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SUMMARY

Identifying sets of genes that are specifically expressed in certain tissues or in response to an environmental

stimulus is useful for designing reporter constructs, generating gene expression markers, or for understand-

ing gene regulatory networks. We have developed an easy-to-use online tool for defining a desired expres-

sion profile (a modification of our Expression Angler program), which can then be used to identify genes

exhibiting patterns of expression that match this profile as closely as possible. Further, we have developed

another online tool, Cistome, for predicting or exploring cis-elements in the promoters of sets of co-

expressed genes identified by such a method, or by other methods. We present two use cases for these

tools, which are freely available on the Bio-Analytic Resource at http://BAR.utoronto.ca.

Keywords: coexpression analysis, cis-element prediction, gene expression markers, reporter constructs,

promoter analysis, Arabidopsis thaliana, technical advance.

INTRODUCTION

Coexpression analysis, the identification of genes exhibit-

ing similar expression patterns in different tissues or in

response to different perturbations, is a powerful method

for gene function hypothesis generation in plant biology

(Usadel et al., 2009). Several groups have published coex-

pression networks for Arabidopsis thaliana, for example

the condition-independent AraNet (Lee et al., 2010), or

condition-specific networks like SeedNet (Bassel et al.,

2011), FlowerNet (Pearce et al., 2015) and ‘BioticStressNet’

(Amrine et al., 2015). Often such condition-specific coex-

pression analyses can provide more insight into how a

biological system functions. For instance, most genes

identified as being involved in seed biology in SeedNet

were not uncovered in the condition-independent AraNet.

While condition-dependent networks can provide more

precise hypotheses about gene function, generating such

coexpression networks requires a fair degree of computa-

tional resources and expertise. A simpler coexpression

approach might be appropriate in order to identify pro-

moters for use in generating reporter constructs or to be

able to examine whether the promoters of coexpressed

genes contain certain cis-elements in common. In this case

online coexpression tools, such as Expression Angler (Tou-

fighi et al., 2005), ATTED-II (Obayashi et al., 2011) and

CressExpress (Srinivasasainagendra et al., 2008), will often

provide lists of similarly expressed genes at the click of a

mouse. Such tools require a guide or query gene as input,

whose expression profile is used to identify other genes

with closely related expression profiles as scored by a sim-

ilarity metric, such as the Pearson correlation coefficient

(Expression Angler and CressExpress) or Mutual Rank

(ATTED-II). Often, however, a specific pattern may be

desired in order to identify genes that might be useful as

gene expression biomarkers, either as positive controls in

RT-PCR experiments or to identify promoter candidates for

driving reporter gene expression. While Genevestigator

has a gene search tool (see https://genevestigator.com/

gv/file/GENEVESTIGATOR_UserManual.pdf, section 3.2),

the selection process for biomarker identification using

this tool involves a binary filter, such that the genes
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identified with it are expressed above a preset threshold in

the ‘target’ tissues but are not strongly expressed in ‘base’

tissues (target and base are the terms used by Genevesti-

gator to define tissues exhibiting strong and weak levels

of expression for the identified genes, respectively).

Unfortunately, no tool currently provides a means to query

a user-defined expression pattern, such as a slowly-

increasing expression level in a specific tissue, for

instance. We present here a flexible method of defining

any user-desired expression pattern as a ‘custom bait’ in

the Expression Angler tool for searching the BAR’s exten-

sive gene expression databases to identify sets of genes

that most closely match the user-defined pattern of

expression.

While such sets of coexpressed genes can be useful for

gene discovery under the ‘guilt by association’ paradigm,

they are also useful for exploring transcriptional regulation

under the assumption that genes with similar patterns of

expression are regulated by the same transcription factors

(TFs) and thus binding sites for these should be common

to their promoters. Recent high-throughput methods have

determined or predicted the transcription factor binding

specificities captured as position-specific weight matrices

(TFBMs) of 745 Arabidopsis TFs (Weirauch et al., 2014).

Additionally, there is a relatively large literature of in vivo

promoter analyses and TF binding site assays. For

instance, there are 48 experimentally characterized

A. thaliana TFBMs in the JASPAR database of Mathelier

et al. (2013), see http://jaspar.genereg.net/cgi-bin/jas-

par_db.pl?select1=Species&selectfield1=3702&rm=select,

which can (as with the Weirauch et al., 2014 data) also be

used to explore a set of promoters from coexpressed

genes for cis-elements in common. Finally, there is also a

good if somewhat older collection of functionally active

promoter sequences available in the PLACE database (Higo

et al., 1998).

We have enabled the exploration and analysis of sets of

Arabidopsis promoters with a second online tool called

Cistome. With this tool it is possible to ask for a set of pro-

moters (potentially identified with the custom bait feature

of Expression Angler, described above) if there is enrich-

ment for particular motifs (used hereafter to refer to poten-

tial cis-regulatory elements) in the Weirauch et al. (2014)

data set, in the Arabidopsis subset of the JASPAR data-

base, in PLACE, or in our own set of motif predictions from

a computational pipeline that integrates five well-cited pre-

diction programs and a novel enumerative strategy in the

promoters of coexpressed gene sets we identified using

the custom bait approach. We demonstrate in planta that

one of our predicted motifs directs reporter gene expres-

sion in a known manner. Two use cases of the Expression

Angler custom bait feature to identify marker genes for

genotoxic stress and different kinds of pathogen response

are presented.

RESULTS AND DISCUSSION

The ‘custom bait’ feature of Expression Angler for

identifying sets of transcripts with any specified

expression profile

Figure 1 shows a screenshot of the Expression Angler inter-

face for designing a custom bait with which to query the

BAR’s gene expression compendia. Users can opt to select

only a subset of the samples to search in, or they can set

the expression level to be minimal in all samples. Tissue

samples in which genes should exhibit higher expression

levels are then chosen, and the desired expression level in

a given tissue is set by clicking on the corresponding part

of the image – these images are displayed in a manner simi-

lar to the BAR’s widely used ‘electronic fluorescent pic-

tograph’ (eFP) browser (Winter et al., 2007) – and setting

the level with a slider. Once a desired pattern has been

specified, the user clicks ‘Search’ and the Expression Angler

engine (Toufighi et al., 2005) uses the pattern (which effec-

tively is a vector with length equal to the number of sam-

ples specified) to search for genes with similar expression

profiles (as measured using the Pearson correlation coeffi-

cient), as shown in the inset in Figure 1. The results page

allows users to download expression data for either the top

25 or 50 best expression pattern matches or for those

exceeding a specified r-value threshold. These data may

also be viewed as heatmaps within the interface.

Use case 1: using ‘custom baits’ to identify new

pathogenesis-induced gene expression markers

The plant defence system can be divided into two major

types of immunity, pathogen/microbe-associated molecu-

lar pattern (PAMP)-triggered immunity (PTI) and effector-

triggered immunity (ETI). PTI is the first level of the plant

immune system. It functions by using transmembrane pat-

tern recognition receptors (PRRs) to recognize portions of

microbial molecules called PAMPs found on both patho-

genic and non-pathogenic microbes (Zipfel and Felix,

2005). For example, the PRR FLS2 is a leucine-rich repeat

receptor kinase that recognizes a conserved 22 amino acid

segment, Flg22, in bacterial flagellin (G�omez-G�omez and

Boller, 2000). This pattern recognition results in a defence

cascade that results in PTI (Jones and Dangl, 2006). Suc-

cessful invaders are able to suppress PTI through the use

of effectors that dampen the plant’s PTI-inducing defences

or increase virulence to ensure successful colonization

(Nomura et al., 2005). Gram-negative bacterial pathogens

can make use of the type III secretion system to inject

various effectors into plant cells (Nomura et al., 2005),

leading to effector-triggered susceptibility (ETS). Disease-

resistance R genes that encode proteins with nucleotide-

binding and leucine-rich repeat domains recognize specific

effectors (Dangl and Jones, 2001). The result of this

induces ETI, which results in a hypersensitive response
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Figure 1. Defining a desired expression pattern (‘custom bait’) with Expression Angler. Here, a high level of expression (100 expression units; 100-fold above

the baseline level, which was set to 1) in shoots of plants 3, 4 and 6 h after an applied heat stress is set to be the desired pattern with which to search the BAR’s

Abiotic Stress expression compendium containing data from Kilian et al. (2007). Inset shows an example custom bait profile/vector generated by the Expression

Angler algorithm after query submission (a) in order to identify genes exhibiting such expression patterns (b). Bottom panel shows the results of the heat stress

query, with the expression pattern for At5g59720/HSP18.2 (a gene encoding a heatshock protein), highlighted.
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(Greenberg and Yao, 2004). An arms race between the

pathogen and host ensues as the pathogen tries to avoid

the immune system by gaining, losing and/or modifying

effectors while the host attempts to maintain effector

detection.

Pathogenesis-related (PR) proteins have been used as

markers to characterize numerous aspects of plant defence

in several plant species, including Arabidopsis. PR proteins

were originally identified through SDS–PAGE analysis of

proteins from infected tobacco plants to identify proteins

that are strongly expressed during infection (van Loon and

van Kammen, 1970). While the use of PR genes as markers

has advanced our understanding of plant–pathogen inter-

actions immensely, it would be desirable to have markers

that are reflective of the infection outcome; PTI, ETI or sus-

ceptibility/pathogen induction. We thus designed several

‘custom baits’ in Expression Angler to identify sets of

genes exhibiting responses to treatments designed to elicit

these outcomes: PAMP-induced genes (PIGs), ETI-induced

genes (EIGs) and disease-induced genes (DIGs), represent-

ing genes whose expression is induced under PTI-related,

ETI-related and disease-related conditions, respectively

(see Experimental procedures).

Disease-induced genes would be specifically induced by

virulent Pseudomonas syringae pv. tomato DC3000 (as a

representative of susceptibility), whereas EIGs would be

induced by avirulent P. syringae pv. tomato DC3000

AvrRpm1, which is recognized by the R protein RPM1 to

induce ETI. PIGs would be induced under three PTI induc-

ing conditions: (i) non-virulent P. syringae pv. tomato

DC3000::hrcC, which contains a defect in the type III secre-

tion system rendering it unable to transfer effectors to sup-

press PTI; (ii) the non-host P. syringae pv. phaseolicola 14

48A, which is not able to infect A. thaliana plants because

PTI is induced; and (iii) the Flg22 portion of bacterial flagel-

lum, a well-characterized PAMP. Using custom baits and

subsequent filtering, we identifed approximately 20 genes

that could be considered DIGs, EIGs or PIGs (see Experi-

mental procedures). Because we wanted to use these as

expression markers in RT-PCR-based assays, we undertook

RT-PCR on RNA samples from plants treated in the same

way that plants used to generate the gene expression data

for the Biotic Stress – P. syringae or – Elicitor views in

Expression Angler were. A total of seven genes (see gene-

specific primers in Table 1) were confirmed to possess the

desired expression patterns of DIGs, EIGs or PIGs suitable

for use as RT-PCR gene expression markers based on

genes identified using the ‘custom bait’ feature of Expres-

sion Angler, as shown in Figure 2.

Tissue- and abiotic stress response-specific transcripts

identified using custom baits

The custom bait approach described above appeared to be

a useful way of identifying sets of genes, both for use as

gene expression markers and as input for promoter motif

analysis programs. In order to leverage this approach fur-

ther, three large expression compendia from the BAR were

used to generate a series of coexpression clusters with

profiles specific to distinct tissues or stress responses.

These consisted of: (i) 20 487 transcripts across 370

microarray experiments for tissue-specific expression;

(ii) 20 172 transcripts across 272 microarray experiments in

response to abiotic stress; and (iii) 21 003 transcripts over

230 microarray experiments for hormone treatments of

wild-type seedlings. For details regarding the metadata

(i.e. perturbation, type/age of tissue, time of sampling)

specific to each compendium, see Experimental proce-

dures, and Tables S1 and S2.

Metadata from each of these expression compendia

were used to generate a series of coexpression sets that

showed increases in expression levels for all genes in the

set under a single condition. Briefly, the custom bait

approach described above was used to construct pseudo-

expression profiles, equal in length to the number of treat-

ments or tissues in the expression compendium. These

baits possessed a pattern of increased expression specific

to the treatment or tissue of interest (see depiction of one

such vector in Figure 1). This ‘bait’ profile was then used

to identify transcripts within each compendium that

matched its behaviour with a high degree of correlation

(r > 0.75; genes with r-values of 0.75 or higher are signifi-

cant with a P-value of at least 8.27 9 10�43 in the case of

Table 1 Primers used for PCR amplification of cDNA products for pathogenesis-induced gene expression markers

AGI ID Marker for: Forward (50–30) Reverse (50–30)

At1g19640 ETS AGGAGGGTTTAGGGTTCGGT TCGGAGCTCGCAGCATAGTA
At3g47340 ETS CTCTTCCTGGACATCTGTCTGT TGACACCAATCGCATCACGA
At1g77450 ETI CTCTGTCGTAAATGCGCGTC TCACAGGCTTTAACCCGTCC
At1g51800 PTI GATTGCGGTTCGCCTAGAGA CGGAGATAAAAGGCGTTGCG
At1g51850 PTI AACGTTGGGAAACCCGGTAG TGTGTCCATGAGTTGTCGAAGT
At2g44370 PTI AAGAAAACCGTCGGTGAGGC TGCGTGCCATAATCACATTCC
At3g46280 PTI TCTCGCCGCCATCTTTTGAT TCTCTGGTGGCTTGTTCGAC

ETS, effector-triggered susceptibility; ETI, effector-triggered immunity; PTI, pathogen/microbe-associated molecular pattern-triggered
immunity.
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the 230 microarray experiment Hormone compendium, or

better in the case of the two larger compendia, as calcu-

lated using equation 3 of Usadel et al., 2009). A total of 67

custom baits were used with the Tissue expression map,

resulting in a total of 24 coexpression sets, containing at

least 10 transcripts each (Table S1). For transcripts specific

to the tissue expression compendium, custom baits were

constructed in a tissue-specific manner. For transcripts in

the Hormone and Abiotic Stress Compendium, we

designed bait vectors either specific for a given stress or

hormone without differentiating the tissue type being

queried, or we generated bait vectors specific for both the

hormone/stress and tissue type. Thus, for each condition,

three different custom baits were constructed. Further, for

the stress and hormone expression experiments that con-

sisted of time series data, a collection of six different bait

vectors with profiles meant to depict various possibilities

of transcript accumulation across the time-course was

used. These baits covered scenarios of rapid and consis-

tent transcript accumulation, delayed transcript accumula-

tion, and transcript responses showing accumulation early

in the time-course followed by a decrease. For instance,

to identify genes whose transcripts steadily increase in

the shoots of cold stressed plants after 24 h of cold

exposure, our custom bait vector looked like

[1,1,1,. . .,1,4,8,25,50,75,100,1,. . .,1,1,1], where the increasing

values were set to correspond with the 0.5, 1, 3, 6, 12 and

24 h shoot samples of cold stressed plants, respectively,

with ‘1’ entered for all other samples, including the time-

matched untreated (control) shoot samples (see Figure S1

for details of such an ‘up steady’ vector and others). For a

list of all conditions examined, the bait vectors and the

resulting coexpressed transcripts, see Tables S1–S4.

Cistome: analysing sets of promoters identified with

custom baits reveals motifs in expected promoter

contexts

We developed a pipeline, called Cistome, consisting of sev-

eral widely-used cis-element prediction programs as well

as a novel implementation of our Promomer algorithm

(Toufighi et al., 2005; see Supporting Information –
Methods S1–S3; Figures S2–S4). We assessed the results

Figure 2. Gene expression markers for different types of plant–pathogen interactions identified using the custom bait feature of Expression Angler. Blue: mark-

ers for pathogen-associated molecular pattern-triggered immunity (PTI); pink: markers for virulent/susceptible (ETS) interactions; green: marker for effector-

triggered immunity (ETI). Numbers with coloured backgrounds represent expression levels from the AtGenExpress Biotic Stress series, with a red background

denoting 100% of the maximal column expression and yellow denoting low expression. Data for the PR-1 expression marker commonly used for pathogen stud-

ies are also included. Gel images represent RT-PCR results from experiments conducted using the same conditions as for the AtGenExpress series. UBQ10 is a

loading control. RT-PCR gels were imaged on a gene by gene basis, with each gene’s PCR reactions across all conditions run on a single gel.

© 2016 The Authors
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of these predictions with a common objective function

using an algorithm called Cismer, which is built into the

Cistome pipeline. Cismer is a discriminative objective func-

tion that compares the distribution of motif occurrence in

the target promoter set against its distribution in sets of

promoter sequences randomly sampled from all possible

promoters. Discriminative functions have been shown to

provide a more reliable significance assessment (Redhead

and Bailey, 2007; Fauteux et al., 2008; Huggins et al., 2011;

Simcha et al., 2012; Grau et al., 2013; Patel and Stormo,

2014; Yao et al., 2014). Cistome was applied to the promot-

ers of the coexpression gene sets identified with our cus-

tom bait method in the previous section. This pipeline

successfully identified a collection of known motifs occur-

ring within expected promoter contexts. These motifs are

listed in Figure 3. The most prominent of these motifs is

the well-characterized abscisic acid response element

(ABRE), which was found to be highly significantly over-

represented in the promoters of transcripts specific to ABA

treatment of seedlings (P = 1.18 9 10�5), late seed devel-

opment (P = 0.0), and guard and mesophyll cells treated

with ABA (P = 2.98 9 10�2). The ABRE motif has been

studied and characterized as functionally relevant in all

three of these contexts (Ezcurra et al., 1999; Leonhardt

et al., 2004; Nakashima et al., 2006). Similarly, as would be

expected for heat shock inducible transcripts, a heat shock

element (HSE) was highly significantly over-represented in

promoters of this class. Interestingly, the HSE motif exhib-

ited a strong positional disequilibrium in a region approxi-

mately 50 basepairs upstream of the transcriptional start

site (TSS) of the promoters of genes identified using our

custom bait approach as being heat shock-inducible.

Finally, a well-known regulatory motif, the RY motif, cap-

able of conferring seed-specific expression was identified

in the promoters of transcripts specific to mid/late seed

development.

Cistome identifies motifs in novel promoter contexts

In addition to finding the above known motifs in expected

contexts, several known motifs were found to occur in

novel contexts in our results (Figure 3). These included the

presence of a sugar-responsive element (SRE) in the pro-

moters of pollen microphore-specific transcripts, GAGA

repeats in the promoters of genes expressed in the shoot

apex, and the coupling of a cold-responsive element (CRE)

with the circadian-linked evening element (EE) in tran-

scripts specific to cold response. While these are novel

contexts, their presence has biological relevance. Namely,

sugar response has been shown to play an important role

in early pollen development (Zhang et al., 2010). Moreover,

a sugar transporter gene (At1g07340, AtSTP2), identified as

microphore-specific by GUS reporter gene expression

(Truernit et al., 1999), was present in our ‘pollen: micro-

phore’ and ‘pollen: microphore to bicellular’ coexpression

clusters and possesses an SRE in its promoter. Likewise,

cold response is known to be tightly linked with circadian

control: Mikkelsen and Thomashow (2009) have estab-

lished that the EE and CRE work in concert to govern cold

response in Arabidopsis. Finally, the presence of GAGA

elements in the promoters of genes expressed in the shoot

apex is very interesting as the GAGA element has been

implicated in Polycomb repression in flies and Arabidopsis

(Granok et al., 1995; Winter et al., 2011; Deng et al., 2013).

Combining ‘custom baits’ and Cistome analysis to identify

novel motifs in the promoters of genes expressed in seven

conditions and/or tissues

Our analysis on the promoters of sets of genes identified

using the custom bait approach also identified a collection

of novel regulatory motifs, also shown in Figure 3. These

included two slightly different C-box-like motifs present in

transcripts specific to osmotic and salt stress response. An

A-box-like motif was found in the promoters of genes

whose transcripts are specific to many stages of seed

development. TATA-like signals that appear distinct from

traditional TATA box signals were also found in the pro-

moters of genes expressed in the ovary/stigma and root.

And, along with a novel motif potentially involved in

epidermis-specific expression, an intriguing poly-A sig-

nal specific to genes induced by genotoxic stress was

uncovered.

Relevance of the custom bait/Cistome analysis approach

for identifying novel motifs: in planta validation and use

case 2

Several of the de novo predicted motifs were tested in

planta for their ability to direct expression of a reporter

gene under the corresponding custom bait conditions/sam-

ples used to generate the coexpressed gene sets. In total,

eight ‘synthetic’ (promoters assembled with multiple

copies of a motif upstream of a minimal promoter) and 30

native promoter constructs driving expression of an eGFP:

GUS reporter protein (see Experimental procedures) were

generated for cold, genotoxic, heat, osmotic and salt stress

motifs; the EE circadian clock motif in combination with

the cold motif; a motif for ABA response; and motifs for

root and epidermis tissues. Constructs were stably trans-

formed into A. thaliana Col-0. The ability of the motifs to

drive expression of the reporter gene was evaluated by

using in planta stress or tissue assays, and then quantify-

ing GUS expression levels. Cold (10 synthetic lines, 10

native lines), cold and EE (five synthetic lines), genotoxic

(13 synthetic lines, four native lines), and heat (five syn-

thetic lines) stress related-motifs; as well as root (seven

synthetic lines) and epidermis (eight synthetic lines, five

native lines) tissue related-motifs were investigated for

their ability to direct reporter gene expression in stable

transformants.
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Figure 3. Promoter sets for motif identification

were identified using ‘custom baits’, according to

the conditions in the first column. A variety of

known motifs were found in promoter contexts in

which they are expected to occur (top section). A

collection of known motifs were also identified in

novel promoter contexts in the promoters of sets of

gene transcripts identified with ‘custom baits’

specific for the condition in the first column (middle

section). Novel motifs were identified as signifi-

cantly enriched in the promoters of genes

expressed in seven different conditions and/or tis-

sues, identified with ‘custom baits’ specific for the

condition or tissue shown in the first column (bot-

tom section).

© 2016 The Authors
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Positive, heat-inducible GUS staining results constituting

our second use case (predicting motifs for driving expres-

sion with synthetic or native promoters) were observed for

the well-characterized HSE (RGWDRNWHCYRGW) driving

reporter expression via a synthetic promoter (Figure 4),

indicating that our system for testing motifs in a synthetic

promoter system works appropriately, at least in the con-

text of this particular motif. Genotoxic-stress-inducible

reporter results from lines driven by promoters containing

a novel element (AAMMVRAAA) predicted to confer

response to genotoxic stress (bleomycin + mitomycin C)

indicate our custom bait pipeline is able to identify promot-

ers that can be used to drive reporter gene expression (Fig-

ure 5), although in this case the element used on its own

in a synthetic promoter does not appear to be sufficient to

drive a genotoxic response (see discussion at the end of

this section as to possible reasons why this is).

Positive GUS staining results that recapitulate the

expression patterns of the genes whose promoters were

used to predict the motif were also obtained for the

novel epidermis (GYDVAGARA) and root (TATAT)-specific

elements (Figures S6 and S7). Negative results in the

cases where no expected staining patterns were seen (for

the ‘cold’ motif and the ‘cold and EE’ motifs in combina-

tion) could be explained by positional effect variegation.

Another explanation might be that the synthetic promot-

ers were designed with the elements 50 bp upstream

from the minimal promoter after the recommendation of

Gurr and Rushton (2005), but it may be possible that this

positioning does not allow the required TF-enhancer

complex to correctly interact with the promoter, espe-

cially if some type of chromosomal looping is involved.

Further, to keep the number of possible constructs man-

ageable, we did not allow for the possibility of the TF

complex to form and bind on opposite sides of the DNA

strand for the second and/or third instances of the motif

in our synthetic promoter constructs – Jacobson et al.

(1997) have shown that this configuration is required

(a)

(d) (f) (h) (j) (l) (n)

(e) (g) (i) (k) (m) (o)

(b) (c)

Figure 4. GUS expression of synthetic ‘heat’ motif lines.

(a) Schematic map of the synthetic heat promoter construct (PSynH). The orange bars represent the three heat shock elements (HSEs) RGWDRNWHCYRGW in

triplet tandem repeats. A minimal 35S promoter and eGFP and GUS reporter genes are also present.

(b) SeqLogos of the HSE identified in this work.

(c) The expected expression profile of genes under control of the RGWDRNWHCYRGW motif. Time points 1–6 represent 0.5, 1, 3, 6, 12 and 24 h.

(d–k) Untreated (22°C) and treated (38°C) seedlings of PSynH 4.2 lines A (d, e), B (f, g), C and F (h, k) and E (j, k) are shown. Heat-treated seedlings all exhibited

GUS expression. Representative seedlings are shown for all lines except line F, which has similar expression patterns to line C, and has been grouped together

with line C (h, k). Untreated (m) PMin35S and (o) P35S lines and treated (l) PMin35S and (n) P35S lines. Plus (+) symbols represent the intensity and coverage of

the GUS expression, minus (�) symbols on the bottom right represent no GUS expression. Fractions shown in each figure are the number of replicates with that

staining pattern/intensity out of the total number stained; transgenic lines with similar staining patterns have been combined. The scale bar at the bottom left of

the photographs represents 5 mm.
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with the rat Pit-1 TF, which binds as a homodimer to

sites on opposite sides of the DNA strand. It might also

be that we did not see the correct expression pattern

because the elements need to be spaced either closer

together or further apart for the required interactions or

transcriptional complexes to correctly form. Finally, we

may have been unaware of the requirement of other

‘coupling’ elements to direct expression in the expected

manner. The data set describing the TF binding

specificities of 745 A. thaliana TFs from Weirauch et al.

(2014) was used in combination with a motif co-

occurrence searching program, SpaMo (Whitington et al.,

2011), without success to try to identify missing coupling

elements. Nevertheless, our intention here is to show

that the custom bait feature of Expression Angler is able

to identify genes or sets of genes that can be useful as

marker genes or for cis-element prediction – indeed, this

is the case for the several examples shown.

(a)
(c) (d) (e) (f)

(h)

(l) (m)

(g) (i) (j) (k)

(b)

Figure 5. GUS expression of native ‘genotoxic’ motif promoter line 7.1 C from gene At5 g55490.

(a) SeqLogos of the predicted genotoxic motif.

(b) The expected expression profile of genes under control of the genotoxic AAMMVRAAA element. Time points 1–6 represents 0.5, 1, 3, 6, 12 and 24 h.

(c) Time 0 (P) rosette leaves stained right off the plant at time 0.

(d) Wounding (A) rosette leaves stained after 24 h in an empty closed container.

(e) ddH2O (W) rosette leaves stained 24 h after placement in water.

(f) MS (U) rosette leaves stained 24 h after placement in sucrose-free MS solution.

(g–k) MS + BLM + MMC (T) rosette leaves stained 24 h after placement in sucrose-free MS solution containing 3 lg ml�1 bleomycin and 44 lg ml�1 mitomycin

C (g–i) or less (j, k).

(l) Schematic map of the �500 TSS native genotoxic promoter construct. The light purple bars represent the locations of the ‘genotoxic’ motifs in the At5g55490

promoter.

(m) Control PMin35S and P35S leaves. Plus (+) symbols represent the intensity and coverage of the GUS expression, minus (�) symbols represent no GUS

expression. Fractions shown in each figure represent the number of replicates with that staining pattern/intensity out of the total number stained. Scale bar at

bottom left of each photograph represents 5 mm.
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Cistome: a web-based tool for exploring promoters of sets

of transcripts identified using the custom bait method of

Expression Angler or other approaches

We have developed an online version of the Cistome pipe-

line used above for exploring the promoter sets generated

by our coexpression analysis, and also for visualizing and

analysing motifs predicted by this study and those identi-

fied by others, such as those collated in the JASPAR

(Mathelier et al., 2013) and PLACE (Higo et al., 1999) data-

bases, and those generated by Weirauch et al. (2014). A

number of functions have been incorporated into the Cis-

tome tool, including the ability to display maps of motif

locations in promoter sets, and to cluster and merge

related motifs. Further, given the importance of positional

bias in ‘true’ motifs (Ma et al., 2013), we have incorporated

an automatic positional distribution function into Cis-

tome’s output, along with automatic SeqLogo (Schneider

and Stephens, 1990) visualizations of significant motifs

(Figure 6). We plan on integrating information on polymor-

phisms (Korku�c et al., 2014), conserved non-coding regions

in the Brassicaceae (Haudry et al., 2013) and DNAse I

hyposensitive sites (Sullivan et al., 2014), as these data

become available through the nascent Arabidopsis Infor-

mation Portal, Araport.org (2012) to facilitate the explo-

ration of a researcher’s own promoter data sets in the

context of his/her own e.g. ChIP-Seq data or in the context

of known TF binding site data. Cistome is available at

http://bar.utoronto.ca/cistome/.

CONCLUSION

We present an approach within Expression Angler for

designing a custom bait to identify sets of genes exhibiting

any desired expression pattern and the results of an

attempt to predict the A. thaliana ‘cis-ome’ using publicly

available expression data, and a comprehensive prediction

and significance testing pipeline. Several predicted motifs

direct expression patterns in planta in a manner consistent

with published results, or exhibit the ability to direct

expression in a way predicted by the input expression pro-

files. We have developed a web-based tool, Cistome, for

exploring these and other publicly-available data sets of TF

binding specificities, towards a better understanding of

transcriptional regulation in A. thaliana.

EXPERIMENTAL PROCEDURES

Expression data and analysis

Expression data were acquired from the Bio-Analytic Resource
(BAR). The BAR contains A. thaliana expression data generated
from a wide variety of treatments, tissues and conditions (Toufighi
et al., 2005). Three main expression compendia were used: the
AtGenExpress developmental series of tissue expression (Schmid
et al., 2005); the global abiotic stress expression compendium from
AtGenExpress (Kilian et al., 2007); and the AtGenExpress hormone

response series (Goda et al., 2008). The tissue series was extended
to include supplemental expression data for gametogenesis, vas-
cular tissues, embryo, stigma/ovaries and epidermis (Honys and
Twell, 2003; Suh et al., 2005; Spencer et al., 2007), as well as a col-
lection of some further seed developmental stages (Nakabayashi
et al., 2005), and a collection of guard cell and mesophyll cell
experiments (Yang et al., 2008). In addition, ATH1 data sets from
the AtGenExpress Biotic Stress series have been included in the
Expression Angler interface and were used to identify gene expres-
sion markers for different kinds of plant responses to pathogens
(http://bar.utoronto.ca/NASCArrays/index.php?ExpID=120).

Collected expression compendia from all three series were
background corrected using MAS5, normalized with scaling (tar-
get set to 100) and probe set summarized to expression values
with Benj & Wilks summarization from CEL file format using Bio-
conductor (Gentleman et al., 2004). Affymetrix control probes
were removed from each series and pre-processing filters were
used to select probes with >25% of their values over 100 fluores-
cence units and interquartile ranges greater than 0.5, as recom-
mended by Affymetrix.

Identification and validation of pathogenesis-induced gene

expression markers

Custom bait Expression Angler queries were generated to look for
genes with high expression at early, late or early/late time points
of specific kinds of pathogen interaction samples, and low expres-
sion across all remaining conditions and times. We defined cus-
tom expression patterns using the ‘Graphic View’ of the ‘Biotic
Stress – Pseudomonas syringae’ or ‘Biotic Stress – Elicitor’ data
sets. The relevant samples used were 2, 6 and 24 h for 10 mM

MgCl2 (control mock inoculation); virulent P. syringae pv. tomato
DC3000 (to identify DIGs); non-virulent P. syringae pv. tomato
DC3000::hrcC, and non-host P. syringae pv. phaseolicola 1448A (to
identify PIGs); and avirulent P. syringae pv. tomato DC3000
AvrRpm1 (to identify EIGs). In addition, 1 and 4 h infiltrations for
ddH2O and 1 lM Flg22 in the Elicitor view were additionally used
(also to identify PIGs). To identify the PIGs described in this paper,
‘high relative expression’ (i.e. 1000 expression units) was set for
both the early (1 h) and late (4 h) time points in the ‘Biotic Stress –
Elicitors’ with low levels everywhere else (custom baits designed
to query combinations of other conditions expected to induce PIGs
and/or single time points were also generated but, in the end, it
was this combination that proved most useful in terms of RT-PCR
markers; Figure 1). To identify the EIG presented in this paper, a
‘high relative expression’ was set for the early time point (6 h) of
the avirulent P. syringae pv. tomato AvrRpm1 sample, with low
expression in all other samples. To identify the DIGs presented in
this paper, a ‘high relative expression’ was set for the late time
point (24 h) of the virulent P. syringae pv. tomato DC3000 sample,
with low expression in all other samples. The top 50 genes were
retrieved for all queries. Candidate genes were confirmed to have
reproducible expression levels in all three replicates for a given
perturbation, low expression levels in unperturbed conditions, and
high levels of expression upon induction (~1000 expression units,
about 50-fold above background; the rationale for this was that we
were planning on using these expression markers for RT-PCR-
based screening) using the BAR’s eFP Browser (Winter et al., 2007)
and Expression Browser (Toufighi et al., 2005). Those genes where
these conditions were not met were excluded from further analy-
sis. About 20 genes were tested by RT-PCR in total, seven of which
are shown in this paper.

For confirmation of candidate gene expression markers, the
conditions used to grow and infect plants in the AtGenExpress

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2016), 88, 490–504

Expression Angler and Cistome 499

http://bar.utoronto.ca/cistome/
http://bar.utoronto.ca/NASCArrays/index.php?ExpID=120


data set were mimicked as much as possible. Arabidopsis Col-0
wild-type seeds were stratified for approximately 72 h at 4°C. Ara-
bidopsis plants were grown in growth chambers set to 22°C, with
a light intensity of 100~150 lE m�2 s�1 and 9 h of light exposure
per day. Plants were infected approximately 4 weeks after strati-
fied seeds were sown on soil.

From P. syringae stocks stored at �80°C, bacteria were grown
on 1% KB agar (Bauer et al., 1966) plates (with appropriate antibi-
otic) overnight at 28°C. Bacteria were then restreaked on and
grown overnight prior to infection experiments. Bacterial density
was adjusted to a concentration of OD600 0.1 in 10 mM MgCl2, and
these suspensions were pressure infiltrated into the underside of
leaves. Leaf tissue was harvested at appropriate 6 or 24 h time
points. Similarly, other treatments included 1 lM of Flg22 (in
ddH2O) harvested at 1 or 4 h.

To extract the RNA from leaves, a modified trizol-based
protocol was employed based on the tri-reagent protocol

(Chomczynski and Sacchi, 1987). One half of a leaf from three
separate plants subject to the same treatment and harvested at
the same time were ground to a fine powder, followed by Trizol
extraction and ethanol precipitation of the RNA. DNAse treatment
was used to remove DNA, followed by chloroform extraction and
reprecipitation. After quantification, RNA samples were converted
to cDNA for RT-PCR using Invitrogen’s Superscript II Reverse
Transcriptase using the enzyme-specific PCR protocol provided.
The quantity of cDNA was assessed using UBQ10 as a loading
control to ensure all conditions started with similar amounts of
cDNA.

Samples of cDNA for each treatment were diluted in DEPC H2O
by a factor of 1:4. These samples then underwent PCR (using
gene-specific primers in Table 1) together using the following set-
tings: 95°C for 60 sec followed by 21 or 24 cycles (of 95°C for
30 sec, 56°C for 30 sec, 72°C for 60 sec), ending with 72°C for
600 sec.

Figure 6. Representative outputs of Cistome.

(a) Related ‘cold-response element’ (CRE)-like motifs were predicted by several programs used in this study, and these are shown mapped to cold-responsive

promoters, also identified in this study (the ‘Cold UpLate ShootRoot’ set in the Cistome interface, which was created by using a custom bait designed to distin-

guish such transcripts).

(b) The positional bias of one of these CREs is shown.

(c) ‘Evening element’ (EE)-like motifs were also predicted to be in this same set of promoters.

(d) The positional bias of one of these ‘EE’-like motifs is shown.

(e) The similarity of the predicted motifs is also viewable within the Cistome application; groups of similar motifs can easily be merged by clicking on a node.
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Cistome pipeline for predicting regulatory sequences

In order to identify as comprehensive a regulatory signal as possi-
ble within the coexpression clusters, a motif prediction pipeline
was devised. This pipeline applied a total of five prediction algo-
rithms from the literature: AlignAce (Hughes et al., 2000); MEME
(Bailey et al., 2006); MotifSampler (Thijs et al., 2001); BioProspec-
tor (Liu et al., 2004); and Weeder (Pavesi et al., 2001); as well as a
custom technique for identifying comprehensive k-mer patterns
for a sequence set with allowable mismatches. However, due to
the many differences in significance assessment adopted by these
programs, all program significance scores were discarded and
prediction results from all programs were evaluated using a stan-
dardized significance assessment. This consisted of a discrimina-
tive scoring technique (encapsulated in the Cismer algorithm) that
evaluated the abundance of each pattern within the original pro-
moter set compared with a collection of 1000 randomly generated
sets of an equal number of promoters sampled from all possible
Arabidopsis promoters. This comparison generated two distribu-
tions of overall abundance that were compared with one another
by calculating the distance between their means using a Z-statistic
in a manner akin to that of the YMF program (Sinha and Tompa,
2003). This collection of significance patterns was further refined
in downstream analysis using specific heuristics and filtering
strategies. An illustration of the information flow in the project is
provided in Figure S2.

As it has been found that all prediction algorithms will identify
significant motif patterns even in random sequence sets, a means
for assessing an unbiased measure of significance was adopted
(Harbison et al., 2004). Briefly, 1000 random promoter sets were
sampled from all possible Arabidopsis promoters and run through
the prediction pipeline. From each prediction run for each algo-
rithm, the largest Z-score returned by our significance scoring pro-
gram was identified. The resulting 1000 Z-scores for each
algorithm were then used to construct a distribution of null expec-
tancy. Predictions from the biological coexpression sets were then
fit against each respective algorithm’s distribution to generate a
P-value for motif expectancy (Figure S3).

See the Supplemental Results section for a graphical overview
of the Cistome pipeline for detecting regulatory sequences, predic-
tion pipeline benchmarking, exhaustive pattern enumeration, and
significance assessment.

Synthetic/minimal-promoter construct generation

Consensus sequences for the promoter elements used in the
design and construction of synthetic promoters were based on the
predictions described in this paper and are summarized in
Table S5. Spacer sequences were adapted from the pOp/LhG4
plasmid (Craft et al., 2005), and the minimal 35S promoter
sequence was taken from the CaMV35S (�48 to +8) (Cooke and
Penon, 1990), such that three copies of the motif to be tested were
present at 10 bp spacing to keep them all on the same side of the
DNA strand. Before construction, synthetic-promoter and minimal
35S promoter sequences were analysed with PLACE’s WebSignal
Scan (Higo et al., 1999) to eliminate the presence of unwanted
promoter elements. Synthetic promoter (PSyn) promoter-element
oligos (Table S6) were annealed to the minimal 35S promoter
(PMin35S) oligo (Table S2) and amplified with PCR using PfuI
polymerase and primer pairs Synthetic F and R for Psyn, and
Negative F and R for PMin35S. Isolated inserts were cloned into
pENTRTM/D-TOPO (Figure S5 for vector map). Synthetic/minimal-
promoter fragments were cloned into pBGWFS7 (Karimi et al.,
2002) – see Supplemental Data for vector maps. Positive PSyn:

pBGWFS7 #1-10 lines in Escherichia coli were transformed into
competent Agrobacterium tumefaciens GV3101 and validated with
PCR and Eam1104i restriction analysis.

Native promoter construct generation

Sequences used in the construction of the native promoters were
taken from TAIR upstream 500 sequences as used in de novo pre-
dictions. The native promoters selected for constructs (Table S7)
were based on promoter analyses performed using TAIR’s
GBrowse (http://gbrowse.arabidopsis.org/cgi-bin/gbrowse/arabi-
dopsis/); and the BAR’s Expression Browser (Toufighi et al., 2005)
and Cistome (http://bar.utoronto.ca/cistome/; this work) to select
promoters driving strong, specific expression and having multiple
copies of the predicted motif if possible. Native promoters were
isolated with PCR using PfuI polymerase and promoter-specific pri-
mer pairs (Table S7), with wild-type genomic Col-0 DNA as tem-
plate. Isolated promoters were cloned into pENTRTM/D-TOPO with
a modified protocol and subsequently transformed into TOP10
E. coli cells to create PNat:pENTR constructs. PCR and restriction
analyses were performed for validation. Native promoters were
then cloned into pBGWFS7 vectors (Karimi et al., 2002) – see Sup-
plemental Data for vector maps, and transformed into TOP10
E. coli to create PNat:pBGWFS7s constructs. Validation was per-
formed with PCR and Eam1104i restriction analysis. Positive PNat:
pBGWFS7s were transformed into A. tumefaciens GV3101.

Constitutive CaMV35S promoter construct generation

A constitutive Cauliflower Mosaic Virus 35S promoter (P35S) was
isolated with PCR using PfuI polymerase with P35S primer pairs:
forward 50-AGAGCTCGCATGCCCTTT-30 and reverse 50-AGAGT
CCCCGTGTTCTCTCC-30 with pEGAD (Cutler et al., 2000) as the
template. P35S was cloned into pENTRTM/D-TOPO and trans-
formed into TOP10 E. coli. PCR was performed for validation. PCR
cycling conditions and primers pairs used in the amplification of
P35S were used, with P35S:pENTR as the template. Positive P35S:
pENTR was cloned into pKGWFS7 (Karimi et al., 2002) with LR clo-
nase and transformed into TOP10 E. coli. Validation was per-
formed with PCR. Positives were transformed into A. tumefaciens
GV3101 and validated with PCR.

Growth conditions and plant transformations

Sterilized seeds were plated on 9 9 9 cm2 MS-agar plates and
stratified for 5 days at 4°C. Sterilized seeds for Basta screening of
transgenic lines were directly sowed onto soil and stratified for
7 days at 4°C. Seedlings were grown at 24°C under 110–
130 lE m�2 s�1 of constant light for 1 week, then transferred to
soil and placed in a growth chamber at 24°C under 110–
130 lE m�2 s�1 of 16 h light and 8 h darkness. Plants grown for
transformation had their first bolts cut and were then allowed to
rebolt. Seeds from transformed plants were harvested for selec-
tion of positive transformants. Transformation of wild-type
Columbia-0 (Col-0) was performed using the floral-dip, A. tumefa-
ciens-mediated method as described by Clough and Bent (1998).

In planta motif analysis: stress and tissue assays

The stress and tissue assays were adapted from assays whose
microarray expression data were used for the generation of the de
novo in silico predictions.

Growth conditions of transgenic lines prior to tests. After
liquid bleach sterilization, seeds were plated on 9 9 9 cm2 plates
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containing Basta-MS agar and stratified for 10 days at 4°C. Seed-
lings were transferred to a growth chamber and grown at 22°C
under 110–130 lE m�2 s�1 light for 16 h of light and 8 h of dark-
ness. ‘Heat’ motif lines: on the 7th day, positively selected seed-
lings were transferred to 9 9 9 cm2 plates containing MS agar
and grown for a further 10 days. ‘Genotoxic’ motif lines: on the
7th day, positively selected seedlings were transferred to soil
(Sunshine Mix) and grown at 22°C for another 22 days under 9 h
of 110–130 lE m�2 s�1 light and 15 h of darkness. Eight–10 seed-
lings per line were transferred to soil, and four-five seedlings were
grown per 10 9 10 cm2 pot. After the first set of rosette leaf
removal, plants were returned to the growth chamber to recover
for 12–15 days for a second set of rosette leaf removal. Control
lines: wild-type Col-0 (MS-agar), PMin35S:pBGWFS7 (Basta-MS
agar) and P35S:pKGWFS7 (MS agar) were grown under the same
conditions as their corresponding stress or tissue transgenic lines.
P35S:pKGWFS7 lines were not selected on Kan-MS selection
media, and positives were instead identified by eGFP visualization
before the assays (Leica MZFLIII stereofluoroscope, GFP2 filter).

Growth conditions during tests. ‘Genotoxic’ motif assay: the
genotoxicity assay was adapted from Chen et al. (2003). The
assays were performed on T2 and T3 leaves. Rosette leaves were
taken from plants growing on soil for 22 days, and again (12–
15 days after) when the plants had recovered from the first set of
leaf removal to allow for a second set to be sampled. Approxi-
mately eight–10 plants from each line and five leaves from each
plant were assayed under different treatments. Leaf 1 (P) was
stained straight off the plant; leaf 2 (A) was placed in an empty
Petri dish (5 cm diameter) or 15 ml conical tube; leaf 3 (W) was
placed in sterile distilled water; leaf 4 (U) was placed in liquid MS;
and leaf 5 (T) was placed in a MS solution containing ≤3 lg ml�1

bleomycin and ≤44 lg ml�1 mitomycin C. All leaves, except for
leaf 1, were treated for 24 h under 110–130 lE m�2 s�1 of constant
light at 22°C. Two different set-ups were used in this assay, and all
plants were assayed using both set-ups. The first set-up was per-
formed on the first set of leaves and the second set-up was per-
formed on the second set of leaves. The first set-up used Petri
dishes (5 cm diameter) containing 10 ml of the corresponding
treatment. Leaves were randomly placed in the treatments with
half the leaves placed adaxial side up, and the other half with the
adaxial side down. The second set-up used 15-ml conical tubes
and 10 ml of the corresponding treatment. All lines were assayed
twice. The MS containing approximately 3 lg ml�1 bleomycin and
44 lg ml�1 mitomycin C was saved and reused for subsequent
assays.

‘Heat’ motif assay: the heat assay was performed on T2 seed-
lings on the 10th day after transfer to MS agar. The conditions
were adapted from Kilian et al. (2007). For this assay, the seed-
lings were transferred to a 38°C incubator for 3 h in constant dark-
ness. The untreated seedlings were kept in the growth chamber in
constant darkness. After 3 h, both sets of seedlings were returned
to normal growth conditions for 3 h of recovery and were then
stained for GUS activity.

Leaf collection for GUS assays, GUS staining and

microscopy

Two–three seedlings or leaves were collected from the ‘heat’ and
‘genotoxic’ motif tests, frozen in liquid nitrogen and stored at
�80°C for future MUG assays.

GUS staining. Plant tissue was permeablized at �20°C for
20 min with 90% acetone, then rinsed twice at room temperature

with 0.1 M NaPO4 pH 7.2–7.4. Tissue were then stained and vac-
uum-infiltrated with 1 mg ml�1 X-gluc dissolved in GUS buffer
[0.1 M NaPO4 pH 7.2–7.4; 0.1 M K3Fe(CN)6; 0.1 M K4Fe(CN)6] and
incubated at 37°C for 24 h. After 24 h, buffer-staining solution was
removed and tissue was cleared with 70% ethanol at room tem-
perature. Seven days after clearing, 70% ethanol was removed
and replaced.

Tissue preparation and microscopy. Leaf samples were pre-
pared as wet mounts; and stem hand cross-sections were cut by a
steel surgical blade under a Leica MZ6 modular stereomicroscope.
All stem, leaf and root samples were observed with a Leica
MZFLIII stereofluoroscope under bright-field, and images were
captured with a Leica DFC300FX camera. All seedling samples
were prepared as wet mounts suspended in 70% ethanol, and
photographed with a Canon EOS Rebel XSi.
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