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Abstract

Large-scale genome-wide comparative analyses are now made possible by the
increasing number of publicly available high-quality genome sequence data for numerous
plant species. To understand the mechanisms of transcriptional regulation, computational
analysis tools were used to find overrepresented and conserved DNA sequences, i.e. cis-
regulatory elements. Datasets used as positive input for computational identification of
regulatory regions commonly include promoters of co-regulated genes or promoters of
orthologous genes (Wang and Stormo, 2003).

We discovered de novo motif using two approaches, seperately; 1) discovery based
on orthology relationship of the genes in 18 plant species and 2) discovery based on co-
regulated genes in specific tissues from soybean gene expression RNA-Seq data. In the
first approach, a combination of several bioinformatics tools were used to predict motifs
in promoter region based on clusters of orthologous genes in whole-genome datasets of
Arabidopsis lyrata, Arabidopsis thaliana, Brachypodium distachyon, Carica papaya,
Chlamydomonas reinhardtii, Glycine max, Linus usitatissimum, Malus domestica,
Manihot esculenta, Medicago truncatula, Oryza sativa, Physcomitrella patens, Populus
trichocarpa, Selaginella moellendorfii, Sorghum bicolor, Vitis vinivera, Volvox carteri
and Zea mays. The results have shown that many promoters of orthologous plant genes
contain similar cis-regulatory motifs. In addition, inclusion of more evolutionary distant
organism led to detection of very conserved motifs, i.e. motifs that have similar function
in wider variety of organisms. In the second approach, bioinformatics tools were used to
find motifs in promoter region of co-regulated genes in shoot apical meristem and shoot
epidermis of three soybean cultivars. The results have shows that promoters of co-
regulated genes in specific tissues contain similar cis-regulatory motifs.

Since generating genome-scale datasets requires extensive computational resources that
are not always readily available, we created a relational database that houses pre-
computed and post-processed whole-genome comparative analysis of promoter regions.
The database contains motif sequences, annotations, clusters of orthologous genes and

other useful information associated with them, for 18 plant genomes.



Résumé

L’étude d’association pangénomique est maintenant rendue possible par le nombre
de séquences génétiques de hautes qualités qui sont disponibles pour plusieurs especes
végétales. Pour comprendre les mécanismes de régulation de la transcription, un nombre
d'outils d'analyses informatiques ont été développé pour identifier les éléments cis-
régulatoires. Les bases de données utilisées comme saisie positive pour 1’identification
informatique des régions de régulation incluent communément les promoteurs des genes
co-régulés ainsi que des genes orthologues (Wang et Stormo, 2003).

Pour découvrir les motifs de novo, nous avons utilis€é deux techniques 1) une
découverte basée sur la relation orthologue des génes de 18 especes végétales et 2) une
découverte basée sur les genes co-régulés dans certains tissus végétales spécifiques
provenant de données de séquencage d’ARN de soja. Dans la premiere approche nous
avons utilis€ une combinaison de plusieurs outils bioinformatiques pour prédire les
motifs des promoteurs basés sur des groupes de génes orthologues trouvés dans les bases
de données des génomes entiers d’Arabidopsis lyrata, Arabidopsis thaliana,
Brachypodium distachyon, Carica papaya, Chlamydomonas reinhardtii, Glycine max,
Linus usitissimum, Malus domestica, Manihot esculenta, Medicago truncutula, Oryza
sativa, Physcomitrella patens, Populus trichocarpa, Selaginella moellendorfii, Sorghum
bicolor, Vitis vinivera, Volvox carteri et Zea mays. Les résultats ont démontré que, dans
les plantes, plusieurs promoteurs de genes orthologues contiennent des motifs cis-
régulatoires similaires. En plus, en incluant des especes évolutivement éloignées dans les
analyses, nous avons €té capable de démontrer que ces motifs sont conservés. Dans la
deuxieéme partie, nous avons fait une analyse comparant les séquences des promoteurs co-
régulés dans les méristeémes apicaux ainsi que dans I’épiderme de trois cultivars de soja;
Clark sauvage, mutant a 5-feuilles et mutant glabre. Les résultats ont démontré que les
promoteurs des genes co-régulés en différents tissus contiennent des motifs cis-
régulatoires similaires.

Générer des données a 1’échelle génomique demande une puissance informatique
énorme qui n’est pas toujours disponible. En conséquence, nous avons créé une base de

données pour 18 génomes de plantes composée de séquences de promoteurs, de motifs,



d’annotations et des groupes de genes orthologues ainsi que d’autres informations

associées avec ceux-ci.
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Chapter 1: Introduction

Whole-genome sequencing has contributed to the demise of a concept that a
single gene or at most few of them encode each trait or characteristic of an organism.
Gene regulation is one of the important factors of diversity in the phenotypes seen in
nature, and one of the goals of studying gene regulation is to understand how a plant
regulates transcription of 14,000-66,000 genes in the proper patterns. To decipher the
mechanisms, numerous processes influencing transcription need to be well understood,
and one of them is how genes are turned on and off at different locations and times. With
the increasing number of high quality plant genomes sequenced, a comparative DNA
sequence analysis in multiple species is becoming possible and there is a tremendous
amount of information that we can learn from this. Comparison of sequences between
multiple species has been a very useful method to identify functional regions in the
genome (Loots et al., 2000), more powerful than pairwise DNA sequence comparisons
(Dubchak and Frazer, 2003).

In this study, we were interested in investigating if promoters of orthologous plant
genes have similar cis-regulatory motifs, which are important factors to the regulation of
those genes. Bioinformatics tools were used to predict promoter motifs in clusters of
orthologous genes (COGs) from 18 plant species; Arabidopsis lyrata, Arabidopsis
thaliana, Brachypodium distachyon, Carica papaya, Chlamydomonas reinhardtii,
Glycine max, Linus usitatissimum, Malus domestica, Manihot esculenta, Medicago
truncatula, Oryza sativa, Physcomitrella patens, Populus trichocarpa, Selaginella
moellendorfii, Sorghum bicolor, Vitis vinivera, Volvox carteri, and Zea mays. In
addition, by utilizing RNA sequencing data from soybean, we were able to see if
promoters of genes co-regulated in specific tissues have similar cis-regulatory motifs,
which could give us more insight on the gene expression pattern.

In silico prediction results from this study can serve as a guide to establish the
function expression and provide a good starting point for further experimental analysis

(Fauteux and Stromvik, 2009).



Chapter 2: Hypotheses and Objectives

Hypothesis 1:
Promoters of orthologous plant genes have similar cis-regulatory motifs.
Hypothesis 2:

Promoters of genes co-regulated in specific tissues have similar cis-regulatory motifs.

Objective 1: To predict motifs in orthologous promoters in 18 plant species
Objective 1.1.
Build MySQL in-house database as bioinformatics environment to explore
information related to promoters in 18 plant genomes and to predict cis-regulatory
motif by downloading genome, peptide and coding DNA sequences of 18 plant
species from Phytozome v8.0 (Goodstein et al., 2012)
Objective 1.2.
Build Clusters of Orthologous Genes (COGs) of 18 plant species using
InParanoid (Remm et al., 2001) and QuickParanoid
(http://pl.postech.ac.kr/QuickParanoid/)
Objective 1.3.

Profile bioinformatically built COGs using Gene Ontology (GO) annotations (The
Gene Ontology Consortium, 2000) to investigate the functional relationship
between the gene members in each cluster
1.3.1. Create GO table in relational database table consisting of gene name,
GO ID, GO terms and GO description
1.3.2. Using gene ID as the correlating key, query the database to see what
similarities do each COG share in terms of the function
Objective 1.4.
Run de novo motif discovery using Seeder (Fauteux et al., 2008)
14.1. Generate index and background sets of all promoters in 18 species.
1.4.2. Set up script to find motif in each COG then filter significant motifs
Objective 1.5.

Match found significant motifs with experimentally characterized motifs in the



PLACE database (Higo et al., 1999)

Objective 2: To predict motifs in promoters of co-regulated genes in specific tissues
(epidermis vs. shoot apical meristem) in different soybean cultivars
Objective 2.1.
Obtain a list of upregulated genes from soybean RNA-Seq gene expression data
from each tissue in each cultivar
Objective 2.2.
Retrieve promoter sequences of each co-regulated genes using BioPython (Cock
et al.,2009) from in-house MySQL database
Objective 2.3.
Run de novo motif discovery using BioProspector (Liu et al., 2001), MEME
(Bailey and Elkan, 1994) and Seeder (Fauteux et al. 2007)
2.3.1. Obtain soybean promoter sequence from in-house database for
background sequence file
2.3.2. Find cis-regulatory motifs in promoters of upregulated genes and filter
significant motifs
Objective 2.4.
Match found significant motifs with experimentally characterized motifs in

PLACE database (Higo et al., 1999) using STAMP (Mahony and Benos, 2007)

Objective 3: To build a public relational database for exploration of the plant
genome-promoter data
Objective 3.1.
Build MySQL relational database that contains pre-computed whole-genome
comparative data of promoter sequences across 18 plant species, as well as other

associated genome information



Chapter 3: Literature Review

3.1. Increasing availability of plant genome sequence

A high quality reference genome has become an important resource to illuminate
the function of genes in development, drive genomics-based approaches to systems
biology and identify genomic variations of an organism. Since the first higher eukaryotic
genome sequenced was from a plant, Arabidopsis thaliana (The Arabidopsis Genome
Initiative, 2000), the cost of sequencing has been decreasing by 10,000 times during the
past ten years (Collins, 2010). Genome sequencing continues to become more affordable
and as a result, more genome sequences are being published.

Discoveries in plant genome sequences have been enabling researchers to conduct
studies in functional and comparative genomics. The comparison of whole genome
sequences provides a highly detailed view of how organisms are related to each other at
the genetic level, distinguishes different life forms from each other. Comparative
genomes also offers a powerful tool for studying evolutionary changes among organisms,
helping to identify genes that are conserved among species, as well as genes that give
each organism its unique characteristics. Information obtained from these studies can lead
to practical applications in crop improvement such as increasing quality and crop yield,
increasing tolerance of environmental pressures like salinity, drought, extreme
temperature, resistance to viruses, fungi and bacteria, increasing tolerance to insect pests
and herbicides.

The genome of Arabidopsis thaliana was successfully sequenced in the late 2000.
The genome sequencing covered 115.4 megabases of the 125-megabase of the first
complete plant genome that has many advantages for genome analysis including short
generation of time, small size, and large number of offspring (The Arabidopsis Genome
Initiative, 2000). During the sequencing of this first plant genome, researchers utilized
the large-insert bacterial artificial chromosome (BAC), phage (P1), and transformation-
competent artificial chromosome (TAC). The genome sequence of Arabidopsis thaliana
has greatly contributed to the progress in genomics-based Arabidopsis research as well as
the exploitation of annotated genes to explore orthologous genes in other plants (Feuillet

et al., 2010). In January 2010, the genome sequence of the palacopolyploid soybean,



Glycine max L. (Merr.), was publicly available and this was the largest whole-genome
shotgun sequenced plant genome so far (Schmutz et al., 2010). With the increasing
availability of sequenced plant genomes and progress of genetic association studies, the
identification and characterization of quantitative trait loci (QTL) becomes easier and this
has become a crucial factor to improve crop production to fulfill the food and energy

security demands of the world in the future (Rounsley et al., 2009).

3.2. Essential regulatory elements of gene expression

The theory of a gene is an essential part of all the fields in biology that includes
genetics, molecular biology, and evolutionary biology. The way classical genetics
defined a gene was fairly abstract: a unit of inheritance that passes along the trait from
parents to the progeny. By looking from the biochemistry perspective, those trait and
characteristics were linked with enzymes or proteins, and with the rise of molecular
biology, those genes became real, physical things — sequences of DNA with information
that is transcribed into strands of messenger RNA, which are used as the recipe for which
building blocks are needed for protein assembly, piece by piece (Pearson, 2006).
Although biologists have put tremendous efforts into unraveling the gene concept over
the years, still a great deal remains to be discovered.

Gene expression coordination in eukaryotes is similar to prokaryotes but in a
much more convoluted way (Griffiths ez al., 2000). It involves every path from initiation
of mRNA synthesis to the last part of protein products. The regulation of transcription is
important because it controls when and where a gene should be expressed or not (Wray et
al., 2003). In a typical gene, a proximal non-coding region in genomic DNA that
facilitates RNA polymerase to initiate the transcription and regulation of a particular gene
is called promoter. It is composed of specific short conserved DNA sequences called cis-
regulatory elements or motifs, which are recognized and bound by specific transcription
factors that can regulate the gene transcription level and pattern (De Boer et al., 1999).

Promoters can have varying sizes, numbers of motifs, and locations (Potenza et
al.,2004). The minimal region of DNA in eukaryotes that engages the basal transcription
machinery to an accurate and efficient transcription initiation is called core promoter

(Yang et al., 2007). It is compact, composed of 60 bp straddling the transcription start



site and located immediately adjacent to and upstream of the gene. A typical core
promoter encompasses DNA sequences between approximately -40 and +50 relative to
Transcription Start Site (TSS) (Smale, 1994). The core promoter serves as the binding
region for RNA Polymerase II (Pol II) and its accessory factors, and directs them to begin
transcribing at the proper start site. It contains TATA box, initiator element (INR),
downstream core promoter element (DPE), and TFIIB recognition element (Smale and
Kadonaga, 2003). Roughly half of core promoters contain a TATA-box, which serves as
a binding site for TATA-box binding protein (TBP) (Struhl et al., 1998). The upstream
activating sequences (UAS) that consist of two or three closely connected binding sites
for one or two distinct sequence-specific transcription factors regulate the TATA-box
Binding Protein (De Bruin et al., 2001). Although the core promoter plays the important
role in this case, gene expression would not be significant without any additional control
motifs or transcription factor binding sites (Potenza et al., 2004; Wray et al., 2003).

Another essential regulatory element called enhancer is a short region of DNA
where proteins bind to elevate the expression of an adjacent coding region. Though
enhancers are not well defined, an idea of what an enhancer could entail is as follows;
500 bp in length, and has ten binding sites for at least three different sequence-specific
transcription factors, typically one repressor and two different activators (Davidson,
2001).

Other events such as DNA methylation and histone acetylation can also alter the
gene expression pattern in cells by suppressing or decreasing the level of expression. In
addition, chromatin structure can also perturb in the surrounding of expressed genes —
most obvious in promoter and enhancer regions (Felsenfeld et al., 1996). Chromatin is
the association of DNA and histone proteins, which are tightly bonded by the attraction
between negatively charged DNA and the positively charged histones (Phillips, 2008).
This assembly contributes to the varying levels of complexity in gene regulation and
allows simultaneous regulation of functionally or structurally related genes that tend to be

present in widely spaced clusters or domains on eukaryotic DNA (Sproul et al., 2005).

3.2.1. Transcription factors (TFs) and their roles

Transcription factors (TFs) are proteins, typically 5-20 aa long, which bind to



short DNA sequences. These factors can act alone or as a part of protein complex to
repress or activate the recruitment of RNA Polymerase II to promoter regions. Promoter
regions commonly contain 10-50 Transcription Factor Binding Sites (TFBS) for 5-15
different TFs (Arnone and Davidson, 1997).

3.2.2 Types of promoters used to regulate gene expression

A highly structured organization of gene regulation allows comprehensive control
of gene expression. The interest of promoter investigation derives from the infinite
opportunities for controlling gene expression since it has opened up the chances of
modulating gene expression in homologous and heterologous organisms where foreign
promoters are inserted together with the genes of interest. The promoter has been one of
the key determinants used in plant genetic engineering applications to design a
transformation-cassette that would enable an accurate control of transgene activity,
whether it is spatial and/or temporal expression (Venter, 2007).

Depending on the type of control desired to drive certain gene expression,
promoters can be categorized into four; constitutive promoter, inducible promoter, tissue-
specific or development-stage-specific promoter, and synthetic promoter.

A constitutive promoter drives the expression in the entire tissues and irrespective
of developmental, biotic and abiotic factors. This type of promoter is normally active
across species and even kingdoms. Some examples of this type of promoter are CaMV
358 promoter and Opine promoter.

An inducible promoter allows a gene to be induced in the presence of biotic or
abiotic factors. This promoter may be physically or chemically induced. Chemically-
induced promoters typically modulated by chemical compounds that either turn on or off
gene expression, such as alcohol-regulated promoters, e.g. alcohol dehydrogenase I alcA
gene promoter (Roslan er al., 2001, Roberts et al., 2005); tetracycline-regulated
promoters, e.g. Tnl0-encoded tet repressor (Gatz and Quail, 1988); steroid-regulated
promoters (Schena et al., 1991) and metal-regulated promoters, e.g. PvSR2 promoters (Qi
et al., 2007). In 2007, Qi et al reported on the characterization of a novel plant promoter
PvSR?2 gene specifically stimulated by heavy metal and identification of promoter regions

conferring heavy metal responsiveness in bean (Phaseolus vulgaris). Results of serial



promoter deletions and GUS assay showed that sequence 74-bp fragment sequence
between -222 and -147 relative to TSS was needed for heavy metal-specific induction of
PvSR2 promoter. In addition, PvSR2 promoter region of transformed tobacco (Nicotina
tabacum) was also analyzed using GUS assay and showed that heavy metal-specific
responsive activity relies on the type and concentration of the heavy metal and the type of
organ. This study sheds some light in the PvSR2 gene regulation and provides a new
heavy-metal-inducible promoter system in transgenic plants (Qi et al., 2007).

On the other hand, physically induced promoters are influenced by environmental
factors such as water or salt stress, temperature, oxygen level and light. In 1989,
Czarnecka et al identified the regulatory region of Gmhsp17.5-E heat shock promoter in
soybean by insertion-deletion mutagenesis with transgenic expression monitored in
Agrobacterium tumefaciens-incited tumors of sunflower. There are four regions
contributing to promoter activity and they all map within 244 bp from the transcription
start site (Czarnecka et al., 1989).

Tissue-specific or development-stage-specific promoters are explained by the
name itself. These types of promoter operate in certain tissues, such as fruits (Guillet et
al., 2012; Hiwasa-Tanase et al., 2012), roots (Jeong et al., 2010; Li et al., 2013), seeds
(Zavallo et al., 2010), flowers (Macknight et al., 2002; Yoo et al., 2011); or only at
particular developmental stages, such as vegetative stage (Weinhold et al., 2013; Dutt et
al., 2012; Zhang et al. 2013) and reproductive stage (Ren ef al., 2005; Huda et al., 2013).
An example of a study on root-specific promoter by Souza et al., 2009, reported on the
isolation of promoter sequence of Mecl gene in cassava that codes for a glutamic-acid
rich protein that is expressed differently in storage root, Pt2L4 by using Inverse PCR. In
silico analysis showed that putative cis-regulatory elements in Mecl gene modulates its
gene expression in vascular cambium and starch-rich parenchyma cells that participates
in some mechanisms related to second growth. A transient expression experiment was
performed in cassava and results showed that ATATT-motif identified by in silico
analysis are necessary for vascular expression in roots. In addition, DNA sequences
identified in this study is a new promoter that can be a potential candidate for genetic
engineering of cassava roots. Computational analysis results can be used as a guide to

establish the function expression in order to identify regions that exhibits tissue-specific



Mec1 promoter activity (Souza et al., 2009).

An example of a study on promoter that regulates expression in vegetative tissue
by Saeed et al., 2008, reported on the promoters of soybean seed lectin homologues Le2
and Le3 in Arabidopsis. Lectin promoters were isolated, cloned, sequenced, fused with
gusA reporter gene, and floral dip-transformed using Agrobacterium. GUS expression
analysis indicates that Le3 promoter is found predominantly in vegetative tissues
including root, where as Le2 promoter is very low expressed in all tissues except roots.
The expression profile of Lel and Le3 shows some correlation that when Lel promoter
effect decreases, the effect of Le3 promoter increases. The same method was being used
to Lel, Le2, and Le3 promoters that includes the signal peptides from three respective
genes. Results showed the same patterns as the ones from constructs without signal
peptides and they are consistent with computational predictions (Saeed et al., 2008).

Lastly, a synthetic promoter contains the consensus of DNA sequences of
common natural promoter elements from diverse origins (Venter, 2007). In 2011, Liu et
al, engineered tobacco transgenic plants for the purpose of plant pathogen infection early
detection; this was accomplished by using a synthetic pathogen inducible promoters
fused to reporter genes in tobacco leaves. The synthetic promoter constructs were capable
to confer the inducibility of the RFP reporter in response to infection by pathogens (Liu

etal.,2011).

3.2.3. Research interests in promoter motif analysis

Due to the high degree of variation observed in the gene- and species-specific
architectures of the regulatory sequences, the precise identification and characterization
or promoters and transcription start site localization remains a major challenge in
bioinformatics (Azad et al.,2011).

Pavesi et al., 2004, defined motif as “a group of the same size or with the same
degree of similarity among the oligonucleotides forming it”. Short promoter sequences or
motifs that serve as transcription factor binding sites largely determine the gene
expression pattern. Therefore in order to elucidate the gene expression regulatory
networks, it is very important to identify and characterize the regulatory motifs (Wyrick,

2002).



For de novo motif discovery, many approaches have been used. The first one is
focused approach: assemble a small set of sequences and search for overrepresented
patterns in the sequences relative to background model. There are many examples of
algorithm that use this approach, for instance MEME (Bailey and Elkan, 1994) and Gibbs
Sampler (Thompson et al., 2003). The second approach is focused discriminative
approach: assemble two sets of sequences and look for patterns relatively over-
represented in one of the input sets (Sinha, 2003; Workman and Stormo, 2000). The third
approach uses phylogenetic information: use sequence conservation information about
the sequences in a single input set. Some examples are PhyME (Sinha et al., 2004) and
PhyloGibbs (Siddharthan et al., 2001). The fourth approach is whole-genome method:
look for over-represented, conserved patterns in multiple alignments of the genomes of

one or more species (Xie et al., 2005; Kellis et al., 2004).

3.3. Approaches in plant promoter investigation

Elucidating transcriptional regulation of plant genes is essential in gaining
knowledge on how to orchestrate and engineer the gene expression in order to improve
qualities of a crop such as yield and resistance to external factors (e.g. diseases and
extreme temperatures). There are two different ways on investigating promoters. Due to
an increasing number of publicly available whole genome sequences, computational
analyses on promoters have been made possible. Bioinformaticians have been using
different algorithm to create computer programs that could find specific motifs or
patterns that lies within promoter sequences. This information could tell us the location of
TFBS and what type of TF binds to it. These computational results can serve as a
guideline as a starting point for molecular biologists to do molecular analysis on

promoters.

3.3.1. Molecular analysis of plant promoter

In order to understand the mechanisms that control gene expression, many
experimental studies that identify and characterize cis-acting regulatory elements (CRE)
had been done. Promoter deletion analysis, GUS reporter assay, GFP reporter assay,

nuclear run-off assay are commonly used to investigate promoter effect on gene



expression.

Promoter deletion analysis is used to experimentally identify which region of the
promoter plays role in any specific expression in the plants. Promoter 5’ and 3’ deletion
constructs are being inserted into a specific vector for further amplification, cloning and
digestion series. As an example, promoter deletion analysis elucidated the role of cis
elements and 5° UTR intron in spatiotemporal regulation of high-affinity phosphate
transporter AtPht1;4 expression in Arabidopsis (Karthikeyan et al., 2009).

In GUS reporter assay, the bacterial uidA gene from Escherichia coli that codes
for B-glucuronidase (GUS) is used to investigate promoter activity in terms of gene
expression visually and quantitatively. During GUS histochemical staining, the B-
glucuronidase enzyme has the ability to cleave the colorless 5-bromo-4-chloro-3-indolyl
glucuronide (X-Gluc) substrate into a blue-colored product and other colorless product,
which is detected at the site of enzyme activity. The uidA gene can also be used in
quantitative assays of a promoter, when used with the fluorescent 4-methylumbelliferyl-
glucuronide (MUG) substrate. Stromvik et al (1999), reported on the isolation of Msg
gene in soybean that possesses a high homology to Major Latex Protein (MLP) and very
well expressed in developing soybean pods. This promoter was analyzed with 14 distinct
promoter fragments that range from 0.65 kb to 2.26 kb, fused with uidA (GUS) gene.
High transient expression experiment and transformation using Agrobacterium shows
that Msg promoter is completely active only on the 2.26 kb-fragment promoter
transformants and GUS was expressed in most part of the plants, but not in mature
leaves. The proximal 650bp TATA-containing region in Arabidopsis and soybean is
dependent and can be deleted without any changes in the expression pattern. Unlike most
of the tissue-specific elements that was located closer to the TATA box, the Msg
promoter tissue-specific region was located in the distal 5° region upstream of the
dispensable TATA box (Stromvik et al., 1999).

Another reporter gene, the green fluorescent protein (GFP), was used as a reporter
to investigate an in vivo expression level in transgenic plants. The fluorescence level of
GFP can be quantified to study underlying differences in gene expression. It was shown
by the increment of both GFP fluorescent intensity and GFP mRNA level in proportion to
the GFP gene copy number (Soboleski et al., 2005). It is also reliable in measuring the



activity of weak promoters (Ducrest et al., 2002). Yingzhen et al., 2008, reported on the
identification of pGCI promoter in Arabidopsis and tobacco plants. Results of YC-3.60,
which is a GFP-based calcium FRET reporter, showed that the expression was adequately
strong to illustrate intracellular Ca** dynamics in guard cells of intact plants and resolved
spontaneous calcium transients in guard cells. The region of promoter that drives a strong
reporter expression in guard cells of wildtype Arabidopsis, the Too Many Mouths (TMM)
mutant and tobacco, was narrowed down by serial promoter deletions. In addition, the
GCI promoter was proved to be a effective tool to alter plant performance under stress
environment and manipulating specific gene expression in guard cells by using anti-sense
approach (Yingzhen et al., 2008).

Another method called the nuclear run-off assay allows scientist to see which
genes in a population of cells are expressed at a certain time. The RNA transcripts of
interest are radiolabeled with Phosporous-32 NTPs as they are elongated in isolated
nuclei where new transcripts are not initiated. The radiolabeled run-off transcripts are
used as hybridization probes with DNA from recombinant plasmids that contain the gene

of interest to detect if a specific gene is expressed.

3.3.2. In silico prediction of cis-regulatory motifs

Computational analysis is necessary for finding genes and partitioning exons in
genes; however, genome annotations has been more focused on identifying protein
coding regions and function of the genes rather than predicting cis-regulatory elements in
non-coding regions. In contrast to coding sequences that have a direct association with
their immediate phenotype, cis-regulatory sequences have an indirect, non-linear
relationship with their phenotype, which is a particular profile of transcription (Wray et
al.,2003).

In silico studies can help scientists to elucidate intrinsic sequence properties of
plant promoters. Many methods and algorithms have been developed to predict common
patterns or motifs, which is the general way to predict cis-regulatory elements.

Regulatory elements in DNA are among the most important biological features
that are represented by sequence motifs. Biological sequence motifs are nucleotide or

amino acid sequence patterns that are short and usually fixed-length. Motifs can represent



transcription factor binding sites (TFBSs), splice junctions, and binding domains in DNA,
RNA, and protein molecule, respectively. The discovery of sequence motifs can shed a
light in understanding transcriptional regulation, mRNA splicing, and formation of

protein complexes (Keith, 2008).

3.3.2.1. Bioinformatics tools for cis-regulatory motif prediction

A common approach to find cis-regulatory motif is by using promoters of
orthologous gene groups as the input sets. Prior to finding motifs, peptide sequence of
two or more genomes can be aligned using the all-against-all Smith-Waterman algorithm.
The algorithm aligns query locus from one genome (e.g. genome A) against target locus
in the other genome (e.g. genome B), then assign Pairwise Similarity Score for each locus
pair alignment (Figure 3.1). This was done repetitively until all loci in all genomes were
processed. Then, tools that cluster orthologous genes can be used, for instance InParanoid
(Remm et al., 2001), QuickParanoid (http://pl.postech.ac.kr/QuickParanoid/),
MultiParanoid (Alexeyenko et al., 2006) and OrthoMCL (Li et al., 2003). From the

pairwise similarity score in each locus pair alignment assigned by the Smith-Waterman
algorithm, program such as InParanoid takes the mutually best pairwise similarity score
from the species pair, then finds additional orthologs around that score from high to low
and lists pairwise cluster of orthologous genes from genome species A and B (Figure 3.2

and Figure 3.3).



Figure 3.1. Illustration of all-against-all peptide sequence alignments between two

genomes using Smith-Waterman algorithm (adapted from Remm et al., 2001)
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Smith-Waterman algorithm aligns every query locus in genome A against target locus in
genome B. It then outputs Pairwise Similarity Score and repeat the alignments for other

locuses until the whole input genome are processed.

Figure 3.2. Illustration showing how InParanoid generate pairwise clusters of
orthologous genes (COGs) from pairwise similarity score generated by all-against

all Smith Waterman peptide alignment (adapted from Remm et al., 2001)
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InParanoid utilizes pairwise similarity score given my Smith-Waterman algorithm to find
mutually best-scoring sequence pairs that are bi-directionally best hits and then find
additional orthologs around the observed score. InParanoid then output list of pairwise

clusters of orthologous genes from genome A and B.



Figure 3.3. Illustration showing how InParanoid assign confidence value (S) to each

ortholog pair (adapted from Remm et al., 2001)
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InParanoid assigns confidence values (S) to each ortholog pairs to differentiate true

orthologs from in-paralogs and out-paralogs.



QuickParanoid (http://pl.postech.ac.kr/QuickParanoid/) takes pairwise COGs

results from InParanoid and merges the clusters with similar orthologs together into
multiple species COGs. The program chooses one pairwise COG SQL table from one
pair of species and uses this table as the “Seed Cluster” (Figure 3.4). It then finds
presence of seed orthologs in other SQL tables. If present, the QuickParanoid adds the
orthologs to Seed Cluster. This process will repeat until all pairwise orthologs in
InParanoid results are processed. The result of ortholog clustering is displayed in the
MultiParanoid program (Alexeyenko et al, 2006) output format and should be redirected
to a text format, which later on was parsed to display only COG ID, species and gene

name.



Figure 3.4. Illustration showing how QuickParanoid merge pairwise COGs from

InParanoid output into multiple species COGs
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QuickParanoid merges clusters of orthologous genes from two species into multiple
species cluster of orthologous genes. It chooses a pair of orthologous genes from two
species SQL table, e.g. in genome A and B, then uses this table as “seed cluster”. Then, it
finds presence of seed orthologs in SQL tables of other pairwise species and adds them to

seed cluster.



Commonly, pattern matching and pattern discovery algorithms are mostly used
for regulatory motif prediction. In pattern matching, a common pattern is obtained from a
collection of TFBSs. These binding sites are aligned and a consensus sequence or
Position Weight Matrix (PWM), also called Position Specific Weight Matrix (PSWM) is
generated and used as a representation of the motif or common pattern. The nucleotide
base arrangement of each column of the alignment, which is represented by International

Union of Pure and Applied Chemistry or [IUPAC (http://www.iupac.org/) letter codes, is

assigned for each location of the consensus sequence. However, consensus sequences do
not capture the quantitative variability of TFBS; hence, the specificity and sensitivity of
this approach is not optimal. Most consensus sequences of plant TFBS models are
available in the public databases, such as TRANSFAC (Wingender et al., 2000),
JASPAR (Vlieghe et al., 2006), PLACE (Higo et al., 1998) and PlantCARE (Lescot et
al., 2002) which are databases of transcription factors binding sites and DNA-binding
profiles in eukaryotes.

Another approach is called pattern discovery and with this method motifs are
detected from a collection of unaligned sequences. Although the objective functions for
both pattern matching and pattern discovery are quite alike, the method of searching the
space of potential alignments is very distinct. The MEME (Bailey and Elkan, 1994) and
Gibbs Sampler (Lawrence et al., 1993) software are some examples of the tools used for
motif discovery. MEME is an Expectation-Maximization (EM) method that takes into
account all sites of the training data at the same time and converges to a local maximum
(Bailey and Elkan, 1994). It allows scientists to discover signals or motifs in DNA or
protein sequences by inputting FASTA formatted sequences of interest that are suspected
to have some motif similarity, such as a set of promoters from co-expressed and
orthologous genes (Bailey et al., 2006; Lyons et al., 2000). MEME seeks up to three
DNA motifs and chooses the width and number of occurrences of each motif so that the
‘E-value’ of the motif is minimized (Bailey et al., 2006).

The EM method has also been implemented in Gibbs Sampler. Gibbs sampler
starts with random alignments, and then uses random sampling for one sequence at a time
to gradually improve the alignments (Lawrence et al., 1993). The difference between

Gibbs Sampler and MEME is that EM chooses the single instance that maximizes the



expected value in MEME, whereas in Gibbs every instance has a certain probability to
become selected. Although MEME and Gibbs Sampler are routinely fast, these methods
are not guaranteed to yield the best solution or global optimum (Stormo, 2000).

Cis-regulatory elements can be predicted by comparing and matching motif
models in one or more DNA sequences. However, to predict new or unknown cis-
regulatory element in eukaryotic promoters and identify patterns that are enriched, de
novo motif finding algorithms are needed. Two examples of discriminative seeding de
novo DNA motif discovery tools are Seeder (Fauteux et al., 2008) and Weeder (Pavesi et
al., 2004). The Seeder algorithm uses sensitive and reliable statistics for the selection of
motif seeds, a background model that is based on empirical distribution of SMD
(Substring Minimal Distance), a good data structure that makes the computational
approach for motif and background models relatively fast at moderate seed lengths
(Fauteux er al., 2008). Seeder automatically avoids repetitive patterns such as low-
complexity sequences, making it a good tool to find global optimum (Fauteux et al.,
2008). It determines any conserved regions overrepresented in a group of promoters
compared with a background set of promoters, e.g. all promoters in a genome. Seeder
also processes a group of genes that have something in common, such as being co-
regulated or members of the same pathway or paralogues. Seeder output some candidates
for important DNA motifs, which later on can be run against other databases that have
collections of the corresponding experimentally validated data.

Weeder was developed to allow scientists to characterize a conserved TFBS by
setting parameter and statistical evaluation for DNA motif discovery (Pavesi et al., 2004).
Since Weeder does not require any prior TFBS information and only require a set of at
least two promoter regions and untranslated regions (UTRs), it can be used as a tool for
de novo DNA motif discovery (Pavesi et al., 2004). The algorithm of this program
utilizes a consensus that is generated by using the most repeated nucleotide in each
location of the sites, but allows matches with a defined number of substitutions. The
overlapping sequences among over-represented sequences are jointed to create longer
motifs (Pavesi et al., 2004).

BioProspector (Liu ef al., 2001) is a C-program that uses Gibbs sampling

approach, and which uses Markov background to model base dependencies of non-motif



bases. This approach significantly improves specificity of the reported motifs. It predicts
regulatory sequence motifs from the upstream region of genes in the same gene
expression pattern group. The parameters of the Markov background model are either
estimated from user-specified sequences or pre-computed from the whole genome

sequences (Liu ef al., 2001)



Figure 3.5. Comparison of Seeder v.0.01 (Fauteux ef al., 2008), Weeder v.1.3.1
(Pavesi et al., 2004), BioProspector v.1 (Liu et al., 2001), MEME v.3.5.4 (Bailey and
Elkan, 1994), Gibbs Motif Sampler v.3.03.003 (Lawrence et al., 1993), and Motif
Sampler v.3.2 (Thijs et al., 2001)

Average benchmarking scores and pairwise differences between motif discovery tools.
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Figure above shows average benchmarking scores and pairwise differences between
motif discovery tools. Average nucleotide-level Pearson correlation coefficient (nCC)
and pairwise differences (A nCC) for six motif discovery tools tested on three benchmark
suites. Error bars correspond to 95% confidence intervals. Stars indicate significant

differences (a=0.05) between scores (Fauteux et al., 2008).



In order to discover DNA motifs, it is important to consider the length of the
motif. Known motifs are commonly 4-20 bp long. The longer a motif is, and the more
similarities the motif instances have, the easier it is to detect it in a background. Short
motifs are more difficult to identify, as it is more likely to look like background or rather
that it will occur randomly in the sample sequences (Bailey et al., 2006).

Although detecting motifs looks pretty straightforward, to differentiate true sites
from the background is not easy (Fauteux et al., 2008). Matching multiple motifs could
give a more accurate prediction to identify potential cis-regulatory elements

(Guhathakurta, 2006).

3.3.2.2. Public databases for cis-regulatory elements

There are numerous online public databases that provide information on cis-
regulatory elements. Some of them are as follows. PlantCARE database can provide
locations for known cis-regulatory elements, enhancers and repressors and also provide
tools for in silico analysis or promoter sequences (Lescot et al., 2002, Rombauts et al.,
1999). PInTFDB is an integrative plant transcription factor database that harbors large
sets of transcription factors of several plant species (Riano-Pachon et al., 2007). PLACE
is a database that collects and provides various cis- and trans- acting regulatory DNA
elements explained in earlier studies. Plant promoter sequences can be downloaded from
public database such as PlantProm DB (Shahmuradov et al., 2002). Various plant whole-
genome sequences that are publically available can be downloaded on Phytozome v8.0

(http://www.phytozome.net/) (Goodstein et al., 2012).

Since there are many public databases available, it becomes easier to collect
different information given by different databases that can enhance our knowledge
regarding plant promoters and motifs. In this study, a comparative promoter sequence
analysis across 18 plant species was performed. Motif discovery was done based on
orthologous relationship in between genes across 18 plant species and co-expression of
genes in two specific tissues of soybean. By utilizing computational tools and existing
information provided by public databases, the goal of this study was to understand better

the transcription machinery that can regulate gene expression.



Chapter 4: Materials and Methods

4.1: Motif prediction in promoters of orthologous genes

4.1.1. Obtain genome, peptide and coding DNA sequence of 18 plant species
Publicly available genomic sequences of 18 plant species listed in Table 4.1.1.1

were obtained from Phytozome v8.0 (http://www.phytozome.net/) (Goodstein et al.,

2012) and used in accordance to their data usage policy. Analysis that include the
identification of complete or whole genome sets of genomic features such as genes, gene
families, regulatory elements, repeat structures, GC content, and whole-genome
comparisons of regions of evolutionary conservation were permitted for genome
sequences of 18 plant species included in this study. As genome assembly and annotation
are continuously being improved, it is important to know which version of the assembly
and annotation of each of the genome sequence used for the analysis.

Coding DNA Sequence (CDS), peptide sequence and promoter sequence 1000bp
upstream of Transcription Start Site (TSS) were downloaded in FASTA format using the
following steps: Tools > Biomart > Choose Dataset > Phytozome 8.0 Genomes > Filters
> Select Species > Attributes > Select Attributes > Export Results to TSV > Go. All

sequences were stored in the in-house MySQL database.



Table 4.1.1.1. List of 18 plant genomes used in this study along with their common

names, version and genome paper references.

Species oM Version References
name
Arabidopsis lyrata Lyre-leaved JGIv1.0 Hu et al., 2011
rock cress
Arabidopsis AGI 2000; Swarbeck
haliana Thale cress TAIR v10 et al., 2008
) International
BT“Chy podium Purple false JGI/MIPS v1.0 Brachypodium
distachyon brome o T
Initiative, 2010

Carica papaya Papaya ASGPB 2007 Ming et al., 2008
Chlamydomonas JGI v5.0 assembly, annot
reinhardtii Green alga v5.3.1 (Augustus ull.6) Merchant et al., 2007
Glycine max Soybean JGI Glymal assembly and Schmutz et al., 2010

Glyma 1.0 annotation
Linus

T Flax BGI v1.0 on assembly v1.0 | Wang et al., 2012

usitatissimum

GDR prediction v1.0 on
Malus domestica Apple Malusxdomestica assembly | Velasco et al., 2010

v1.0
Manihot esculenta | Cassava Assembly version 4, JGI Prochnik et al., 2012

annotation v4.1

Medicago
truncatula

Barrel medic

Mt3.5v4 on assembly
MedtrA17_3.5 from
Medicago Genome
Sequence Consortium

Young et al., 2011

MSU Release 7.0 of the

Oryza sativa Rice Rice Genome Annotation Ouyang et al., 2007
Physcomitrella |\ JGIvI.1 and COSMOSS | o Gino e al., 2008
patens annotation v1.6

Populus Poplar JGIv3.0 Tuskan et al., 2006
trichocarpa

Selaginella ) Spikemoss JGIv1.0 Banks et al., 2011
moellendorfii

Sorghum bicolor

Sweet sorghum

MIPS/PASA v1.0

Paterson et al., 2009

March 2010 12x assembly

French-Italian Public
Consortium for

Vitis vinifera Grapevine and annotation from Grapevine Genome
Genoscope Characterization,
2007
Volvox carteri Volvox JGIv2.0 Prochnik et al., 2010
Zea mays Maize Maize Golden Path B73 v2 Schnable et al., 2009




4.1.2. Generate Clusters of Orthologous Genes (COGs)

4.1.2.1. All-against-all Smith-Waterman peptide sequence alignment

Peptide sequences of 18 plant species were submitted to an all-against-all
sequence alignment using the Smith-Waterman algorithm with an E-value threshold of
1.0e-5, performed with a hardware-accelerated TimeLogic® Decipher® system (Active
Motif Inc., Carlsbad, CA). The purpose was to determine the relationship of each peptide
sequence of each genome versus each of the other genomes. Smith-Waterman algorithm
aligned query locus against target locus and gave Pairwise Similarity Score for each locus
pair alignment. Refer to Appendix 4.1.2.1 for the programming script. Parameters used

were as follows; score = 50, max_scores = 50 and max_alignments = 500.

4.1.2.2. Generate cluster of orthologous genes between two species

InParanoid (Remm et al., 2001) was used to generate clusters of orthologous
genes between two species. From the pairwise similarity score in each locus pair
alignment assigned by the Smith-Waterman algorithm, InParanoid took the mutually best
pairwise similarity score from the species pair, then found additional orthologs around
that score from high to low and lists pairwise COGs from genome species A and B.

Since peptide sequence was aligned using Smith-Waterman algorithm, BLAST
step was skipped in InParanoid program. Parameters used were as follows; run_blast = 0,
run_inparanoid = 1, use_bootstrap = 0, use_outgroup = 0, matrix = BLOSUMG62,
mysqltable = 1, score_cutoff = 40, confidence_cutoff = 40, group_overlap_cutoff = 0.5,
grey_zone = 0 and segment_coverage_cutoff = 0.25. InParanoid produced output in SQL
table format that contained cluster ID number, InParanoid score, species name, seed
score, and sequence name was used to generate input files for QuickParanoid.

For each mutually best pairwise similarity score, InParanoid assigned a
confidence value of 1.0 to assume that these pair is the true ortholog. Any genes with
InParanoid confidence values less than 1.0 were eliminated from the cluster list,
assuming that these are considered as paralogs and not orthologs. Refer to appendix

4.1.2.2 for programming script.



4.1.2.3. Generate clusters of orthologous genes across 18 plant species
To obtain COGs of 18 plant species, the QuickParanoid program

(http://pl.postech.ac.kr/QuickParanoid/) was used to merge pairwise COGs from the

InParanoid results into multiple species COGs by taking SQL tables produced by
InParanoid. The QuickParanoid output listed out all COG IDs with each orthologous

gene member in it. Refer to Appendix 4.1.2.3 for programming script.

4.1.2.4. Profiling in silico built clusters of orthologous genes with Gene Ontology
Gene Ontology annotations (The Gene Ontology Consortium, 2000) were used to

investigate the functional relationship between the gene members in each cluster.

Ontology files were downloaded from Gene Ontology website

(http://www.geneontology.org/GO.downloads.ontology.shtml). Gene ID, GO ID, GO

type and GO description were stored as MySQL table in the in-house database. GO IDs
for each of the gene ID in every COG was retrieved to see if the gene members in the

cluster have a similarity in function.

4.1.3. Retrieval of promoter sequences corresponding to orthologous genes in the
cluster

Promoter sequences corresponding to the orthologous genes in the COG of 18
species were then retrieved from the 1000bp promoter sequences downloaded from
Phytozome v8.0 (Goodstein et al., 2012) using BioPython Bio.SeqlO (Cock et al., 2009).
Refer to Appendix 4.1.3 for programming script. The output file contained COG ID,
Species, Gene ID and their corresponding promoter sequence. In addition, this output file
contained the number of genes found in the COG file minus the genes in the
errors_I8sp.txt. The error file contains Gene IDs that were not found in the promoter
files. Most of these promoters are less than 1000 bp, therefore it was eliminated when we
obtained the promoter sequences from Phytozome v8.0. Some of these genes also have
incomplete coding sequences that do not start with an ATG and some limitation on
automated sequence annotation such as errors related to text processing.

Due to the large size of this file (i.e. promoter sequence of orthologous genes in

18 species), sequences were stored in the in-house MySQL database for easier query



when predicting promoter motifs on the later step.

4.14. De novo motif prediction in promoters of orthologous genes

The three types of required files for running de novo motif finding with Seeder
(Fauteux et al., 2008) were used: 1) an index file of words was generated to improve the
performance of Hamming Distance (HD) calculation; 2) a background distribution file
that contains the whole promoter sequence set of the 18 species; and 3) the promoter
sequence file for each COG, containing all promoters from the member genes. These
promoter sequence files for each COG constitutes the “positive set” in which there are
assumed conserved motifs. The whole 18 species set of promoter sequences were used
for the computation of background model only. Using a Python script (Refer to appendix
5.14), every promoter sequence of each gene members of each COGs were queried
through the in-house MySQL database, where a temporary FASTA file was written and
the percentage of numbers of N (i.e. ambiguous nucleotide base) in the sequence was
calculated. Any promoter sequence that contains more than 50% of N was excluded. The
Seeder motif finder script (finder.pl) was also included in this Python script (refer to
Appendix 4.1.4 for programming script), therefore Seeder performed motif discovery in
promoters of each COG automatically. Parameters used were as follows; seed_width = 6,
strand = revcom, motif width = 12 and n_motif = 10.

Motifs found by Seeder with Q-value < 1.0e-02 were considered significant and

were used in the remainder of the analysis.

4.1.5. Match in silico predicted motifs with known motifs

Predicted significant motifs from Seeder were matched with experimentally
validated motifs in PLACE: Plant Cis-Acting Regulatory DNA Elements Database (Higo
et al., 1999). A table that contains information on motif abbreviation, motif sequence and
PLACE motif ID was downloaded from PLACE database
(http://ftp.dna.affrc.go.jp/pub/dna place/place.dat). BioPython script using the dictionary

module was then used to match the hexamer motif sequence found by Seeder to the motif

sequence in the PLACE table.



4.2: Motif prediction in promoters of co-regulated plant genes

4.2.1. Obtain a list of co-regulated genes from the soybean RNA-Seq data and
retrieving their promoter sequences

The RNA samples extracted from epidermis tissue and shoot apical meristem
tissue of soybean cv. Clark, the 5-Leaflet mutant and the Glabrous mutant was sequenced
using Illumina sequencing platform. Raw counts data that contain information on gene
models, CDS hits, cDNA length and number of hits was obtained and used as one of the
input file for RNA-Seq data analysis. This data was obtained and used in Haritika
Majithia’s M.Sc. thesis at McGill University; Determining Cell-Specific Gene
Expression in two Soybean Mutants using Laser Capture Microdissection and Real-time
PCR (Majithia, 2013).

RNA-Seq raw counts data was analyzed using DESeq (Anders and Huber., 2010).
The DESeq package was downloaded from Bioconductor open-source website

(http://www .bioconductor.org/packages/2.12/bioc/html/DESeq.html). DESeq estimates

variance-mean dependence in count data from high-throughput sequencing assays and
tests for differential expression based on a model using the negative binomial
distribution. This program required two input files. The first one was a design file that
describes which samples for which condition. The second file was the raw counts file.
Raw counts file should not be normalized values. Technical replicate counts were
summed up to get a single column that corresponds to a unique biological replicate. Since
the raw counts file contained counts for more than one analysis (i.e. all three cultivars and
two different tissues in one file), each individual file for each individual analysis was
created. For example, one raw counts file that contains counts for soybean cv. Clark in
epidermis tissue and shoot apical meristem tissue; another raw counts file that contains
counts for the soybean 5-Leaflet mutant in epidermis tissue and shoot apical meristem;
and another raw counts file that contains counts for the soybean Glabrous mutant in
epidermis tissue and shoot apical meristem tissue. Duplicates of reads were removed
using Unix command-line. The format of the input file for the analysis included gene
model, raw counts from hits in epidermis tissue and raw counts from hits in shoot apical

meristem tissue. Then, the following R script template was executed to run the program:



Rscript deseq.R -d design_filename -c rawcount_filename -o output/
Complete R script for DESeq can be found in Appendix 4.2.1.1.

Genes that were upregulated in shoot epidermis and shoot apical meristem tissues
in soybean from cv. Clark, 5-Leaflet mutant and Glabrous mutant were obtained from
RNA-Seq data analysis. Promoter sequences of each of the genes was retrieved from in-

house MySQL database using BioPython (Cock et al., 2009). Refer to Appendix 4.2.1.2.

4.2.2. De novo motif prediction in the promoters of co-regulated genes using Seeder

The three different files that were required for running de novo motif finding with
Seeder (Fauteux et al., 2008) were generated: 1) an index file of words was generated to
improve the performance of Hamming Distance (HD) calculation; 2) a background
distribution file that contains the whole promoter sequence set of the Soybean; and 3) the
promoter sequence file for each type of analysis, i.e. promoters sequence of co-regulated
genes in epidermis tissue of soybean cv. Clark, promoters sequence file of co-regulated
genes in shoot apical meristem tissue of soybean cv. Clark; and the same tissue
respectively for the 5-Leaflet mutant and Glabrous mutant. These promoter sequence files
for each set constitutes the “positive set” in which there were assumed conserved motifs.
Using a Python script, every promoter sequence of each co-regulated genes in each set
were queried through the in-house MySQL database and output as plain text FASTA
format. A Perl motif finder script was used (Refer to Appendix 4.2.2). Motifs found by
Seeder with Q-value < 1.0e-02 were considered significant and were used in the

remainder of the analysis.

4.2.3. De novo motif prediction in the promoters of co-regulated genes using
MEME
MEME  suite  (Bailey et al., 2009) was downloaded from

http://meme.nbcr.net/meme/. MEME required one input file, which was the set of
promoter sequences in FASTA format; and one background sequence file. In this case,
soybean whole promoter sequences were used as the background set. Parameters used
were as follows; motif width = 6, number_motif = 10, and strand = revcom. To run

MEME, a Unix script was used (Refer to appendix 4.2.3).



424. De novo motif prediction in promoters of co-regulated genes using
BioProspector
BioProspector (Liu et al., 2001) was downloaded from

http://ai.stanford.edu/~xsliu/BioProspector. BioProspector required one input file, which

was the set of promoter sequences in FASTA format; and one background sequence file.
In this case, soybean whole promoter sequences were used as the background set.
Parameters used were as follows; motif_width = 6, n = 40 and r = 5. BioProspector
reinitialized the program to avoid local maxima and only report the top five among 40
tries. The following command template was executed:

/BioProspector -i inputfile —-W 6 —b backgroundseqfile —n 40 —r 5 —o outputfile/

4.2.5. Validate in silico predicted motifs with known motifs

Predicted motifs using Seeder, MEME and BioProspector were matched with
experimentally validated motifs in PLACE: Plant Cis-Acting Regulatory DNA Elements
Database (Higo et al., 1999). Each Position Weight Matrix (PWM) generated by Seeder,
MEME and BioProspector was pasted into STAMP web-interface (Mahony and Benos,
2007) one by one. The program was set to find the five best matches to each of the motifs

in PLACE and motif logos were generated.

4.3: Public relational database of cis-regulatory motifs across 18 plants

4.3.1. Create MySQL relational database containing genome-promoter information

Schema was first created based on what needed to be included in the database.
Database contents should include useful information that would compose a good
bioinformatics environment to explore further any genome-promoter related information
on 18 plant species used in this study.

Four tables were included in the database. The cog_info table contained
information on COG ID, gene ID, species abbreviation and version of the COGs. The
go_info table contained information on gene ID, GO ID and GO description. The

seeder_motif table contained information on COG ID, motif sequence, g-value, gene



reference of the motif, motif ID and version. place_info table contained information on

motif ID, PLACE motif ID, PLACE motif sequence and gene reference of the motif.



Chapter 5: Results

5.1. Promoters of orthologous genes in 18 plants contain similar cis-regulatory
motifs

Identifying motif that serves as the binding sites for transcription factors typically
begins with creating sets of orthologous genes, as they tend to share functional similarity
(Altenhoff et al., 2012). In the first part of this study, motif discovery was performed on
the promoters of orthologous genes across 18 plant species.

Promoter sequences consisting of 1000 bp upstream of the transcriptional start
site (TSS), peptide sequences and coding DNA sequences (CDS) were obtained from the
genome sequences of Arabidopsis lyrata (Hu et al., 2011), Arabidopsis thaliana
(Swarbeck et al., 2008), Brachypodium distachyon (International Brachypodium
Initiative, 2010), Carica papaya (Ming et al., 2008), Chlamydomonas reinhardtii
(Merchant et al., 2007), Glycine max (Schmutz et al., 2010), Linus usitatissimum (Wang
et al., 2012), Malus domestica (Velasco et al., 2010), Manihot esculenta (Prochnik et al.,
2012), Medicago truncatula (Young et al., 2011), Oryza sativa (Ouyang et al., 2007),
Physcomitrella patens (Rensing et al., 2008), Populus trichocarpa (Tuskan et al., 2006),
Selaginella moellendorfii (Banks et al., 2011), Sorghum bicolor (Paterson et al., 2009),
Vitis vinivera (French-Italian Public Consortium for Grapevine Genome Characterization,
2007), Volvox carteri (Prochnik et al., 2010), and Zea mays (Schnable et al., 2009);

retrieved from Phytozome version 8.0 (http://www.phytozome.net) (Goodstein et al.,

2012). All information was stored in the in-house database prior to analysis. A total
number of 609,006 promoter sequences and a total number of 625,504 peptide sequences
were obtained from the 18 plant genomes (Table 5.1.1). The length of promoter
sequences used in this study was 1000bp. Any promoter sequences less than 1000 bp

were eliminated from the analysis.



Table 5.1.1. List of 18 plant species used in this study along with their genome paper

reference, number of genes, peptide sequences and promoter sequences.

Promoter
. Peptide | Promoter | Seq
Species References Genes S Seq (all) | (1000bp
cutoff)

Arabidopsis lyrata Hu et al., 2011 41,063 | 32,670 | 41,063 32,456
Arabidopsis Swarbeck ef al., 2008 35386 | 27383 |35386 |27414
thaliana
B?fachypodzum In‘.[e.rnfdtlonal Brachypodium 31029 |25967 |31.029 26.548
distachyon Initiative, 2010
Carica papaya Ming et al., 2008 27,7196 | 27,793 | 27,796 26,018
Chlamydomonas Merchant ef al., 2007 17,114 | 17,114 | 17,114 17,068
reinhardtii
Glycine max Schmutz et al., 2010 66,153 | 46,389 | 66,153 46,339
Linus usitatissimum | Wang et al., 2012 43 471 43 471 43 471 43,101
Malus domestica Velasco et al., 2010 63,541 63,517 | 63,541 50,305
Manihot esculenta Prochnik et al., 2012 30,666 | 30,666 | 30,666 30,117
Medicago Young et al., 2011 53423 50962 |53423 |50.902
truncatula
Oryza sativa Ouyang et al., 2007 66,338 | 55,766 | 66,338 55,986
Physcomitrella Rensing ef al., 2008 38354 | 32271 |38354 |31,779
patens
Populus Tuskan et al., 2006 45033 | 40688 [45033  |40340
trichocarpa
Selaginella Banks e al., 2011 22285 |22285 | 22285 | 22,174
moellendorfii
Sorghum bicolor Paterson et al., 2009 36,338 | 27,608 | 36,338 27,580

French-Italian Public
Vitis vinifera Consortium for Grapevine 26346 | 26346 |26346 | 26345

Genome Characterization,

2007
Volvox carteri Prochnik et al., 2010 14,971 14,971 14,971 14,878
Zea mays Schnable et al., 2009 39,656 | 39,637 | 39,656 39,656
Total 698,963 | 625,504 | 698,963 609,006




Local sequence alignments of 625,504 peptide sequence were performed using
all-against-all Smith-Waterman algorithm and pairwise similarity scores were obtained.
These were used as input for InParanoid (Remm et al., 2001) to generate Clusters of
Orthologous Genes (COGs) of two species. A confidence value of 1.000 was assigned to
the best match in order to differentiate true orthologs from paralogs. Output SQLtables
generated by InParanoid were used by QuickParanoid to merge pairwise COGs to create
composite COGs from 18 plant genome sequences. One dataset consisted of pairwise
InParanoid output files between all species for analysis. To analyze N species, a dataset
of N (N-1)/2 InParanoid output files was needed. In the case of 18 species, 153 SQL table
files were used in the analysis.

In total, 32,158 COGs were obtained. Most gene members in each COGs shared
similarities in function, corroborated by Gene Ontology (GO) annotations. Out of
691,307 genes, 609,006 genes were included in those 32,158 COGs. There were 82,301
genes that were excluded in the remainder of the clustering orthologous genes step. To be
included in the analysis, the promoter of those genes should have 1000 bp length,
therefore any genes whose promoter was less than 1000 bp length were eliminated when
we obtained the promoter sequences from Phytozome v8.0. Most of these genes have
incomplete coding sequences that do not start with an ATG and there were some
limitations on automated annotations such as errors obtained from text processing. The
range of number of members in COGs is in between 1 to 19,461. There were 4,915
clusters that contained only 1 member and only 1 cluster contained 19,461 members,
which is COG 57.

The corresponding promoter sequences of the orthologous genes included in the
COGs were retrieved from in-house database using BioPython Bio.SeqlO module (Cock,
et al., 2009). Due to short sequence length (less than 1000bp), 5,649 promoter sequences
were not included in the data retrieved from Phytozome v8.0 and therefore gene members
associated to them were eliminated from the COGs and further analysis.

Discriminative seeding de novo DNA motif discovery using Seeder (Fauteux et
al., 2008) was performed separately for the set of promoter sequences of each of the
COGs using a background model based on the complete set of promoters of 18 plants.

Among all motifs predicted by Seeder, only motifs that have Q-value lower than 0.01 (Q-



value < 1.0e-02) were considered to be significant, which means that these motifs are
present in a higher frequency in the positive set than in the background set (Fauteux et al.,
2008). Significant motifs were identified in 805 COGs out of 32,158 COGs of 18 plants,
i.e. only 2.4% COGs considered to have significant motifs and 97.60% COGs contain no
significant motifs.

A table that contains PLACE motif abbreviations and ID with each corresponding
motif sequences were downloaded from PLACE and stored into in-house database.
Discovered motifs were then matched to consensus sequences of experimentally
characterized plant cis-regulatory elements from the PLACE database (Higo et al., 1998).
Seeder has detected 2,823 significant motifs, in which 2,191 of them matched to the
experimentally validated motifs in PLACE, while 632 other motifs had no match, i.e.
22.4% of found motifs had no match and 77.6% matched with known motifs. They are
thus novel putative cis-regulatory motifs. Table 5.1.2. below shows some examples of
common motif that was found in the promoters of orthologous genes within each cluster.

Each cluster shares the same functional annotation represented by GO ID and GO term.



Table 5.1.2. Motifs found in promoters of orthologous genes.

COG St Gene ID GO GO Motif Motif

ID ID Term Seq Annot.

A. lyrata 939346

A. thaliana AT3G62600

B. distachyon Bradi2g34950

C. papaya evm.TU.supercontig_18.17

G. max Glyma02g01730 0 A

L. usitatissimum  Lus10022297.g 5 —~ %
‘2 M.domestica  MDP0000330032 S B >
& M.esculenta cassava4.1_010980m.g 3 .g 8 d

0. sativa LOC_0s05g06440 S < %

P. patens Pp1s298_70V6 - <

S. moellendorfii 109399

S. bicolor Sb09g004380

V. vinifera GSVIVG01028094001

Z. mays GRMZM2G129218

A. lyrata 483266

A. thaliana AT1G58380

B. distachyon Bradilg04660

C. papaya evm.TU.supercontig_1.357

G. max Glyma02g09370 o0 .

L. usitatissimum  Lus10014909.g _g 8 <
—  M.domestica MDP0000245640 K g O =
S M. esculenta cassava4.1_013889m.g N 2 8 é

0. sativa LOC_0s03g59310 Z © 2

P. patens Pp1s10_190V6

S. moellendorfii 67484

S. bicolor Sb01g004250

V. carteri Vocar20008601m.g

Z. mays GRMZM2G168149

A. lyrata 327156

A. thaliana AT1G02800

B. distachyon Bradilg35220

C. papaya evm.TU.contig_27379.2 %

G.max Glyma02g01990 g _

L. usitatissimum  Lus10001666.g «3 ©) @
% M.domestica MDP0000147635 o 2 > =
& M. esculenta cassava4.1_003698m.g A § % 6

0. sativa LOC_0s01g12070 E © E

P. patens Pp1s100_137V6 _g

S. moellendorfii 117027 S

S. bicolor Sb02g024050

V. vinifera GSVIVG01009881001

V. carteri Vocar20000570m.g




5.2 Promoters of co-regulated genes in shoot epidermis and shoot apical meristem of
soybean contain conserved cis-regulatory motifs

Another approach for motif discovery typically begins with a group of putatively
co-regulated genes. Promoters of co-regulated genes are likely to be responsive to the
same pathway and therefore to share common regulatory motifs (Hudson et al., 2003). In
the second part of this study, motif discovery was performed in the promoters of co-
regulated genes in three different Soybean cv. Clark, 5-Leaflet mutant and Glabrous
mutant.

The RNA samples extracted from shoot epidermis tissue and shoot apical
meristem tissue of soybean cv. Clark, the 5-Leaflet mutant and the Glabrous mutant were
sequenced using the Illumina HiSeq sequencing platform. The experimental part was
done by Haritika Majithia for her M.Sc. thesis at McGill University. Raw counts data that
contain information on gene models, CDS hits, cDNA length and number of hits were
obtained and used as one of the input files for RNA-Seq data analysis. Differential
expression test based on a model using the negative binomial distribution using DESeq
(Anders and Huber, 2010) was performed in three sets of data. Differential expression
comparison was performed between one tissue to the other tissue within each cultivar, i.e.
shoot epidermis vs. shoot apical meristem; for each different cultivar (cv. Clark, 5-Leaflet
mutant and Glabrous mutant), independently. The main biological question was to see
which genes are upregulated in each tissue (i.e. comparing shoot epidermis with shoot
apical meristem) in each cultivar.

To identify genes that were significantly upregulated, a cutoff g-value of 0.05 was
used. Results of differential expression analysis using DESeq (Anders and Huber, 2010)
indicated that there were; 153 upregulated genes in shoot apical meristem tissue of cv.
Clark as compared to shoot epidermis tissue of the same cultivar; 72 upregulated genes in
shoot apical meristem tissue of 5-Leaflet mutants as compared to shoot epidermis tissue
of the same cultivar; 134 upregulated genes in shoot apical meristem tissue of Glabrous
mutant as compared to shoot epidermis tissue of the same cultivar; 214 upregulated genes
in shoot epidermis tissue of cv. Clark as compared to shoot apical meristem tissue of the
same cultivar; 218 upregulated genes in shoot epidermis tissue of 5-Leaflet mutant as

compared to shoot apical meristem tissue of the same cultivar; and 110 upregulated genes



of shoot epidermis tissue of Glabrous mutant as compared to shoot apical meristem tissue
of the same cultivar.

Promoters of the upregulated genes were then retrieved from in-house database
using BioPython Bio.SeqlO module (Cock, et al., 2009). Since we are interested in the
1000 bp region upstream of transcription start site, some of the promoter sequences were
eliminated due to their short sequence length. Corresponding to the upregulated genes in
shoot epidermis tissue compared with shoot apical meristem, the following numbers of
promoter sequences were retrieved: 202 for cv. Clark, 199 for the 5-Leaflet mutant and
101 for the Glabrous mutant. In shoot apical meristem, 141 promoters sequence were

retrieved for the cv. Clark, 65 for the 5-Leaflet mutant and 127 for the Glabrous mutant.

5.2.1. De novo motif discovery in promoters of co-regulated genes using Seeder

DNA motif discovery using Seeder (Fauteux et al., 2008) was performed in the
promoters of co-regulated genes in each of the tissue-cultivar set separately, i.e. shoot
epidermis tissue of cv. Clark, shoot epidermis tissue of the 5-Leaflet mutant, shoot
epidermis tissue of Glabrous mutant, shoot apical meristem tissue of cv. Clark, shoot
apical meristem tissue of 5-Leaflet mutants, and shoot apical meristem of Glabrous
mutant. Total number of motif searches was 6. The background model was based on the
complete set of promoters of soybean that is 53,452 sequences. Among all motifs
predicted by Seeder, only motifs that have Q-value lower than 0.01 (Q-value < 1.0e-02)
were considered to be significant, which means that these motifs are present in a higher
frequency in the positive set than in the background set (Fauteux et al., 2008).
Statistically significant conserved cis-regulatory motifs were identified in gene promoters
within tissue-cultivar sets. Discovered motifs were matched to consensus sequences of
experimentally characterized plant cis-regulatory elements from PLACE database (Higo
et al., 1998) using the STAMP suite of tools (Mahony and Benos, 2007). In default,
STAMP returns the best five hits of motif.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of
cv. Clark, no motif was detected (Table 5.2.1.1).

In the promoters corresponding to upregulated genes in shoot epidermis tissue of

the 5-Leaflet mutants, two motifs were detected (Table 5.2.1.1); AGATAT/ATATCT and



GGTACA/TGTACC. The first motif, AGATAT/ATATCT, was found in the promoters
of 199 upregulated genes and the motif matched to one known motif in PLACE database;
GATABOX (Lam et al., 1989). The second motif, GGTACA/TGTACC, was found in the
promoters of 199 upregulated genes and the motif matched to one known motif in
PLACE database; CURECORECR (Quinn et al., 2000).

In the promoters corresponding to upregulated genes in shoot epidermis tissue of
Glabrous mutants, no motif was detected (Table 5.2.1.1).

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of cv. Clark, motif CACGTA/TACGTG was detected (Table 5.2.1.1). This motif
was found in the promoters of 141 upregulated genes and the motif matched to one
known motif in PLACE database; ABRELATERDI1 (Simpson et al., 2003).

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of the 5-Leaflet mutants, motif CACTGC/GCAGTG was detected (Table 5.2.1.1).
This motif was found in the promoters of 65 upregulated genes and the motif matched to
one known motif in PLACE database; CACTFTPPCA1 (Gowik et al., 2004).

In the promoters corresponding to upregulated genes in shoot apical meristem

tissue of Glabrous mutants, no motif was detected (Table 5.2.1.1).



Table 5.2.1.1 DNA motifs discovered by Seeder in the promoters of co-regulated

genes in different tissues of three soybean cultivars

Cv. TISSU gooder Motift  Motf  Seeder Q- o 4 opyp: STAMP
e Sites value E-value
SE* - - _ i :

Clark ¢ A M5 CACGTA 141 4.05E-02 ABi%I‘A‘TE 9.79E-01
AGATAT 199 423E-02 GATABOX  9.68E-01

5- SE* CURECORE
Loatlet GGTACA 199 8 47E-02 s 9.64E-01
mutant g v CAGTAG 65 2 86E-02 CACETPPC 9.81E-01

Glabrou  SE* - - - - -
s mutant SAM’ - - - R .

'0-value represents statistical significance of motif found by Seeder. ‘PLACE ID is the
identifier of PLACE consensus sequence matching motif. ’STAMP E-value represents
expectation value of the STAMP alignment. *SE is Shoot Epidermis. ’SAM is Shoot

Apical Meristem.



5.2.2. De novo motif discovery in promoters of co-regulated genes using MEME

DNA motif discovery using MEME (Bailey et al., 2009) was performed in the
promoters of co-regulated genes in each of the tissue-cultivar set separately, i.e. shoot
epidermis tissue of cv. Clark, shoot epidermis tissue of the 5-Leaflet mutant, shoot
epidermis tissue of Glabrous mutant, shoot apical meristem tissue of cv. Clark, shoot
apical meristem tissue of 5-Leaflet mutants, and shoot apical meristem of Glabrous
mutant. Total number of motif searches was 6. The background model was based on the
complete set of promoters of soybean that is 53,452 sequences. Among all motifs
predicted by MEME, only motifs with E-values less than 0.001 were considered to be
significant, as they are very unlikely to be random sequence artifacts. Significance of a
motif is a function of the length of the pattern, number of times it occurs and degree of
similarity among the occurrences (Bailey et al., 2009). Statistically significant conserved
cis-regulatory motifs were identified in gene promoters within tissue-cultivar sets.
Discovered motifs were matched to consensus sequences of experimentally characterized
plant cis-regulatory elements from PLACE database (Higo er al., 1998) using the
STAMP suite of tools (Mahony and Benos, 2007). STAMP returns the best five hits of
motif.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of
cv. Clark, two motifs were detected (Table 5.2.2.1); CCCC[A/C]C or G[T/G]GGGG, and
CC[A/T]CCC or GGGI[T/A]GG. The first motif, CCCC[A/C]C or G[T/G]GGGG, was
found in promoters of 73 upregulated genes and it matched to five known motifs in
PLACE database; SEIPVGRP18 (Keller et al., 1994), BOXCPSAS1_3 (Ngai et al.,
1997), GCBP2ZMGAPC4 (Geffers et al., 2000), SITEIIBOSPCNA (Kosugi et al., 1995)
and ABREAZMRAB28 (Busk et al., 1997). The second motif, CC[A/T]JCCC or
GGG[T/A]GG, was found in the promoters of 73 upregulated genes and it matched to
four known motifs in PLACE database; MYBPZM (Grotewold er al., 1994),
SITEIOSPCNA (Kosugi et al., 1995), ABRECEIHVA22 (Shen et al., 1995) and
POLLEN2LELATS?2 (Bate et al., 1998). Refer to Supplementary Figure 5.2.2.1 for motif
logos.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of

the 5-Leaflet mutants, motif CCCC[A/T]C or G[T/A]JGGGG was detected (Table



5.2.2.1). This motif was found in the promoters of 88 upregulated genes and it matched to
five known motifs in PLACE database; SEIPVGRP18 (Keller et al., 1994),
BOXCPSAS1_3 (Ngai et al., 1997), GCBP2ZMGAPC4 (Geffers et al., 2000),
SITEIIBOSPCNA (Kosugi et al., 1995) and ABREAZMRAB28 (Busk et al., 1997).
Refer to Supplementary Figure 5.2.2.2 for motif logo.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of
the Glabrous mutant, motif CCCC[A/C]C or G[T/G]GGGG was detected (Table 5.2.2.1).
This motif was found in the promoters of 33 upregulated genes and it matched to five
known motifs in PLACE database; SEIPVGRP18 (Keller et al., 1994), BOXCPSAS1_3
(Ngai et al., 1997), GCBP2ZMGAPC4 (Geffers et al., 2000), SITEIIBOSPCNA (Kosugi
et al., 1995) and ABREAZMRAB28 (Busk et al., 1997). Refer to Supplementary Figure
5.2.2.3 for motif logo.

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of cv. Clark , two motifs were detected (Table 5.2.2.1); CCC[T/A]CC or
GG[A/T]GGG, and [C/G]JCCCCA or TGGGG[G/C]. The first motif, CCC[T/A]CC or
GG[A/T]GGG, was found in the promoters of 94 upregulated genes and it matched to
five known motifs in PLACE database; ACIPVPAL2 (Hatton et al., 1995),
BOXCPSAS1_3 (Ngai et al., 1997), AMMORESIIUDCRNIA1 (Loppes and Radoux,
2001), PALBOXAPC (Logemann et al., 1995) and SBOXATRBCS (Acevedo-
Hernandez et al., 2005). The second motif, [C/G]JCCCCA or TGGGG|G/C], was found in
the promoters of 52 upregulated genes and it matched to four known motifs in PLACE
database; ARELIKEGHPGDFR2 (Eloma et al., 2003), SEIPVGRP18 (Keller et al.,
1994), AMMORESVDCRNIA1 (Loppes and Radoux, 2001) and SEF3MOTIFGM
(Allen et al., 1989). Refer to Supplementary Figure 5.2.2 .4 for motif logo.

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of the 5-Leaflet mutants, three motifs were detected (Table 5.2.2.1);
[A/G]GAGIA/G]G or C[T/C]JCTC[T/C], CC[A/C]C[A/C]C or G[T/G]G[T/G]GG, and
CCACCA or TGGTGG. The first motif, [A/GJGAG[A/G]G or C[T/C]JCTC[T/C], was
found in the promoters of 160 upregulated genes and it matched to five known motifs in
PLACE database; CTRMCAMV35S (Pauli et al., 2004), GAGASHVBKN3 (Santi et al.,
2003), GAGAGMGSALI1 (Sangwan et al., 2002), SORLIPSAT (Hudson and Quail, 2003)



and PE3ASPHYA3 (Bruce and Quail., 1990). The second motif, CC[A/C]C[A/C]C or
G[T/G]G[T/G]GG, was found in the promoters of 88 upregulated genes and it matched to
five known motifs in PLACE database; RBCSBOX2PS (Fluhr et al., 1986),
LREBOX2PSRBCS3 (Green et al., 1987), SEIPVGRP18 (Keller et al., 1994),
BOXCPSAS1_3 (Ngai et al., 1997) and ACGTSEED2 (Bustos and Thomas., 1993). The
third motif, CCACCA or TGGTGG, was found in the promoters of 31 upregulated genes
and it matched to five known motifs in PLACE database; POLLEN2LELATS52 (Bate and
Twell., 1998), ACIIPVPAL2 (Hatton et al., 1995), SITEIOSPCNA (Kosugi et al., 1995),
ABRECEIHVA22 (Shen and Ho., 1995) and ACIPVPAL?2 (Hatton et al., 1995). Refer to
Supplementary Figure 5.2.2.5 for motif logo.

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of the Glabrous mutant, five motifs were detected (Table 5.2.2.1); GAGAGA or
TCTCTC, CCCC[A/C]C or G[T/G]JGGGG, CCCTCC or GGAGGG, ACACAC or
GTGTGT, and CCA[A/C]CC or GG[T/G]TGG. The first motif, GAGAGA or TCTCTC,
was found in the promoter of 212 upregulated genes and it matched to five known motifs
in PLACE database; CTRMCAMYV35S (Pauli et al., 2004), GAGASHVBKN3 (Santi et
al., 2003), GAGAGMGSALI (Sangwan et al., 2002), NDEGMSAUR (Li et al., 1994) and
ARFAT (Ulmasov et al., 1999). The second motif, CCCC[A/C]C or G[T/G]GGGG, was
found in the promoters of 70 upregulated genes and it matched to five known motifs in
PLACE database; SEIPVGRPI18 (Keller et al., 1994), BOXCPSAS1_3 (Ngai et al.,
1997), GCBP2ZMGAPC4 (Gefters et al., 2000), SITEIIBOSPCNA (Kosugi et al., 1995)
and ABREAZMRAB28 (Busk et al., 1997). The third motif, CCCTCC or GGAGGG,
was found in the promoters of 38 upregulated genes and it matched to five known motifs
in PLACE database; PALBOXAPC (Logemann et al., 1995), SBOXATRBCS (Acevedo-
Hernandez et al., 2005), CMSREIIBSPOA (Morikami et al., 2005), IDRSZMFER1
(Petit et al., 2001) and BOXICHS (Block et al., 1990). The fourth motif, ACACAC or
GTGTGT, was found in the promoters regions of 122 upregulated genes and it matched
to five known motifs in PLACE database; ACGTSEED2 (Bustos and Thomas., 1993),
GLUTEBPIOS (Croissant-Sych and Okita, 1996) BOXCPSAS1_2 (Ngai et al., 1997),
NAPINMOTIFBN (Ericson et al., 1991) and SPSBFIBSPSAIB (Ishiguro and Nakamura,
1992). The fifth motif, CCA[A/C]CC or GG[T/G]TGG, was found in the promoters of 74



upregulated genes and it matched to four known motifs in PLACE database; MYBPZM
(Grotewold et al., 1994), ACIIPVPAL2 (Hatton et al., 1995), LADCPALI (Takeda et al.,
2002), PALBOXLPC (Logemann et al., 1995) and MYBPLANT (Sablowski et al.,
1994). Refer to Supplementary Figure 5.2.2.6 for motif logo.



Table 5.2.2.1. DNA motifs discovered by MEME in the promoters of co-regulated

genes in different tissues of three soybean cultivars

.. MEME
Cv.  Tissue Motif s : PLACEID?  SIAMP
Sites 1 E-value
value
. SE1PVGRPI18 1.66E-06
or.:
BOXCPSAS1_ 3  1.09E-05
CCC}Se[é/ CIC 73 2‘%%E' GCBP2ZMGAPC4  6.39E-05
G[T /G]GGGG SITEIIBOSPCNA  6.39E-05
SE* ABREAZMRAB28 1.09E-04
. MYBPZM 1.37E-05
or:
SITEIOSPCNA 1.63E-04
A/T 1.70E
CC[R/e V],CCC 72 7005 T ABRECEIHVA22 230E-04
GGG[T/AIGG POLLEN;LELATS 324E.04
Clark ACIPVPAL2 1.40E-06
For: BOXCPSAS1 3  1.65E-04
CCCJ[T/A]CC 430E- AMMORESIIUDC
Rev:GG[A/T]GG 94 16 RNIA1 2.28E-04
G PALBOXAPC 2.73E-04
SAM’ SBOXATRBCS  3.10E-04
ARELIKEGHPGD o
For: FR2 '
[C/G]CCCCA 52 5.70E+ SE1PVGRP18 5.00E-05
Rev: 04 AMMORESVDCR 9 31E-04
TGGGG[G/C] NIA1 :
SEF3MOTIFGM  1.18E-03




Table 5.2.2.1 continued

. SE1IPVGRP18 3.92E-06
or:

BOXCPSAS1 3  2.33E-05

SE* ReCV(,:g[CT[/i/]E(C}G 88 1'603E+ GCBP2ZMGAPC4  1.26E-04

' G SITEIIBOSPCNA  1.26E-04

ABREAZMRAB28 2.11E-04

. CTRMCAMV35S  1.18E-07
or:

GAGAS8HVBKN3  1.93E-06

[A/ Gg}GRAgA/ ST ‘62%E' GAGAGMGSA1  2.81E-06

C[T/C]CTC'[T/C] SORLIPSAT 3.44E-04

PE3ASPHYA3 3.88E-04

5-Leaflet E RBCSBOX2PS 3.65E-06
Mutant or.

CC[A/C]C[A/C] L 70E. LREBC);?PSRBC 5.20E-06

SAMS G[T/g]lée[VT:/G]G 88 06 SEIPVGRPIS  1.97E-05

G BOXCPSAS1 3  6.54E-04

ACGTSEED?2 1.09E-03

POLLEN;LELATS | 1SE.08

For: CCACCA 31 7.80E+ ACIIPVPAL2 8 44E-08

Rev: TGGTGG 05 SITEIOSPCNA 1.75E-05

ABRECEIHVA22 3.89E-05

ACIPVPAL2 6.73E-05




Table 5.2.2.1 continued

SE1IPVGRP18 5.13E-06

For:
: BOXCPSAS1 3  2.96E-05
SE* CCClge[é/ CIC 33 1.3+003 GCBP2ZMGAPC4 1.56E-04
GIT/GIGGGG SITEIIBOSPCNA  1.56E-04
ABREAZMRAB28 2.59E-04
CTRMCAMV35S  1.18E-08
GAGASHVBKN3  2.31E-07

For:GAGAGA 7.60E-

Rev: TCTCTC 212 59 GAGAGMGSA1  3.38E-07
NDEGMSAUR  8.90E-07
ARFAT 1.30E-05
. SE1IPVGRP18 6.73E-06

or:
: BOXCPSAS1 3  3.75E-05
CCClge[é/ CIC 70 ! 21(;E GCBP2ZMGAPC4  1.94E-04
GIT/GIGGGG SITEIIBOSPCNA  1.94E-04
Glabrous ABREAZMRAB28 3.18E-04
Mutant PALBOXAPC 1.30E-05
SBOXATRBCS  1.75E-05

s For: CCCTCC 5.10E-

SAM Rev: GGAGGG 38 01 CMSREIIBSPOA  6.79E-05
IDRSZMFERI1 9.73E-05
BOXICHS 1.40E-04
ACGTSEED2 4.90E-08
GLUTEBPI10S 1.48E-07
Ei’é%é%é% 122 2'6001E+ BOXCPSAS1_2  3.38E-07
' NAPINMOTIFBN  6.24E-06
SPSBFIBSPSAIB  1.75E-05
. MYBPZM 2.07E-08

or:
: ACIIPVPAL2 3.62E-07
CCAI[{"; cice 74 4'7006E+ L4DCPALI1 3.62E-07
GG[T/GITGG PALBOXLPC 6.39E-06

MYBPLANT 1.94E-05

'MEME E-value represents statistical significance of motif found by MEME. *PLACE ID
is the identifier of PLACE consensus sequence matching motif. *STAMP E-value
represents expectation value of the STAMP alignment. *SE is Shoot Epidermis. >SAM is

Shoot Apical Meristem.



Motif SITEIIBOSPCNA (Kosugi et al., 1995) was found in the promoters of 72,
88 and 33 upregulated genes corresponding to upregulated genes in shoot epidermis of
cv. Clark, 5-Leaflet mutants and Glabrous mutants, respectively; and in the promoters of
70 upregulated genes in shoot apical meristem tissue of Glabrous mutants. Motif
GAGAGMGSAT1 (Sangwan et al., 2002) and GAGASHVBKN3 (Santi ef al., 2003) was
found in the promoters of 160 and 212 upregulated genes in shoot apical meristem tissue
of the 5-Leaflet and Glabrous mutant, respectively. Motif ACIPVPAL2 (Hatton et al.,
1995) and ACIIPVPAL?2 (Hatton et al., 1995) were found in the promoters corresponding
to upregulated genes in shoot apical meristem of cv. Clark, 5-Leaflet mutants and
Glabrous mutants. Motif NDEGMSAUR (Li et al., 1994) and ARFAT (Ulmasov et al.,
1999) were found in the shoot apical meristem tissue of Glabrous mutant. Motif
AMMORESVDCRNIA1 and AMMORESIIUDCRNIA1 (Loppes and Radoux, 2001)

were found in the shoot apical meristem of cv. Clark.

5.23. De novo motif discovery in promoters of co-regulated genes using
BioProspector

DNA motif discovery using BioProspector (Liu et al., 2001) was performed in the
promoters of co-regulated genes in each of the tissue-cultivar set separately, i.e. shoot
epidermis tissue of cv. Clark, shoot epidermis tissue of the 5-Leaflet mutant, shoot
epidermis tissue of Glabrous mutant, shoot apical meristem tissue of cv. Clark, shoot
apical meristem tissue of 5-Leaflet mutants, and shoot apical meristem of Glabrous
mutant. Total number of motif searches was 6. The background model was based on the
complete set of promoters of soybean that is 53,452 sequences. BioProspector output E-
values that indicates the significance of each motif based on a motif score distribution
calculated by a Monte Carlo method (Liu et al., 2001). Statistically significant conserved
cis-regulatory motifs were identified in gene promoters within tissue-cultivar sets.
Discovered motifs were matched to consensus sequences of experimentally characterized
plant cis-regulatory elements from PLACE database (Higo er al., 1998) using the
STAMP suite of tools (Mahony and Benos, 2007). STAMP returns the best five hits of
motifs.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of



cv. Clark, motif CATTCA/TGAATG was detected (Table 5.2.3.1). This motif was found
in the promoters of 127 upregulated genes and it matched to five known motifs in
PLACE database; ARELIKEGHPGDFR?2 (Eloma et al., 2003), RYREPEATBNNAPA
(Ezcurra et al., 1999), WUSATAg (Kamiya et al., 2003), RYREPEATGMGY?2 (Lalievre
et al., 1992) and RYREPEATLEGUMINBOX (Fujiwara et al., 1994). Refer to
Supplementary Figure 5.2.3.1 for motif logo.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of
the 5-Leaflet mutants, three motifs were detected (Table 5.2.3.1); GATTCA/TGAATC,
CATACA/TGTATG, and AGTTAG/CTAACT. The first motif, GATTCA/TGAATC,
was found in the promoters of 125 upregulated genes and it matched to five known
motifs in PLACE database; EIN3ATERF1 (Solano ef al., 1998), GCM40SGLUUBI,
L1DCPALI (Takeda et al., 2002), AGMOTIFNTMYB2 (Sugimoto et al., 2003), and
ARRIAT (Sakai et al., 2000). The second motif, CATACA/TGTATG, was found in the
promoters of 122 upregulated genes and it matched to five known motifs in PLACE
database; S2FSORPL21 (Zhou et al., 1992), SORLIP4AT (Hudson et al., 2003),
RYREPEATBNNAPA (Ezcurra et al., 1999, JASE2ATOPR1 (He et al., 2001), and
SORLREP3AT (Hudson et al., 2003). The third motif, AGTTAG/CTAACT, was found
in the promoters of 87 upregulated genes and it matched to five known motifs in PLACE
database; SITE3SORPS1 (Villain er al., 1994), MYBATRD22 (Abe et al., 1997),
MYB2AT (Urao et al., 1993), MYBILEPR (Chakravarty et al., 2003), and
LREBOXIPCCHSI1 (Schulze-Lefert et al, 1989). Refer to Supplementary Figure 5.2.3.2
for motif logo.

In the promoters corresponding to upregulated genes in shoot epidermis tissue of
the Glabrous mutants, two motifs were detected (Table 5.2.3.1); TCATAC/GTATGA and
CTAACT/AGTTAG. The first motif, TCATAC/GTATGA, was found in the promoters
of 67 upregulated genes and it matched to five known motifs in PLACE database;
SORLIP4AT (Hudson et al., 2003), S2FSORPL21 (Lagrange et al., 1997), LSTATPRI1
(Despres et al., 2000), JASE2ATOPR1 (He et al., 2001), and RSEPVGRP1 (Elmayan et
al., 1995). The second motif, CTAACT/AGTTAG, was found in the promoters of 73
upregulated genes and it matched to five known motifs in PLACE database;

SITE3SORPS1 (Villain et al., 1994), MYB2AT (Urao et al., 1993), MYBILEPR



(Chakravarty et al., 2003), MYBATRD22 (Abe et al., 1997) and MYB26PS (Uimari et
al., 1997). Refer to Supplementary Figure 5.2.3.3 for motif logo.

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of cv. Clark, four motifs were detected (Table 5.2.3.1); GCGTGC/GCACGC,
GCAAGC/GCTTGC, GATCGA/TCGATC and CTAACT/AGTTAG. The first motif,
GCGTGC/GCACGC, was found in the promoters of 73 upregulated genes and it matched
to five known motifs in PLACE database; RHERPATEXPA7 (Kim et al., 2006),
ABRE2HVA22 (Shen et al., 1995), GBOXIONT (Ishige et al., 1999), ABASEEDI
(Chung and Thomas, 1993) and -284MOTIFZMSBEI1 (Kim et al., 1999). The second
motif, GATCGA/TCGATC, was found in the promoters of 87 upregulated genes and it
matched to four known motifs in PLACE database; ALFINTPARC (Sakai et al., 1998),
ASFINTPARA (Sakai et al., 1998), PASNTPARA (Kusaba er al., 1996) and
CE30SOSEM (Hobo et al., 1999). The third motif, CTAACT/AGTTAG, was found in
the promoters of 82 upregulated genes and it matched to five known motifs in PLACE
database; NONAMERATH4 (Chaubet er al., 1996), RNFG1OS (Yin et al., 1995),
ABAREG?2 (Nunberg et al., 1993), AMMORESIVDCRNIA (Loppes and Radoux, 2001)
and SV40COREENHAN (Weiher et al., 1983). The fourth motif, CTAACT/AGTTAG,
was found in the promoters of 99 upregulated genes and it matched to five known motifs
in PLACE database; SITE3SORPS1 (Villain et al., 1994), MYB2AT (Urao et al., 1993),
MYBILEPR (Chakravarty et al., 2003), MYBATRD22 (Abe et al., 1997) and MYB26PS
(Uimari et al., 1997). Refer to Supplementary Figure 5.2.3.4 for motif logo.

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of the 5-Leaflet mutants, three motifs were detected (Table 5.2.3.1);
ACTCGG/CCGAGT, GGCGCG/CGCGCC and AGATAG/CTATCT. The first motif,
ACTCGG/CCGAGT, was found in the promoters of 40 upregulated genes and it matched
to seven known motifs in PLACE database; DREICOREZMRABI17 (Busk et al., 1997),
LTRECOREATCORI15 (Baker et al., 1994), CIMOTIFZMBZ2 (Bodeau et al., 1996),
RSRBNEXTA (Elliott et al., 1998), ABREMOTIFIIIOSRAB16B (Ono et al., 1996),
PREATPRODH (Satoh et al., 2002) and GCN4OSGLUB1 (Washida et al., 1999). The
second motif, GATCGA/TCGATC, was found in the promoters of 30 upregulated genes
and it matched to five known motifs in PLACE database; RE1IASPHYA3 (Bruce et al.,



1991), ABRECE3ZMRAB28 (Busk et al., 1997), PE3BASPHYA3 (Bruce et al., 1990),
PE2FNTRNRI1A (Lincker et al., 2004) and OCTAMOTIF2 (Chaubet et al., 1986). The
third motif, AGATAG/CTATCT, was found in the promoters of 48 upregulated genes
and it matched to six known motifs in PLACE database; EVENINGAT (Harmer et al.,
2000), RGATAOS (Yin et al., 1997), IBOXLSCMCUCUMISIN (Yamagata et al., 2002),
SE2PVGRPI1 (Elmayan, et al., 1995), CAATBOX2, and CTRMCAMV35S (Pauli et al.,
2004). Refer to Supplementary Figure 6.2.3.5 for motif logo.

In the promoters corresponding to upregulated genes in shoot apical meristem
tissue of the Glabrous mutants, motif CCAAAC/GTTTGG was detected (Table 5.2.3.1).
This motif was found in the promoters of 68 upregulated genes and it matched to five
known motif in PLACE database; 23PUASNSCYCB1, MYBPLANT (Sablowski et al.,
1994), 2SSEEDPROTBANAPA (Stalberg et al., 1996), AACACOREOSGLUBI (Wu et
al., 2000) and PROXBBNNAPA (Ezcurra et al., 1999). Refer to Supplementary Figure
5.2.3.6 for motif logo.



Table 5.2.3.1. DNA motifs discovered by BioProspector in the promoters of co-

regulated genes in different tissues of three soybean cultivars

Cv.  Tissue Motif Motif - Motif ) 4 g 1p PILELILE /2=
Sites Score value
ARELIKEGHPGD
R 3 53E-07
RYREP%;TBNNA | 30B.05
SE? i‘ggﬁgg 128 654 WUSATAg 6.75E-05
: RYREPEATGMG
6.79E-05
Y2
RYREPEATLEGU
N BON 6.79E-05
RHERPATEXPA7 __ 5.05E.06
ABRE2HVA22 581E-06
GBOX10NT 5 81E-06
For: GCGTGC
o e T3 6343 ABASEEDI 9. 47E-06
284MOTIFZMSBE  8.36E-05
1
Clark ALFINTPARC 2.94E-05
For GCAAGC o . ASFINTPARA 2 98E-05
Rev: GCTTGC : PASNTPARA 4 .86E-05
CE30SOSEM 2.12E-04
SAM* NONAMERATH4 2 44E-06
RNFG10S 7 90E-06
For GATCGA o (.. AMiaBgRl;IES?ZDC 2.20E-04
Rev: TCGATC : v 5 88E-04
RNIA
SV4OCO§EENHA | AAE03
SITE3SORPS| 701E-07
For: CTAACT MYB2AT 3.95E-06
Rev: 99 6217 MYBILEPR 2 38E-05
AGTTAG MYBATRD22 2 39E-05
MYB26PS 6.17E-05



Table 5.2.3.1 continued

EIN3ATERFI 1 24E-06
GCN40OSGLUBI 8.78E-05
For: GATTCA o (| LIDCPALI 2.03E-04

Rev:TGAATC : AGMOTIENTMY
B 2.11E-04
ARRIAT 3 54E-04
S2FSORPL21 2.19E-07
SORLIP4AT 3.89E-05

SE’ For: CATACA RYREPEATBNNA
R TGTATG 122 6549 A 1 34E-04
JASE2ATOPR1 2.04E-04
SORLREP3AT 3.15E-04
SITE3SORPS1 5.51E-07
For: AGTTAG MYBATRD22 1.12E-06
R CTAACT 87 6541 MYB2AT 3.12E-06
ev: MYBI1LEPR 6.24E-06
LREBOXIPCCHSI 1.50E-05

DRE1COREZMR
ABL7 2.82E-05

5 LTRECOREAT

Lo For: ACTCGG e MO e
Mutant CCIEGXGT 4l 5303 MOTIFZMBZ2 1.25E-03
RSRBNEXTA 1.29E-03

ABREMOTIFIIIO
SRAB 16B 1.65E-03
For: CCGAGT PREATPRODH 8.84E-05

Rev: 41 5.303

ACTCGG GCN40OSGLUBI 3.67E-04
SAn REIASPHYA3 6.88E-08

ECE3ZMRAB
For: GGCGCG ABR sz 1.17E-07
CGlzeéEc 30 5305 pE3ASPHYAS 1.23E-06
PE2ENTRNRIA 2.29E-05
OCTAMOTIF2 5.28E-05
EVENINGAT 7.97E-05
RGATAOS 7.97E-05
For: AGATAG IBOXLSEMCUCU 5 95k.04

Rov  CTATCT 48 5278 MISIN

ev: SE2PVGRPI 5.29E-04
CAATBOX2 6.14E-04
CTRMCAMV35S 3.29E-04




Table 5.2.3.1 continued

SORLIP4AT 2.81E-08
For: TCATAC S2FSORPL21 1.98E-05
Rev: 67  5.694 LSTATPR1 1.24E-04
GTATGA JASE2ATOPRI 2.04E-04
SE’ RSEPVGRPI 2.86E-04
SITE3SORPS1 2.57E-07
For: CTAACT MYB2AT 1.49E-06
Glabrou Rev: 72 6699  MYBILEPR 6.24E-06
. AGTTAG MYBATRD22 6.24E-06
Mutant MYB26PS 1.75E-05
23BPU?3$1NSCYC 8 43E.07
MYBPLANT 5.59E-06
4+ For: CCAAAC 2SSEEDPROTBA
SAM' b rraa 08 6.081 NAPA 6.24E-06
AACACOREOSG
LUBI 6.24E-06

PROXBBNNAPA 1.75E-05

Motif Score represents statistical significance of motif distribution estimated by a Monte
Carlo method. 'PLACE ID is the identifier of PLACE consensus sequence matching
motif. ’STAMP E-value represents expectation value of the STAMP alignment. ’SE is
Shoot Epidermis and *SAM is Shoot Apical Meristem.



5.2.4. Similar cis-regulatory motifs were detected in the same tissue-cultivar set by
different motif prediction tools

Motif AMMORESVCDRNIAI1, detected by MEME and BioProspector; and
motif AMMORESIIUDCRNIAT1 (Loppes et al., 2001), detected by MEME, were found
in the promoters corresponding to upregulated genes in shoot apical meristem tissue of
cv. Clark. Motif SEIPVGRP18 (Keller et al., 1994), detected by MEME; and motif
RSEPVGRP1 (Keller et al., 1994), detected by BioProspector; were found in the
promoters corresponding to upregulated genes in shoot apical meristem tissue of the 5-
Leaflet mutants and shoot epidermis tissue of Glabrous mutants. Motif MYBPZM
(Grotewold et al., 1994), detected by MEME; and motif MYBPLANT (Sablowski et al.,
1994), detected by BioProspector, were found in the promoters corresponding to

upregulated genes in shoot apical meristem tissue of Glabrous mutants.

5.3. Promologous: Database of cis-regulatory motifs across 18 plants
Any data related to genome-promoter that were obtained in this study were made
publically available through an online relational database called Promologous

(http://stromviklab.agrenv.mcgill.ca/promologous/index.html). Promologous houses a

total of 32,158 COGs from 18 plant species, in which 2,823 significant motifs were found
in 805 COGs. A total number of 2,191 found motifs were matched to experimentally
characterized motifs in PLACE database, whereas 632 remaining motifs are putative cis-
regulatory motifs. In this database, there are four MySQL tables that are connected to
each other by keys assigned to each of them, making genome-promoter exploration more
accessible and easier. The cog_info table contains COG ID (key), gene ID, (key) species
abbreviation and version of the COGs. The go_info table contains gene ID (key), GO ID
and GO description. The seeder_motif table contains COG ID (key), motif sequence, g-
value, gene reference of the motif, motif ID (key) and version number. The place_info
table contains motif ID (key), PLACE motif ID, PLACE motif sequence and gene
reference of the motif. Promologous database can be queried by typing gene ID, COG ID,
GO ID, GO keyword motif name and motif sequence. In addition, downloadable files
include information related to genes that contains gene ID (key), transcript ID (key),

description of gene, chromosome name, gene start, gene end and strand; information



related to promoter that contains gene ID (key), promoter sequence, strand and version;
and information related to transcripts that contains transcript ID (key), pac transcript 1D,

peptide name, transcript start and transcript end.



Figure 5.3.1. MySQL Relational Database schema

COG_INFO

GO_INFO

GO_TERM ! text

SEEDER_MOTIF

PLACE_INFO

The relational database contains cog_info, go_info, seeder_motif and place_info tables.

Each table has a component (key) that connects the table to at least one or more tables.



Figure 5.3.2. Promologous web interface
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Promologous is an online database of cis-regulatory motifs discovered in orthologous

promoters of 18 plant species.



Figure 5.3.3. Promologous query page
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Query typl v GO ID e.g. 3677 (GO ID), At3gD5BB0 (Gene ID), WRKYT10S (Motif Name), ACGTCA (Motif Sequence,
lengthof 8 Gene ID sord), cog_12510 (COG ID)
Motif Name

Query inpL GO Keyword
) . Motif Sequence
submit CoG 1D

‘Website design and mastering
N. Chaidir and F. Fauteux © 2013

Promologous database can be queried by using GO ID, gene ID, motif name, GO

keyword, motif sequence or COG ID.



Figure 5.3.4. Overview of Promologous database structure

VWebpages to query

gene annotations and

query the results for
motif analysis

Gene ID links COG information with motif information, as well as functional annotation

represented by Gene Ontology.



Figure 5.3.5. Example of output in Promologous database

Gene ID COGID |[Species|GOID|Go Term  |Seeder Seq|[Q-value | Motif Name Place Seq|
109399 lcog_6405[selmo  |[6457 [[protein folding[ACACGT _ [[1.62772e-05/[ABRELATERD1|[ACGTG
939346 lcog_6405/[araly  |[6457 |[protein folding[ACACGT |[1.62772e-05|ABRELATERD1/ACGTG
AT3G08970 cog_3148|[arath  |[6457 |[protein folding[CGTGGC  [[7.19955e-03|[SORLIP1AT  [[GCCAC
AT3G62600 cog_6405|[arath  |[6457 |[protein folding[ACACGT _ [1.62772e-05[ABRELATERD1|[ACGTG
AT5G07340 cog_2970|[arath  |[6457 |[protein folding[CGTGGC |[5.86179e-06/SORLIPT1AT _ |[GCCAC
AT5G07340 cog_2970|[arath _ |[6457 |[protein folding[CGTGGC |[5.86179¢-06/SORLIP1AT _ |[GCCAC
AT5G61790 lcog_2970][arath (6457 |[protein folding[CGTGGC |[5.86179e-06][SORLIP1AT  [[GCCAC
Bradi2g34950 lcog_6405||bradi |[6457 |[protein folding[ACACGT _ |[1.62772e-05|[ABRELATERD1[ACGTG
cassavad.1_010980m.g |cog_6405manes |[6457 |jprotein folding|[ACACGT |[1.62772e-05[ABRELATERD1[ACGTG
cassava4.1_010980m.g |cog 6405|manes |[6457 [[protein folding|[ACACGT |[1.62772e-05[ABRELATERD1|ACGTG
cassava4.1_011001m.g |lcog_6405manes |[6457 [[protein folding|[ACACGT |[1.62772e-05[ABRELATERD1[ACGTG
levm.TU supercontig_18.17|[cog_6405][carpa|[6457 [|protein folding|[ACACGT _|[1.62772e-05ABRELATERD1/ACGTG
Glyma02g01730 lcog_6405|[glyma_|[6457 |[protein folding[ACACGT |[1.62772e-05ABRELATERD1/ACGTG
Glyma03g37650 lcog_6405|[glyma|[6457 |[protein folding[ACACGT _|[1.62772e-05|ABRELATERD1/ACGTG
Glyma19g40260 lcog_6405|[glyma  |[6457 |[protein folding[ACACGT |[1.62772e-05|ABRELATERD1/ACGTG
GRMZM2G129218 lcog_6405|zeama |[6457 |[protein folding[ACACGT _ |[1.62772e-05|[ABRELATERD1[ACGTG
GSVIVGD1028094001  |lcog_6405|vitvi  [[6457 [|protein folding[ACACGT |[1.62772e-05/|ABRELATERD1|[ACGTG
LOC_Os05g06440 lcog_6405|[orysa|[6457 |[protein folding[ACACGT |[1.62772e-05|ABRELATERD1/ACGTG
(Lus10022297.g lcog_6405][linus |[6457 |[protein folding[ACACGT _|[1.62772e-05|ABRELATERD1/ACGTG
[Lus10032100.g lcog_6405|[linus |[6457 |[protein folding[ACACGT _ |[1.62772e-05|[ABRELATERD1[ACGTG
(MDP0000330032 lcog_6405|[maldo [[6457 |[protein folding[ACACGT |[1.62772e-05|ABRELATERD1/ACGTG
[Pp1s298_70V6 lcog_6405|[phypa |[6457 |[protein folding[ACACGT |[1.62772e-05|ABRELATERD1/ACGTG
(Pp1s91_238V6 lcog_6405|[phypa |[6457 |[protein folding[ACACGT _|[1.62772e-05|ABRELATERD1/ACGTG
[sbo9go04380 lcog_6405|[sorbi |[6457 |[protein folding[ACACGT  |[1.62772e-05/[ABRELATERD1[ACGTG

Promologous outputs gene ID, COG ID, species abbreviation, GO ID, GO term, Seeder
motif sequence, Q-value of motif, motif annotation in PLACE and its corresponding

sequence. Database query was made by using GO ID 6457 as an input.



Chapter 6: Discussion

This thesis had three main objectives; to discover gene regulatory motifs in
orthologous genes in several plant whole genome sequences, to discover motifs in groups
of promoters from co-regulated genes and finally to develop a relational database that
will allow researchers to explore this collection of data.

Transcription factor binding sites, or regulatory motifs, are commonly located
within 1000bp upstream of transcription start site, and this is the length of promoter
sequences used in our study. In the first objective, 609,006 out of 698,963 promoter
sequences across 18 plant genomes were included in the data set. The remaining 89,957
promoter sequences were of short length, i.e. less than 1000 bp, and were thus eliminated.
A total number of 359,025 promoter sequences were then retrieved from orthologous
genes in 32,158 clusters and analyzed for motif prediction. This would make an overall
coverage of 51.4% of the promoters in the whole set of 18 plant species.

Regulatory DNA motifs were discovered in the promoters of 805 COGs across 18
plant species. Among 32,158 bioinformatically profiled COGs in 18 plant species, only.
2.5% of the COGs contained conserved motifs in their promoters. This number seems to
be reasonable because in such a wide range of species, only main regulatory genes will be
conserved, such as housekeeping genes that are required for the maintenance of basic
cellular function and are expressed in most cells of an organism under normal conditions.
Although only 805 COGs were profiled, a large number, i.e. 2,823 cis-regulatory motifs,
were found in the promoters of those orthologous gene groups, and of which 2,191
matched known motifs in the PLACE database. Interestingly, 632 other motifs had no
match to known motifs and these are considered putative novel motifs. In the first part of
this study, it has became obvious that inclusion of more evolutionary distant organism
has led to detection of only very conserved motifs, i.e. motifs that have similar function
in wider variety of organisms. The de novo predicted motif data and related clusters of
orthologous gene annotations obtained in this study will be useful to annotate and
characterize novel cis-regulatory elements or motifs with no close similarity to known
cis-regulatory elements.

The other objective of this study was to discover DNA motifs in promoters of co-



regulated genes in epidermis and shoot apical meristem tissue of soybean cv. Clark, the
5-Leaflet mutant and the Glabrous mutant. Significant motifs were found in the
promoters of the upregulated genes of each tissue. Some tissue-specific motifs,
experimentally characterized by other researchers were found in the promoters of co-
regulated genes in the analysis.

Using BioProspector software, Motif LIDCPAL1 was detected in the promoters
corresponding to epidermis tissue of the 5-Leaflet mutant. This promoter motif was
proven to drive strong expression in vascular tissues of roots and leaves, but repressing
activities in the meristem tissue (Ohl, et al., 1990). Motif NONAMERATHI1, a Nonamer
motif of Arabidopsis thaliana histone H4 promoter was detected in the shoot apical
meristem tissue of cv. Clark. This motif, AGATCGACG, was proved to be essential for
meristem-specific expression (Chaubet, et al., 1996). Motif SE2PVGRP1 was detected by
using BioProspector software in the shoot apical meristem tissue of the 5-Leaflet mutant.
This motif is known as the binding site of SE2 (Stem Element 2) that is proven to drive
strong expression in stem (Elmayan, et al., 1995). The motifs MYB2AT were detected by
BioProspector software in shoot epidermis tissue of the 5-Leaflet mutant and the
Glabrous mutant, as well as in the shoot apical meristem tissue of cv. Clark . MYB2AT
motif is known to be the binding site of ATMYB2 that shows considerable homology to
plant MYB-related proteins, such as GLI1, which is required for initiation of
differentiation of hair cells or trichomes (Oppenheimer, et al., 1991).

Using MEME software, motif NDEGMSAUR (Li et al., 1994) and ARFAT
(Ulmasov et al., 1999) were detected in the promoters corresponding to upregulated
genes in shoot apical meristem tissue of Glabrous mutant. These motifs were related to
auxin-responsive gene promoter (Goda et al., 2004). Numerous pharmacological and
genetic studies have demonstrated that auxin promoter also plays role in trichome
formation (Rahman et al., 2002; Masucci et al., 1994; Vernous et al., 2010). Motif
SITEIBOSPCNA (Kosugi et al., 1995) was detected by MEME software in the
promoters corresponding to upregulated genes in shoot epidermis of cv. Clark , 5-Leaflet
mutants and Glabrous mutants; and shoot apical meristem tissue of Glabrous mutants.
Motif SITEIBOSPCNA (Kosugi et al., 1995) was detected by MEME software in the

promoters corresponding to upregulated genes in shoot epidermis of cv. Clark and the 5-



Leaflet mutants. Both of these motifs were proven to be required for a meristem tissue-
specific expression as a binding site for two nuclear protein; PCF1 and PCF2 (Kosugi and
Ohashi, 1994). Motif GAGAGMGSA1 (Sangwan et al., 2002) and GAGAS8HVBKN3
(Santi et al., 2003) were detected by MEME software in the promoters corresponding to
upregulated genes in shoot apical meristem tissue of the 5-Leaflet and Glabrous mutant.
GAGAGMGSAI1 was proven to be a GAGA binding protein in heme and chlorophyll
gene Gsal in soybean (Sangwan et al., 2002). GAGASHVBKN?2 was proven to be a GA
octodinucleotide repeat found in intron IV or barley gene Bkn3 (Santi et al., 2003). Motif
ACIPVPAL2 and ACIIPVPAL2 (Hatton et al., 1995) were detected by MEME software
in the promoters corresponding to upregulated genes in shoot apical meristem of cv.
Clark, 5-Leaflet mutants and Glabrous mutants. These motifs were shown to be related to
ACI or ACII element in PAL2 promoter that is required for vascular gene expression
(Hatton er al., 1995). Motif AMMORESVDCRNIA1 and AMMORESIIUDCRNIAI
(Loppes and Radoux, 2001) were detected by MEME software in the promoters
corresponding to upregulated genes in shoot apical meristem of cv. Clark. These motifs
were proven to be found in Chlamydomonas reinhardtii Nial gene promoter, which also
encodes for cytosolic minor isoform of nitrate reductase in Arabidopsis thaliana,
involved in the first step of nitrate assimilation as it contributes about 15% of the nitrate
reductase activity in shoots (Desikan et al., 2002). These correlations show possibilities
that the cis-regulatory elements that were found play a role in the transcriptional
regulation of these genes.

Some different motifs were discovered by three different motif discover software;
Seeder (Fauteux et al., 2008), MEME (Bailey et al., 2009) and BioProspector (Liu et al.,
2001). The differences might derive from different algorithm basis that each of them has.
Seeder uses enumerative-guaranteed optimality of seed selection and background model
based on empirical distribution of substing minimal distance (SMD). MEME uses
multiple Expectation-Maximization algorithm and searches for repeated, ungapped
sequence motifs that present in DNA sequence; while BioProspector uses Gibbs sampling
method, zero to third-order Markov background models and significance of motifs found
is determined by motif score distribution estimated by a Monte Carlo method. It is best

for biologists to use a couple of complementary bioinformatics tools and consider the top



few predicted motifs of each tool (Tompa et al., 2005).

Genes that contained same motifs in each tissue-cultivar set found by each motif
prediction tools were crosschecked with their GO annotations to see if they share some
functional similarities. Results have shown that most of the gene members within the
cluster do have similar functions. As an example, in COG 6405, all of the gene members
share one similar function, that is protein folding. Motif ACACGT and CGTGGC were
also found in the promoter regions of its gene members.

Some genes also show correlation between a motif that was found in the promoter
region and GO annotation. An example is gene AT3G05880 in Arabidopsis thaliana that
was known to be induced by dehydration, low temperatures, salt stress, and abscisic acid
related (Dai et al., 2007; Medina et al., 2005; Mitsuya et al., 2005). It produces a highly
hydrophobic protein that bears two potential transmembrane domains (Medina et al.,
2001). This gene was also annotated in Gene Ontology that has integral function to
membrane (GO:16021), response to cold (GO:9409), response to abscisic acid stimulus
(GO:9737), hyperosmotif salinity response (GO:42538) and response to cold (GO:9409).
Motif ACGGTG was detected by Seeder in the promoter region of this gene and this
motif was known for early responsive to dehydration in Arabidopsis (Simpson et al.,
2003).

Identifying promoter features that define transcriptional behavior of co-regulated
genes is a difficult task for a number of reasons. First, it is not clear how to distinguish a
six-symbol DNA alphabet (i.e. motif) that truly affects gene expression from a random
sequence (Beer and Tavazoie, 2004). There is a probability of 4,096 random six-letter
sequence occurs in random DNA. Second, the relative locations of the transcription factor
binding sites (motifs) differ from one promoter to another. Third, similar transcription
patterns can be derived from a combination of more than one underlying features,
therefore making it more challenging to differentiate the causes of analogous regulatory
effects (Pritsker et al., 2004).

Wide varieties of transcription factors compete for binding to cis-regulatory
elements. Cis-regulatory elements and putative transcription factors that are likely to bind
can be predicted by using in silico prediction linked with available experimental

evidence. However, due to the limited number of experimental data, analysis and



interpretation of putative regulatory motifs in gene promoter are difficult to decipher. In
addition, the affinities for a specific binding site and the nuclear concentrations of active
transcription factors may define the actual binding outcome.

There are also many other regulatory elements in a genome and the resulting
transcription is the output of many regulatory signals. Other regulatory elements include;
DNA methylation where addition of a methyl group at position 5 of cytosines could make
a major epigenetic modification and altering transcriptional machinery (Foerster and
Scheid, 2010); regulation of chromatin that could influence nuclear processes from
replication, recombination and repair to transcriptional machinery (Wagner, 2003); distal
enhancers that are found to be important key factors of nuclear organization, contributing
to a general model for enhancer function that involves enhancer-promoter contact (Bulger
and Goudine, 2011); and insulators that prevent incorrect gene regulation by restricting
the action of enhancers and silencers (Raab and Kamakaka, 2010). Furthermore, post-
transcriptional regulation by small-RNAs adds a new level of complexity to this, as they
are riboregulators that have important roles by repressing gene expression of DNA to
guide sequence elimination or chromatin remodeling, or on RNA to guide cleavage and
translation repression (Vaucheret et al., 2006).

Narrowing down the possibilities of which regulatory elements come into play is
an extremely challenging task and was not within the scope of the work presented in this
thesis. The presence or not of specific motifs, remain the basic pre-requisite for whether a
transcription factor can bind or not, to a given promoter. Cis-regulatory elements are one
of the key factors responsible for gene expression regulation. Cis-regulatory motifs define
specific recruitments of the protein complexes (i.e. Transcription Factors) that will bind.
To fully understand how these elements operate, it is also necessary to understand the
protein complexes that interact with these cis-acting elements. These proteins are
encoded by other genes and due to their ability to diffuse; these protein complexes can
also act in trans, which is why they have effects on any copy of a gene that has an
appropriate regulatory sequence within it.

To generate large genome-scale datasets across many species, extensive
computational resources are required but not always readily available, not to mention the

amount of time it consumes. In silico motif predictions can serve as a good starting point



for establishing the gene function and expression, which ultimately needs to be validated
by experimental analysis. The Promologous database contains pre-computed whole-
genome comparative data of promoter sequences across 18 plant species, as well as other
genome information associated with them. The information in the database can be
potentially used to facilitate genome-wide experimentation for researchers that have
interests in engineering and manipulating gene expression for plant biotechnology

purposes.



Chapter 7: Conclusion

The results of the first approach in this study shows that many promoters of
orthologous plant genes contain similar cis-regulatory motifs. In addition, inclusion of
more evolutionary distant organism leads to detection of very conserved motifs, i.e.
motifs that have similar function in wider variety of organisms.

Furthermore, using the second approach, we detected conserved motifs in
promoter region of co-regulated genes in epidermis and shoot apical meristem tissue of
soybean cv. Clark, 5-Leaflet mutant and Glabrous mutant. Data obtained from
experimentally characterized plant cis-acting regulatory DNA elements in PLACE
database support the biological relevance of our findings.

A relational database of cis-regulatory motifs discovered in the promoters of
orthologous genes across 18 plant species called Promologous is available online for

researchers who are interested in further exploring genome-promoter information.



Chapter 8: Future Research Directions

The following directions could be taken to go further with the research reported in this

thesis:

1.

The analysis of conserved motifs in orthologous genes of 18 plants could be
improved by a more thorough analysis of paralogs prior to clustering step and
by going deeper in the analysis of gene function in relation with promoter
motifs composition and experimentally verified cis-regulatory elements.

As more plant species are sequenced, if would be interesting to create different
divisions in finding motifs based on orthologous genes, as a more specific
stringency could be applied accordingly to the genetic composition of the
species members in each division, for instance, motifs in monocotyledonous
orthologous promoters, dicotyledonous orthologous promoters, etc.

Motifs found in promoters of co-regulated genes in soybean could be tested
experimentally to confirm its function in regulating transcription and examine

its relative strength in shoot epidermis vs shoot apical meristem.



Chapter 9: Contribution to Knowledge

. A total number of 32,158 groups of orthologous genes were identified in 18 plant
species.

. A total number of 2,823 conserved motifs were identified in promoters of
orthologous genes from 18 plant species and 632 of them were novel putative cis-
regulatory motifs.

. Conserved motifs were identified in promoter region of co-regulated genes from
shoot epidermis and shoot apical meristem tissues of three soybean cultivars; the
cv. Clark, 5-Leaflet mutant and Glabrous mutant.

. A relational database called Promologous was developed. This database houses
pre-computed and post-processed whole-genome comparative analysis of
promoter regions. Promologous also contains motif sequences, annotations,
clusters of orthologous genes and other useful information associated with them,

for 18 plant genomes.
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Appendix

Appendix 4.1.2.1

All-against-all Smith-Waterman peptide sequence alignment
Peptide sequences of 18 plant species were aligned using Smith-Waterman algorithm in
DeCypher® TimeLogic® Biocomputing System (Active Motif Inc., Carlsbad, CA).

. All-against-all Smith-Waterman alignment script:

cat [QueuelList.txt] | while read line;
do

query="[Species]"
database=$line"_aa";
peptide=$line"_aa.faa";

dc_run -p sw_aa_vs_aa -q $peptide -d $database -output_format tab fieldrecord -field
querylocus targetlocus score querylength targetlength querystart queryend targetstart

targetend -score 50 -max_scores 500 -max_alignments 500 -detach -description "SW

$line vs. $line for InParanoid";

dc_run -p sw_aa_vs_aa -q $peptide -d $query"_aa" -output_format tab fieldrecord -field
querylocus targetlocus score querylength targetlength querystart queryend targetstart
targetend -score 50 -max_scores 500 -max_alignments 500 -detach -description "SW
$line vs. $query for InParanoid";

dc_run -p sw_aa_vs_aa -q $query"_aa.faa" -d $database -output_format tab fieldrecord -
field querylocus targetlocus score querylength targetlength querystart queryend targetstart
targetend -score 50 -max_scores 500 -max_alignments 500 -detach -description "SW
$query vs. $line for InParanoid";

done;

. Smith-Waterman alignment results were parsed using a Python script:

def inparanoid_format(filename):
from math import fabs

first_orgn = filename[0:5]

second_orgn = filename[6:11]

inparanoid_out = first_orgn + "-" + second_orgn
inp_out = open(inparanoid_out, "w")
previous_are_same = 0




try:
with open(filename, "r") as file:
prev_line = file.readline().split()

for line in file:
line = line.split()

if line[0] == prev_line[0] and line[1] == prev_line[1]:
if previous_are_same == 0:

if int(line[5]) >= int(prev_line[5]):

longest_query = int(fabs(int(line[6])
- int(prev_line[5])) + 1)

longest_target = int(fabs(int(line[8])
- int(prev_line[7])) + 1)

total_query =
int(fabs(int(prev_line[6]) - int(prev_line[5])) + fabs(int(line[6])
-int(line[5])) + 2)

total_target =
int(fabs(int(prev_line[8]) - int(prev_line[7])) + fabs(int(line[8])
-int(line[7])) + 2)

first_hsp = "q:" + prev_line[5] +
"-" + prev_line[6] + " "
71+ "-" + prev_line[8]

+ "h:" + prev_line[

second_hsp = "q:" + line[5] + "-" +

line[6] + " " + "h:" + line[7] + "-" + line[8]
else:

longest_query =
int(fabs(int(prev_line[6]) - int(line[5])) + 1)

longest_target =
int(fabs(int(prev_line[8]) - int(line[7])) + 1)

total_query = int(fabs(int(line[6]) -
int(line[5])) + fabs(int(prev_line[6]) -int(
prev_line[5])) + 2)

total_target = int(fabs(int(line[8]) -
int(line[7])) + fabs(int(prev_line[8]) -int
(prev_line[7])) + 2)

first hsp= "q:" + line[5] + "-" +
line[6] + " " + "h:" + line[7] + "-" + line
[8]

second_hsp = "q:" + prev_line[5] +
"-" + prev_line[6] + " " + "h:" + prev_line[7]
+ "-" + prev_line[8]

line_to_write = prev_line[0] + "\t" +
prev_line[1] +"\t" + prev_line[2] + "\t" + prev_line




[3] + "\t" + prev_line[4] + "\t" + str(longest_query) + "\t" + str(longest_target) + "\t" +
str(total_query) + "\t" + str(total_target) +
"\t" + first_hsp + "\t" + second_hsp + "\n"

inp_out.write(line_to_write)

prev_line = line
previous_are_same = 1

if line[1] != prev_line[1]:
if previous_are_same == 0:

longest_query = total_query =
int(fabs(int(prev_line[6]) - int(prev_line[5])) + 1)

longest_target = total_target =
int(fabs(int(prev_line[8]) - int(prev_line[7])) + 1)

line_to_write = prev_line[0] + "\t" +
prev_line[1] +"\t" + prev_line[2] + "\t" + prev_line
[3] + "\t" + prev_line[4] + "\t" + str(longest_query) + "\t" + str(longest_target) + "\t" +
str(total_query) + "\t" + str(total_target) +
"\t" + "q:" + prev_line[5] + "-" + prev_line[6] + " " + "h:" + prev_line[7] + "-" +
prev_line[8] + "\n"

inp_out.write(line_to_write)

prev_line = line
previous_are_same = 0
except IndexError:
print "Problems with last line"

from sys import argv

script, file = argv
inparanoid_format(file)

. Unix script was used to sort file:

Is *.tab | while read file;

do

echo "Sorting the file" $file

sed "1d" $file | sed '/A$/d' | sort -t $'\t' -k 1b,1 -k 2b,2 -k 3,3rn > temp.txt;
mv temp.txt $file;

echo "Formatting the file: $file"

python format_tab.py $file;

done




Appendix 4.1.2.2

Removal of all orthologous gene members that have confidence value lower than 1.0

in InParanoid results

Prior to running gp (QuickParanoid), any gene members of the COG that has InParanoid
confidence value less than 1.0 are removed. Therefore, only the genes that have 1.0
InParanoid confidence value are included in further analysis.

o,

> Removing any gene members in COGs that have confidence value lower than 1.0:

file_out = open('sqltable.volca-zeama_2', 'w")
with open('sqltable.volca-zeama', 't') as file:
for line in file:
line = line.strip()
if '1.000" in line:
line_out = line + \n'
file_out.write(line_out)
file_out.close()




Appendix 4.1.2.3

Run QuickParanoid

A configuration file containing the list of species names in the dataset, separated by line,

was created and stored in the same directory.

o,

> Run QuickParanoid to merge COGs generated by InParanoid:

Dataset directory [default = "." (current directory)]: 18sp_quickparanoid
Data file prefix [default = "sqltable."]:

Data file separator [default = "-"]:

Configuration file [default = "18sp_quickparanoid/config"]:

Executable file prefix [default = "test"]:

QuickParanoid first preprocesses the entire dataset. An executable program dump was
generated, and for each data file File in the dataset, a new file File_c was created in the
working directory. The result of ortholog clustering was displayed in the MultiParanoid
(Alexeyenko et al, 2006) output format and redirected to a text format as shown below.

@,

> Converting QuickParanoid output file to text format:

Jtest > resultQP_araly-arath-bradi-carpa-chlre-glyma-linus-maldo-manes-medtr-orysa-
phypa-poptr-selmo-sorbi-vitvi-volca-zeama.txt

To extract information such as, clusterID, species, gene; the text output of QuickParanoid

was then parsed using a simple Unix command line.

o,

> Parse QuickParanoid output:

awk '{print $1, $2, $3}' resultQP_araly-arath-bradi-carpa-chlre-glyma-linus-maldo-
manes-medtr-orysa-phypa-poptr-selmo-sorbi-vitvi-volca-zeama.txt >
18sp_QPresult_Parsed.txt

The transcript names found in the QuickParanoid output file (COG file) as well as in the

deflines of promoter sequence file need to be removed.

X Remove transcript name after gene name:

sed 's/l.*//' Filenamel .txt > OutputFilename .txt




Appendix 4.1.3

Retrieve promoter sequence

Promoter sequences corresponding to the orthologous genes in the clusters were then

retrieved using BioPython Bio.SeqlO (Cock, et al., 2009).

o,

> Retrieving promoter sequences for each orthologous gene:

from Bio import SeqlO
import csv
testdict_alll18species = SeqlO.index("18sp_prom_mod.fas", "fasta")
csvReader = csv.reader(open('18sp_cog_mod.txt', 'rb'), delimiter=" ")
csvWriter = csv.writer(open('18sp_cog_to_prom.txt', 'w'), delimiter="\t")
error_file = open("errors_18sp.txt", 'a’)
for line in csvReader:
try:
Promoter = str(testdict_all18species[line[2]].seq)
csvWriter.writerow([line[0], line[ 1], line[2], Promoter])
except KeyError:
#message = "Error with %s, not found in promoters file\n" % line[2]
message = "%s\n" % line[2]
error_file.write(message)




Appendix 4.1.4
De novo motif discovery using Seeder

Index file was generated to improve the performance of Hamming Distance (HD)
calculation.

. Generation of index file:

use Seeder::Index;

my $index = Seeder::Index->new(
seed_width => "6",

out_file => "6.index",

)

$index->get_index;

Then, a background distribution file was generated for all 18 genomes.

° Generation of the background distribution file:

use Seeder::Background;

my $background = Seeder::Background->new(
seed_width => "6",

strand => "revcom",

hd_index_file => "6.index",

seq_file => "all18sp_promoters.fas",

out_file => "all18sp_prom_1K.bkgd",

);

$background->get_background;

In order to run the motif discovery, promoter sequences for each gene members in the
COG in separate file was needed. This constituted as the “positive set”. The whole 18
species set of promoter sequences were used for the computation of background model
only. Every promoter sequence of each gene members of each COGs were queried
through OrthoProMof MySQL database, where a temporary FASTA file was written and
the percentage of numbers of N in the sequence was calculated. The motif finder finder pl
script was also included in this query script and put in strings.

. Automatic query of motif discovery for each COG:

import MySQLdD as sql

import time
#import csv
from subprocess import call




from sys import argv

script, first_cog, last_cog = argv
print "Connecting to the MySQL database"
db = sql.connect(host="192.168.1.1", user="nadchai", db="OrthoProMofDB")

for cog_id in range(int(first_cog), int(last_cog)): ##put one more number on the last
number, in this case this is 32158

time_start = time.time()

print decor

print "Querying COG#%s" % cog_id

c.execute("""SELECT Gene_ID, PromSeq FROM “COGtoProm_Trimmed
WHERE COG_ID = %s""", (cog_id,))

result = c.fetchall()

print "Writing FASTA file"
promoter_filename = "promoters_%s.fas" % cog_id
fasta_output = open(promoter_filename, "w") ##creating test1 .fas
for line in result:
defline = ">" + line[0] + "\n" ##takes the > sign, adds the gene name to it
and create a new line
sequence = line[1].strip(\r') + "\n"
npercent = (float(sequence.upper().count('N'))/len(sequence)) * 100 #
NOTE: modified npercent calculation to use .
count('N"), resulting in a simpler code

if npercent <= 40:
fasta_output.write(defline)
fasta_output.write(sequence)

else:
continue

fasta_output.close()
finder_wrapper = """use Seeder::Finder;
my $finder = Seeder::Finder->new(

seed_width => "6",

strand => "revcom",

motif_width =>"12",

n_motif =>"10",

hd_index_file => "6.index",

seq_file => "%s",

bkgd_file => "all18sp_prom_1K.bkgd",
out_file => "cog_%s.finder",

);

$finder->find_motifs;




nn g (promoter_filename, COg_id)

finder_filename = "finder_%s.pl" % cog_id
finder_file = open(finder_filename, "w")
finder_file.write(finder_wrapper)
finder_file.close()

print "Number of orthologs in cluster:"

call(["egrep", "-c", ">", promoter_filename])

print "Running Seeder"

call(["perl", "%s" % finder_filename])

print "Seeder results output in cog_%s.finder" % cog_id
call(["rm", "%s" % finder_filename])

call(["rm", "%s" % promoter_filename])

run_time_minutes = (time.time() - time_start)//60

run_time_seconds = (time.time() - time_start) %60

print "It took %d:%02d minutes to analyze COG# %s" % (run_time_minutes,
run_time_seconds, cog_id)

print décor

To expedite the motif finding step, a Q submission system was used where the
number of processors to be used and what range of COG to be analyzed were
indicated in the script (Note: Skogul computer has 32 processors).

. Bash script that submits one query:

#!/bin/bash

ARGVO0=$0 # First argument is shell command, the script itself
COG1=$1

COG2=$2

python query_cogs.py $COG1 $COG2

. Submit queries to Q submission system:

from sys import argv
from subprocess import call

script, cogl, cog?2 = argv

cogl = int(cogl)
cog? = int(cog?2)




processors = 32

cogs_per_processor = (cog2 - cogl)/ processors #half of the processors on compute
nodes
print cogs_per_processor

cogs_per_processor_remainder = (cog2 - cogl)%processors
print cogs_per_processor_remainder

cog_pairs = [[i, 1+ cogs_per_processor] for i in range(cogl, cog2, cogs_per_processor)]

for cog_pair in cog_pairs[0:len(cog_pairs)-1]:

print "Submiting COGs %d to %d" % (cog_pair[0], cog_pair[1])

call('gqsub -cwd -S /bin/bash -pe mpi 1 -R y submit_one_query.sh %d %d' %
(cog_pair[0], cog_pair[1]), shell=True)

print "Submiting COGs %d to %d" % (cog_pairs[-1][0], cog2 + 1)
call('gsub -cwd -S /bin/bash -pe mpi 1 -R y submit_one_query.sh %d %d'% (cog_pairs|-
1][0], cog2 + 1), shell=True)

In order to check the process after submission, gstat command was used. It
described how many processors were occupied at the moment; therefore more jobs were
submitted when there were processors available. Since we had a large number of COGs,
it was very important to keep track of the job submission logs so there would be no
overlaps or COG left behind.

Only motifs that had Q-value lower than 0.01 (Q-value < 1.0e-02) were
considered to be significant (Fauteux et al., 2008). Therefore, a simple Unix command
line was used to extract only the ones with Q-values higher than the threshold.

. Filter significant motifs using Unix command:

awk -F="'$2 < 1.0e-02' Q-valuefile .txt > Significant_Qvalue .txt




Appendix 4.2.1.1
Analyze differential expression RNA-Seq data using DESeq

Raw counts files from RNA-Seq were analyzed using DESeq to see differential
expression between each tissue (shoot epidermis vs. shoot apical meristem) in each

Soybean cv. (Clark standard, 5-Leaflet mutant and Glabrous mutant).

. DESeq script used for differential expression analysis:

# Differential gene expression using DESeq
# To use this script : Rscript deseq.R -d designfile -c rawcountfile -o output_dir

library(DESeq)
# Usage
usage=function(errM) {

cat("\nUsage : Rscript deseq.R [option] <Value>\n")
cat(" -d : design file\n")

cat(" - : raw count file\n")
cat(" -0 : output directory\n")
cat(" -h : this help\n\n")
stop(errM)

¥

set.seed(123456789)

perform_dge=function(counts, groups, count_limit, path) {
# Retain row which have > count_limit
counts<-counts[rowSums(counts) > count_limit,]

# Normalize and do test

cds<-newCountDataSet(counts, groups)

cds<-estimateSizeFactors(cds)

sizeFactors(cds)

if(length(groups)==2) {

cds<-estimateDispersions(cds, method="blind", sharingMode="fit-only")
¥
else {

cds<-estimateDispersions(cds, method="pooled")

}

res<-nbinomTest(cds, "1","2")




res[,c(5,6)] = round(res[,c(5,6)], digits=3)

res[,7] = as.numeric(format(res[,7], digits=2))

res[,8] = as.numeric(format(res[,8], digits=2))

colnames(res)[c(1,7,8)] = c("id", "deseq.p-value", "deseq.adj.pvalue")
write.table(res[order(res[,8]), c(1,7,8)], paste(path,"deseq_results.csv",sep="/"), quote =
FALSE, sep = "\t", eol = "\n",na ="NA", dec =".", row.names = FALSE, col.names =
TRUE)

fileOpen=paste(path,"edger_results.csv" sep="/")

d1<-read.table(fileOpen, header=T, sep="\t", quote="")

d2<-merge(dl, res[, c(1,7,8)], by x=1, by.y=1, sep="\t")
d2<-d2[order(d2[,(ncol(d2)-1)]).]

vecWrite<-c(1:4, (ncol(d2)-1), ncol(d2), 5:6, 7:(ncol(d2)-2))

write.table(d2[,vecWrite], paste(path,"dge_results.csv",sep="/"), quote = FALSE, sep =
"\t", eol = "\n",na ="NA",dec =".", row.names = FALSE, col.names = TRUE)

}

HHHHHAHHHHHHHH

ARG = commandArgs(trailingOnly = T)
## default arg values
count_limit=9
fpath="."
design_file=""
rawcount_file=
out_path=""
## get arg variables
for (i in 1:length(ARG)) {
if (ARG[i] =="-d") {
design_file=ARG][i+1]
} else if (ARG[i] =="-¢") {
rawcount_file=ARG[i+1]
} else if (ARG[i] =="-0") {
out_path=ARG[i+1]
} else if (ARG[i] =="-h") {
usage("")

}

nn

¥

## check arg consitency
if (!(file.exists(design_file))) {

usage("Error : Design file not found")
¥
if (!(file .exists(rawcount_file))) {

usage("Error : Raw count file not found")
¥
if (out_path =="") {

usage("Error : Output directory not specified")




¥
tmpFP=strsplit(fpath,"")
if (tmpFP[[1]][length(tmpFP[[1]])] == "/" ) {
bckS=""
}else {
bckS="/"
¥
tmpOP=strsplit(out_path,"")
if (tmpOP[[1]][length(tmpOP[[1]])] =="/") {
out_path=paste(tmpOP[[1]][1:(Iength(tmpOP[[1]]-1))],collapse="")
¥

design = read.csv2(design_file, header=T, sep = "\t", na.strings = "0", check.names=F)
rawcount = read.csv(rawcount_file, header=T, sep ="\t", check.names=F)

print(design)

name_sample= as.character(as.vector(design[,1]))
countMatrix = rawcount[,3:ncol(rawcount)]

# Iterate over each design

for (i in 2:ncol(design)) {
name_folder = paste(out_path,names(design[i]),sep="/")
# Create output directory

if (Mfile.exists(name_folder)) {
system(paste("mkdir",name_folder,sep=""))

}

current_design=design[,i]
subsampleN=name_sample[!(is.na(current_design))]

group = as.character(current_design)[!(is.na(current_design))]
groupN = unique(group)

current_countMatrix = NULL

for (j in 1:length(subsampleN)) {

current_countMatrix=cbind(current_countMatrix ,countMatrix|[ ,is.element(colnames(coun
tMatrix),subsampleN[j])])
¥
colnames(current_countMatrix)=subsampleN
rownames(current_countMatrix)=rawcount[,1]
libSize <- colSums(current_countMatrix)
geneSymbol=rawcount[,2]




cat("Processing for the design\n")
cat(paste("Name folder: ",name_folder,"\n" ,sep=""))
cat(paste("Design : " ,paste(subsampleN, group,sep="=",collapse="; "),"\n" ,spe=""))

# Perform gene differential expression

perform_dge(current_countMatrix, group, count_limit, name_folder)




Appendix 4.2.1.2
Retrieve promoter sequence of each co-regulated genes

Promoter sequence of each of the genes was retrieved using BioPython (Cock, et al.,
2009).

X Retrieve promoter sequences of co-regulated genes:

from Bio import SeqlO
import csv
prom_dict_18sp = SeqlO.index("18sp_prom_mod.fas", "fasta")
csvReader = csv.reader(open('upreg_genes.csv', 'rb'), delimiter="")
csvWriter = csv.writer(open('upreg_genes_prom.txt', 'w'), delimiter="\t")
error_file = open("errors_upreg_genes.txt", 'a’)
for line in csvReader:
try:
Promoter = str(prom_dict_18sp[line[0]].seq)
csvWriter.writerow([line[0], Promoter])
except KeyError:
#message = "Error with %s, not found in promoters file\n" % line[0]
message = "%s\n" % line[0]
error_file.write(message)




Appendix 4.2.2
De novo motif discovery in promoters of co-regulated genes using Seeder

Motifs in promoters of co-regulated genes were discovered using Seeder (Fauteux et al.,
2008).

X Seeder finder script:

use Seeder::Finder;

my $finder = Seeder::Finder->new(
seed_width => "6",

strand => "revcom",

motif_width => "12",

n_motif =>"10",

hd_index_file => "6.index",
seq_file => "input_seqfile",
bkgd_file => "glyma_prom_IK .bkgd",
out_file => "outputfile finder",

);

$finder->find_motifs;




Appendix 4.2.3
De novo motif discovery in promoters of co-regulated genes using MEME

Motifs in promoters of co-regulated genes were discovered using MEME (Bailey et al.,
2009).
<> Unix script to run MEME:

for file in clark_epi_prom.txt;

do meme $file -text -dna -mod anr -nmotifs 10 -w 6 -revcomp -maxsites 250 —maxsize
1000000 -bfile glyma.MEMEbkg > $file. MEME;

done




Appendix 4.3.1

Build MySQL relational database for genome-promoter exploration in 18 plant

species

The relational database called Promologous contains pre-computed whole-genome
comparative data of promoter sequences across 18 plant species, as well as other genome
information associated with them.

X Create MySQL relational database:

CREATE DATABASE PROMOLOGOUS;
USE PROMOLOGOUS;

CREATE TABLE cog_info (cog_id varchar(20), version varchar(20), species_abr
varchar(10), gene_id varchar(50)) ENGINE=InnoDB;

CREATE TABLE gene_info (gene_id varchar(50), transcript_id varchar(50),
chrom_scaff varchar(100), strand varchar(10), gene_start int, gene_end int)
ENGINE=InnoDB;

CREATE TABLE seeder_motif (cog_id varchar(20), seeder_seq varchar (20), q_value
varchar(30), motif_ref varchar(100), descl varchar(100), desc2 varchar(100), desc3
varchar(100)) ENGINE=InnoDB;

CREATE TABLE go_info (gene_id varchar(50), transcript_id varchar(50), go_id
varchar(50), go_description varchar(2000)) ENGINE=InnoDB;

CREATE TABLE place_info (unknown varchar(50), motif_name varchar(50), place_seq
varchar(100), motif_length varchar(50), place_id varchar (50)) ENGINE=InnoDB;

LOAD DATA LOCAL INFILE ‘cog_info_tab.txt’ INTO TABLE cog_info;

LOAD DATA LOCAL INFILE ‘seeder_motif_tab.txt’ INTO TABLE seeder_motif;
LOAD DATA LOCAL INFILE ‘gene_info_tab.txt’ INTO TABLE gene_info;
LOAD DATA LOCAL INFILE ‘go_info_tab.txt’ INTO TABLE go_info;

LOAD DATA LOCAL INFILE ‘place_info_tab.txt” INTO TABLE place_info;
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean cv. Clark standard in shoot epidermis tissue. Motifs were detected by MEME

(Bailey et al., 2009) and matched to 9 known motifs in PLACE database (Higo et al., 1999).
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean 5-Leaflet mutants in shoot epidermis tissue. Motifs were detected by MEME

(Bailey et al., 2009) and matched to five known motifs in PLACE database (Higo et al., 1999).
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Motif Similarity Matches
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gene promoters of soybean Glabrous mutants in shoot epidermis tissue. Motifs were detected by MEME

(Bailey et al., 2009) and matched to five known motifs in PLACE database (Higo et al., 1999).
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Motif Similarity Matches
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean cv. Clark standard in shoot apical meristem tissue. Motifs were detected by

MEME (Bailey et al., 2009) and matched to 9 known motifs in PLACE database (Higo et al., 1999).
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Supplementary Figure 6.2.2.5 continued
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean 5-Leaflet mutants in shoot apical meristem tissue. Motifs were detected by

MEME (Bailey et al., 2009) and matched to 15 known motifs in PLACE database (Higo et al., 1999).
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean Glabrous mutants in shoot apical meristem tissue. Motifs were detected by

MEME (Bailey et al., 2009) and matched to 24 known motifs in PLACE database (Higo et al., 1999).
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean cv. Clark standard in shoot epidermis tissue. Motifs were detected by

BioProspector software (Liu ef al., 2001) and matched to five known motifs in PLACE database (Higo et

al., 1999).
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Motif Similarity Matches
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Supplementary Figure 6.2.3.2 continued
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean 5-Leaflet mutants in shoot epidermis tissue. Motifs were detected by
BioProspector software (Liu ef al., 2001) and matched to 15 known motifs in PLACE database (Higo et al.,
1999).
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean Glabrous mutants in shoot epidermis tissue. Motifs were detected by

BioProspector software (Liu ef al., 2001) and matched to 10 known motifs in PLACE database (Higo et al.,

1999).
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Motif Similarity Matches
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Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean cv. Clark standard in shoot apical meristem tissue. Motifs were detected by

BioProspector software (Liu ef al., 2001) and matched to 19 known motifs in PLACE database (Higo et al.,
1999).
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LT A 13839e:0 ATGGATATACGAGTTIG -CAAACIC y IATEI&AT
. e
———ACTCGG— n
ABREMOTIFIIIOSRAB16B 1.6542e-03 CECALEOGEE | m C T c
: A T ACTCA >
fns Celoal
forward .
reverse compliment
Name E value Alignment Motif

, aaes
CYGAGT '
PREATPRODH 8.8413¢-05 s ACTCAT
: f—
CIMOTIFZMBZ2 1.2465¢-04 g TAACT A HA
TAACTSAGTTA TN C.:R Y |

AT

DREICOREZMRAB17  1.2928¢-04 ASicRs Acc A A
TCTCGGT g il LWl

TR

—-—-ACTCRG— i
ABREMOTIFIIIOSRAB16B 3.4043e-04 GCCACGEGGE ) Cc c T c

’ ovosan
CYGAGT-- '
GCN40SGLUB1 3.6714e-04 PGAGTGA T - A - TCA



Supplementary Figure 6.2.3.5 continued

Jforward reverse compliment

Name E value Alignment Motif

A

-CGCGCC———-— F
REIASPHYA3 6.8776¢-08 i CAT - C C -
-CGCGCC————— o
ABRECE3ZMRAB28 1.1750e-07 i e Ac c CCTCCTC
. —
—————————————————————— CGCGCC-—- 4
FESASTHYAS 1226706 ) ComCCCATGECTCTCCCATCCGCECCGET m Cm” mﬂmw l
Felaslitadhzadinatitaennhachint
GGCGCG——— "
PEJFNTRNRIA  2.2890¢-05 O caconnt Al Ic C C
. —
OCTAMOTIF2 5.2820e-05 ~-eeeees C c CAT
ATGCCGCG MYy Yy B

e CTATCT AGATA

forward b
reverse compliment

Name Evalue Alignment Motif

AGATAG--— b
EVENINGAT 3.8903e-05 AGATATTTT .AAAATATCT
. s
CTATCT--—- ;
RGATAOS 3.8903e-05 _TATCTTCTG .CA AA ATA

5

i~
——————— CTATCT &
IBOXLSCMCUCUMISIN 2.0428¢-04 rrraeeiaTeT A ATAT ATAAAA
. o
CAATBOX2 3.2792e-04 ASRTRES =S P CCAATCT
AGATTGGCC My AR
, -
AGATAG--- A
CTRMCAMV35S 32897¢-04 e TCTCTCTCT

Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean 5-Leaflet mutants in shoot apical meristem tissue. Motifs were detected by
BioProspector software (Liu ef al., 2001) and matched to 18 known motifs in PLACE database (Higo et al.,
1999).



Supplementary Figure 6.2.3.6

Motif Similarity Matches
v  CCAAAC GTTTGC
forward

reverse compliment

Name E value Alignment Morif

on

————————— GTTTGG-——————— P
23BPUASNSCYCB1 8.4314e-07 GATGITACCGTTTGGT s .mAmhmc ‘Mcﬂc

. e
GTTTGG-- P
MYBPLANT 5.5938¢-06 GKTWGGTK gACCIAEC

" SR,
-—-GTTTGG £
2SSEEDPROTBANAPA 6.2435¢-06 GTGTTTG- ‘CAAACAC

AWCACHREOSGLIN

AACACOREOSGLUB! 6.2435¢-06 Sainimi iy B AACAAAC
GITTGTIT SN a'ln'pl
) o
-—=GTTIGG P
PROXBBNNAPA 1.7502¢-05 corermre CA AACACC

Sequence logos generated by STAMP (Mahony and Benos, 2007) showing significant motifs enriched in
gene promoters of soybean Glabrous mutants shoot apical meristem tissue. Motifs were detected by
BioProspector software (Liu ef al., 2001) and matched to five known motifs in PLACE database (Higo et
al., 1999).



