB plus
Promoter:LUC combination. The red lines in each panel indicate
the threshold level for interaction. Name on the top of the graph
indicates promoter of the gene used in the assay. Different MYBs
used are shown below each bar on the X-axis.

(PDE)
Figure S17 Expression patterns for different MYB TFs under

different treatments. Data according to AtGenExpress.

(PDF)

Figure S18 Expression patterns for the genes in one G-box, one
MYB, and one W-box motif. These genes are regulated in plants
upon pathogen treatments. Data according to AtGenExpress.

(PDF)

Table S1
network.

(XLSX)

The 120,276 co-expressed gene pairs in the GGM

Table 82 The results of motif enrichment and motif position
bias analysis for the 4 analyzed motifs.

(XLSX)

Table 83 'The gene lists for the modules identified in Figure 2 to
Figure 8.

(XLSX)

Table 84 The gene co-expression modules regulated by the 4

analyzed motifs in the AGCN network.
(XLSX)

Table S5 The treatments used in the gene regulation profiling
experiment in Figure S1, S2, S6, S17, and S18.
(XLSX)

Table S6 The tissues used in the expression profiling experi-
ments in Figure S3 and S7.
(XLSX)

Acknowledgments

We thank Dr. Meenu Padmanabhan for critical reading and discussion of
the manuscript. We thank Gitta Coaker laboratory for help with
luminometer measurements.

Author Contributions

Conceived and designed the experiments: SM HJB MS SPDK. Performed
the experiments: SM SS. Analyzed the data: SM MS SPDK. Contributed
reagents/materials/analysis tools: SM SS MS SPDK. Wrote the paper: SM
HJB MS SPDK.

October 2013 | Volume 9 | Issue 10 | e1003840



References

1.

21.

22.

26.

27.

28.

Braun P, Carvunis AR, Charloteaux B, Dreze M, Ecker JR, et al. (2011)
Evidence for Network Evolution in an Arabidopsis Interactome Map. Science

333: 601-607.

. Feist AM, Herrgard M], Thiele I, Reed JL, Palsson BO (2009) Reconstruction of

biochemical networks in microorganisms. Nat Rev Microbiol 7: 129-143.

. Barabasi AL, Oltvai ZN (2004) Network biology: understanding the cell’s

functional organization. Nat Rev Genet 5: 101-113.

. Chen J, Lalonde S, Obrdlik P, Noorani Vatani A, Parsa SA, et al. (2012)

Uncovering Arabidopsis membrane protein interactome enriched in transporters
using mating-based split ubiquitin assays and classification models. Front Plant
Sci 3: 124.

. Popescu SC, Popescu GV, Bachan S, Zhang Z, Seay M, et al. (2007) Differential

binding of calmodulin-related proteins to their targets revealed through high-
density Arabidopsis protein microarrays. Proc Natl Acad Sci U S A 104: 4730~
4735.

. Brady SM, Zhang LF, Megraw M, Martinez NJ, Jiang E, et al. (2011) A stele-

enriched gene regulatory network in the Arabidopsis root. Molecular Systems
Biology 7: 459.

Gaudinier A, Zhang LF, Reece-Hoyes JS, Taylor-Teeples M, Pu L, et al. (2011)
Enhanced Y1H assays for Arabidopsis. Nature Methods 8: 1053-5.

. Popescu SC, Popescu GV, Bachan S, Zhang Z, Gerstein M, et al. (2009) MAPK

target networks in Arabidopsis thaliana revealed using functional protein
microarrays. Genes Dev 23: 80-92.

. Mao LY, Van Hemert JL, Dash S, Dickerson JA (2009) Arabidopsis gene co-

expression network and its functional modules. Bme Bioinformatics 10: 346.

. Mentzen WI, Wurtele ES (2008) Regulon organization of Arabidopsis. BMC

Plant Biol 8: 99.

. Childs KL, Davidson RM, Buell CR (2011) Gene Coexpression Network

Analysis as a Source of Functional Annotation for Rice Genes. PLoS One 6:
€22196.

. Fukushima A, Nishizawa T, Hayakumo M, Hikosaka S, Saito K, et al. (2012)

Exploring Tomato Gene Functions Based on Coexpression Modules Using
Graph Clustering and Differential Coexpression Approaches. Plant Physiology
158: 1487-1502.

. Obayashi T, Kinoshita K (2010) Coexpression landscape in ATTED-II: usage of

gene list and gene network for various types of pathways. Journal of Plant
Research 123: 311-319.

. Usadel B, Obayashi T, Mutwil M, Giorgi FM, Bassel GW, et al. (2009) Co-

expression tools for plant biology: opportunities for hypothesis generation and
caveats. Plant Cell and Environment 32: 1633-1651.

5. Ma S, Gong Q, Bohnert HJ (2007) An Arabidopsis gene network based on the

graphical Gaussian model. Genome Res 17: 1614-1625.

Schifer J, Strimmer K (2005) A shrinkage approach to large-scale covariance
matrix estimation and implications for functional genomics. Stat Appl Genet
Mol Biol 4: Article32.

. Wille A, Zimmermann P, Vranova E, Furholz A, Laule O, et al. (2004) Sparse

graphical Gaussian modeling of the isoprenoid gene network in Arabidopsis
thaliana. Genome Biol 5: R92.

. Heyndrickx KS, Vandepoele K (2012) Systematic Identification of Functional

Plant Modules through the Integration of Complementary Data Sources. Plant
Physiology 159: 884-901.

. De Bodt S, Hollunder J, Nelissen H, Meulemeester N, Inze D (2012) CORNET

2.0: integrating plant coexpression, protein-protein interactions, regulatory
interactions, gene associations and functional annotations. New Phytologist 195:

707-720.

. Lee I, Seo Y-S, Coltrane D, Hwang S, Oh T, et al. (2011) Genetic dissection of

the biotic stress response using a genome-scale gene network for rice.
Proceedings of the National Academy of Sciences of the United States of
America 108: 18548-18553.

Lee I, Ambaru B, Thakkar P, Marcotte EM, Rhee SY (2010) Rational
association of genes with traits using a genome-scale gene network for
Arabidopsis thaliana. Nature Biotechnology 28: 149-U114.

Lysenko A, Defoin-Platel M, Hassani-Pak K, Taubert J, Hodgman C, et al.
(2011) Assessing the functional coherence of modules found in multiple-evidence
networks from Arabidopsis. BMC Bioinformatics 12.

. Enright AJ, Van Dongen S, Ouzounis CA (2002) An efficient algorithm for

large-scale detection of protein families. Nucleic Acids Research 30: 1575-1584.

. Mochida K, Uehara-Yamaguchi Y, Yoshida T, Sakurai T, Shinozaki K (2011)

Global landscape of a co-expressed gene network in barley and its application to
gene discovery in Triticeae crops. Plant Cell Physiol 52: 785-803.

. Ruan J, Perez J, Hernandez B, Lei C, Sunter G, et al. (2011) Systematic

identification of functional modules and cis-regulatory elements in Arabidopsis
thaliana. BMC Bioinformatics 12 Suppl 12: S2.

Ma S, Bohnert HJ (2008) Gene networks in Arabidopsis thaliana for metabolic
and environmental functions. Mol Biosyst 4: 199-204.

Ma S, Bachan S, Porto M, Bohnert HJ, Snyder M, et al. (2012) Discovery of
stress responsive DNA regulatory motifs in Arabidopsis. PLoS One 7: ¢43198.
Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, et
al. (2002) bZIP transcription factors in Arabidopsis. Trends Plant Sci 7: 106—
111.

PLOS Genetics | www.plosgenetics.org

29.

30.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Motif Analysis over Gene Co-expression Networks

Choi H, Hong J, Ha J, Kang J, Kim SY (2000) ABFs, a family of ABA-
responsive element binding factors. J Biol Chem 275: 1723-1730.

Uno Y, Furihata T, Abe H, Yoshida R, Shinozaki K, et al. (2000) Arabidopsis
basic leucine zipper transcription factors involved in an abscisic acid-dependent
signal transduction pathway under drought and high-salinity conditions. Proc

Natl Acad Sci U S A 97: 11632-11637.

. Alonso R, Onate-Sanchez L, Weltmeier F, Ehlert A, Diaz I, et al. (2009) A

Pivotal Role of the Basic Leucine Zipper Transcription Factor bZIP53 in the
Regulation of Arabidopsis Seed Maturation Gene Expression Based on
Heterodimerization and Protein Complex Formation. Plant Cell 21: 1747-1761.

. Bensmihen S, Giraudat J, Parcy I (2005) Characterization of three homologous

basic leucine zipper transcription factors (bZIP) of the ABI5 family during
Arabidopsis thaliana embryo maturation. Journal of Experimental Botany 56:
597-603.

Chen H, Zhang J, Neff MM, Hong S-W, Zhang H, et al. (2008) Integration of
light and abscisic acid signaling during seed germination and early seedling
development. Proceedings of the National Academy of Sciences of the United
States of America 105: 4495-4500.

Iwata Y, Koizumi N (2005) An Arabidopsis transcription factor, AtbZIP60,
regulates the endoplasmic reticulum stress response in a manner unique to

plants. Proc Natl Acad Sci U S A 102: 5280-5285.

. LiuJX, Srivastava R, Che P, Howell SH (2007) An endoplasmic reticulum stress

response in Arabidopsis is mediated by proteolytic processing and nuclear
relocation of a membrane-associated transcription factor, bZIP28. Plant Cell 19:
4111-4119.

Tajima H, Iwata Y, Iwano M, Takayama S, Koizumi N (2008) Identification of
an Arabidopsis transmembrane bZIP transcription factor involved in the
endoplasmic reticulum stress response. Biochem Biophys Res Commun 374:
242-247.

Kim TH, Hauser F, Ha T, Xue S, Bohmer M, et al. (2011) Chemical genetics
reveals negative regulation of abscisic acid signaling by a plant immune response
pathway. Curr Biol 21: 990-997.

Ma S, Bohnert HJ (2007) Integration of Arabidopsis thaliana stress-related
transcript profiles, promoter structures, and cell-specific expression. Genome
Biol 8: R49.

Toledo-Ortiz G, Huq E, Quail PH (2003) The Arabidopsis basic/helix-loop-
helix transcription factor family. Plant Cell 15: 1749-1770.

Huq E, Quail PH (2002) PIF4, a phytochrome-interacting bHLH factor,
functions as a negative regulator of phytochrome B signaling in Arabidopsis.
EMBO J 21: 2441-2450.

Martinez-Garcia JF, Huq E, Quail PH (2000) Direct targeting of light signals to
a promoter element-bound transcription factor. Science 288: 859-863.

Abe H, Yamaguchi-Shinozaki K, Urao T, Iwasaki T, Hosokawa D, et al. (1997)
Role of arabidopsis MYC' and MYB homologs in drought- and abscisic acid-
regulated gene expression. Plant Cell 9: 1859-1868.

Dombrecht B, Xue GP, Sprague SJ, Kirkegaard JA, Ross ], et al. (2007) MYC2
differentially modulates diverse jasmonate-dependent functions in Arabidopsis.
Plant Cell 19: 2225-2245.

Yadav V, Mallappa C, Gangappa SN, Bhatia S, Chattopadhyay S (2005) A
basic helix-loop-helix transcription factor in Arabidopsis, MYC2, acts as a
repressor of blue light-mediated photomorphogenic growth. Plant Cell 17:
1953-1966.

Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem W (2004)
GENEVESTIGATOR. Arabidopsis microarray database and analysis toolbox.
Plant Physiol 136: 2621-2632.

Anderson JP, Badruzsaufari E, Schenk PM, Manners JM, Desmond O], et al.
(2004) Antagonistic interaction between abscisic acid and jasmonate-cthylene
signaling pathways modulates defense gene expression and disease resistance in
Arabidopsis. Plant Cell 16: 3460-3479.

Nahar K, Kyndt T, Nzogela YB, Gheysen G (2012) Abscisic acid interacts
antagonistically with classical defense pathways in rice-migratory nematode
interaction. New Phytol 196: 901-913.

Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, et al. (2010) MYB
transcription factors in Arabidopsis. Trends Plant Sci 15: 573-581.

Feller A, Machemer K, Braun EL, Grotewold E (2011) Evolutionary and
comparative analysis of MYB and bHLH plant transcription factors. Plant
Journal 66: 94-116.

Grotewold E, Drummond BJ, Bowen B, Peterson T (1994) The myb-
homologous P gene controls phlobaphene pigmentation in maize floral organs
by directly activating a flavonoid biosynthetic gene subset. Cell 76: 543-553.
Sablowski RW, Moyano E, Culianez-Macia FA, Schuch W, Martin C, et al.
(1994) A flower-specific Myb protein activates transcription of phenylpropanoid
biosynthetic genes. EMBO J 13: 128-137.

Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C (2000) Activation tagging
identifies a conserved MYB regulator of phenylpropanoid biosynthesis. Plant
Cell 12: 2383-2394.

Gigolashvili T, Berger B, Mock HP, Muller C, Weisshaar B, et al. (2007) The
transcription factor HIGI/MYB51 regulates indolic glucosinolate biosynthesis
in Arabidopsis thaliana. Plant J 50: 886-901.

October 2013 | Volume 9 | Issue 10 | e1003840



54.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

Gigolashvili T, Yatusevich R, Berger B, Muller C, Flugge UI (2007) The R2R3-
MYB transcription factor HAG1/MYB28 is a regulator of methionine-derived
glucosinolate biosynthesis in Arabidopsis thaliana. Plant J 51: 247-261.

. Hirai MY, Sugiyama K, Sawada Y, Tohge T, Obayashi T, et al. (2007) Omics-

based identification of Arabidopsis Myb transcription factors regulating aliphatic
glucosinolate biosynthesis. Proc Natl Acad Sci U S A 104: 6478-6483.

. Imamura S, Kanesaki Y, Ohnuma M, Inouye T, Sekine Y, et al. (2009) R2R3-

type MYB transcription factor, CmMYBI, is a central nitrogen assimilation
regulator in Cyanidioschyzon merolae. Proc Natl Acad Sci U S A 106: 12548~
12553.

. Koes R, Verweij W, Quattrocchio I (2005) Flavonoids: a colorful model for the

regulation and evolution of biochemical pathways. Trends Plant Sci 10: 236
242.

Wang R, Guan P, Chen M, Xing X, Zhang Y, et al. (2010) Multiple regulatory
elements in the Arabidopsis NIAI promoter act synergistically to form a nitrate
enhancer. Plant Physiol 154: 423-432.

Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH (2008) A battery of
transcription factors involved in the regulation of secondary cell wall biosynthesis
in Arabidopsis. Plant Cell 20: 2763-2782.

Zhou J, Lee C, Zhong R, Ye ZH (2009) MYB58 and MYB63 are transcriptional
activators of the lignin biosynthetic pathway during secondary cell wall
formation in Arabidopsis. Plant Cell 21: 248-266.

Eulgem T, Rushton PJ, Robatzek S, Somssich IE (2000) The WRKY
superfamily of plant transcription factors. Trends Plant Sci 5: 199-206.
Ciolkowski I, Wanke D, Birkenbihl RP, Somssich IE (2008) Studies on DNA-
binding selectivity of WRKY transcription factors lend structural clues into
WRKY-domain function. Plant Mol Biol 68: 81-92.

Devaiah BN, Karthikeyan AS, Raghothama KG (2007) WRKY75 transcription
factor is a modulator of phosphate acquisition and root development in
Arabidopsis. Plant Physiol 143: 1789-1801.

Kosugi S, Ohashi Y (1997) PCF1 and PCF?2 specifically bind to cis elements in
the rice proliferating cell nuclear antigen gene. Plant Cell 9: 1607-1619.

. Kosugi S, Suzuka I, Ohashi Y (1995) Two of three promoter elements identified

in a rice gene for proliferating cell nuclear antigen are essential for meristematic
tissue-specific expression. Plant Journal 7: 877-886.

Tremousaygue D, Garnier L, Bardet C, Dabos P, Herve C, et al. (2003) Internal
telomeric repeats and “TCP domain’ protein-binding sites co-operate to regulate
gene expression in Arabidopsis thaliana cycling cells. Plant Journal 33: 957-966.
Welchen E, Gonzalez DH (2005) Differential expression of the Arabidopsis
cytochrome ¢ genes Cytc-1 and Cytc-2. Evidence for the involvement of TCP-
domain protein-binding elements in anther- and meristem-specific expression of
the Cytc-1 gene. Plant Physiol 139: 88-100.

Hortensteiner S (2009) Stay-green regulates chlorophyll and chlorophyll-binding
protein degradation during senescence. Trends Plant Sci 14: 155-162.

Stark A, Lin MF, Kheradpour P, Pedersen JS, Parts L, et al. (2007) Discovery of
functional elements in 12 Drosophila genomes using evolutionary signatures.
Nature 450: 219-232.

Walley JW, Coughlan S, Hudson ME, Covington MF, Kaspi R, et al. (2007)
Mechanical stress induces biotic and abiotic stress responses via a novel cis-
element. PLoS Genet 3: 1800-1812.

PLOS Genetics | www.plosgenetics.org

20

72.

73.

74.

76.

77.

78.

79.

80.

81.

83.

84.

87.

88.

Motif Analysis over Gene Co-expression Networks

. Hellens RP, Allan AC, Friel EN, Bolitho K, Grafton K, et al. (2005) Transient

expression vectors for functional genomics, quantification of promoter activity
and RNA silencing in plants. Plant Methods 1: 13.

Bhuiyan NH, Selvaraj G, Wei Y, King J (2009) Gene expression profiling and
silencing reveal that monolignol biosynthesis plays a critical role in penetration
defence in wheat against powdery mildew invasion. J Exp Bot 60: 509-521.
Truman W, de Zabala MT, Grant M (2006) Type III effectors orchestrate a
complex interplay between transcriptional networks to modify basal defence
responses during pathogenesis and resistance. Plant J 46: 14-33.

Bednarek P, Schneider B, Svatos A, Oldham NJ, Hahlbrock K (2005) Structural
complexity, differential response to infection, and tissue specificity of indolic and
phenylpropanoid secondary metabolism in Arabidopsis roots. Plant Physiol 138:
1058-1070.

. Zhao Q, Dixon RA (2011) Transcriptional networks for lignin biosynthesis:

more complex than we thought? Trends Plant Sci 16: 227-233.

Vandepoele K, Quimbaya M, Casneuf T, De Veylder L, Van de Peer Y (2009)
Unraveling transcriptional control in Arabidopsis using cis-regulatory elements
and coexpression networks. Plant Physiol 150: 535-546.

Yokoyama KD, Ohler U, Wray GA (2009) Measuring spatial preferences at
fine-scale resolution identifies known and novel cis-regulatory element
candidates and functional motif-pair relationships. Nucleic Acids Research 37:
€92,

Vardhanabhuti S, Wang JW, Hannenhalli S (2007) Position and distance
specificity are important determinants of cis-regulatory motifs in addition to
evolutionary conservation. Nucleic Acids Research 35: 3203-3213.

Elemento O, Slonim N, Tavazoie S (2007) A universal framework for regulatory
clement discovery across all genomes and data types. Mol Cell 28: 337-350.
Linhart C, Halperin Y, Shamir R (2008) Transcription factor and microRNA
motif discovery: the Amadeus platform and a compendium of metazoan target
sets. Genome Res 18: 1180-1189.

Schifer J, Opgen-Rhein R, Strimmer K (2006) Reverse Engineering Genetic
Networks using the GeneNet Package. R News 6/5: 50-53.

. Palaniswamy SK, James S, Sun H, Lamb RS, Davuluri RV, et al. (2006) AGRIS

and AtRegNet. a platform to link cis-regulatory elements and transcription
factors into regulatory networks. Plant Physiol 140: 818-829.

Higo K, Ugawa Y, Iwamoto M, Higo H (1998) PLACE: a database of plant cis-
acting regulatory DNA elements. Nucleic Acids Res 26: 358-359.

Gansner ER, Koren Y, North S (2004) Graph drawing by stress majorization.
Graph Drawing 3383: 239-250.

Gansner ER, North SC (2000) An open graph visualization system and its
applications to software engineering. Software-Practice & Experience 30: 1203
1233.

Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, et al. (2005) A gene
expression map of Arabidopsis thaliana development. Nat Genet 37: 501-506.
Kilian J, Whitehead D, Horak J, Wanke D, Weinl S, et al. (2007) The
AtGenExpress global stress expression data set: protocols, evaluation and model
data analysis of UV-B light, drought and cold stress responses. Plant J 50: 347
363.

Karimi M, De Meyer B, Hilson P (2005) Modular cloning in plant cells. Trends
Plant Sci 10: 103-105.

October 2013 | Volume 9 | Issue 10 | e1003840



