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Abstract

With the availability of a large number of plant genomes comes the task of
gaining insights from them through comparative studies. One important fea-
ture in the evolution of all organisms is changes to the genomic cis-regulatory
elements (CREs), usually found in non-coding genomic regions. With several
genomes available, comparative studies of CREs can provide insights about
the evolution of CREs.

In this project a method is developed that seeks to identify key CREs
across different taxa and thus providing a platform for investigating cis-
regulatory divergence. Genomic data from 25 different plant species is used.
Annotations providing extensive coverage of CREs are rare, so a computa-
tional approach based on sequence motifs is used to predict CREs in re-
gions upstream of the coding genes. Important CREs are identified as being
conserved in significantly many gene families within a specified clade. The
findings are compared with results from gene expression data and functional
annotations from select model organisms. The method identified some con-
served high prevalence CREs that were already known to have deep evolution-
ary roots. When divergence in important CREs were investigated between
two important plant groups, no consistent pattern emerged. Although the
gene expression and functional enrichment analyses provided interesting in-
sights in themselves, they could not support the hypothesis that conserved
high prevalence CREs is a good measure for motif importance.



Sammendrag

Endringer i ikke-kodende regulatoriske DNA-elementer er en viktig drivkraft
i utviklingen til alle organismer. En utfordring ved den stadig gkende til-
gangen til plantegenomer er a utnytte disse til a gi oss kunnskap gjennom
komparative analyser.

Her presenteres en metode for a identifisere viktige regulatoriske DNA-
elementer pa tvers av ulike taksonomiske grupper. Pa denne maten kan man
forsgke a danne et grunnlag for a studere utviklingen av divergerte regula-
toriske DNA-elementer. Det er tatt utgangspunkt i genomiske data fra 25
ulike planter. Hgykvalitetsannoteringer av ikke-kodende regulaotriske ele-
menter er sjeldne, sa en EDB-tilnsgerming basert pa seksvensmotiver er brukt
for a predikere regulatoriske elementer oppstrgms av kodende gener. Vik-
tige regulatoriske elementer er definert som a veere konservert i signifikant
mange genfamilier innen en klade. Funnene er sa testet mot resultater fra
genekspresjonsdata of funksjonelle annoteringer fra utvalgte modellorgan-
ismer. Metoden identifiserte noen konserverte hgyprevalente regulatoriske
elementer som allerede var kjent i hele planteriket. Det ble ikke funnet noe
konsistent mgnster i sammenligningen mellom to viktige grupper av planter.
Geneskpresjonsdata og funksjonelle annoteringer kunne ikke stgtte opp om
at hgyrepvalente konserverte regulatoriske elementer er er godt mal pa vik-
tigheten av disse.
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Chapter 1

Introduction

1.1 Genes and information bearing molecules

All organisms inherit traits from its preceding generation. The most impor-
tant mechanism that facilitates inheritance is the duplication of information
encoded in molecules called deoxyribonucleic acids (DNA). DNA is a poly-
mer of nucleotides in the shape of a double-helix. A nucleotide consists of
a phosphate and a deoxyribose and one of four bases: Adenine, thymine,
guanine and cytosine. The ordering of bases attached to the phosphate and
deoxyribose backbone is the mechanism in which the inheritable information
is encoded. The entirety of heritable information encoded in DNA in an
organism is referred to as the genome.

Some regions of the genome, called genes, serve as basis for the structure
of two other biopolymers: ribonucleic acid (RNA) and proteins, the latter
trough a RNA intermediate. It is trough the expression of genes the organ-
ism’s unique character, or phenotype, emerge.

The purpose of this chapter is to present necessary background knowledge
that motivates the work this thesis builds upon. This first chapter has three
main parts. The first part explains the biological concepts of genes, gene
regulation and the evolution of gene regulation. The focus of the second part
is on some of the bioinformatics approaches used to study one of the most
important classes of gene regulation mechanisms presented in the first part.
The chapter ends with a presentation of some of the similar studies that has
been done by others, before the aim of this thesis is presented in more detail
at the end.

Chapter 2 presents the specific data and methods used while the main
results are presented in Chapter 3. In some cases the results presented are



only summaries, but more details will be found in the appendices. The
findings are then discussed in more detail in Chapter 4, which also formulates
an overall conclusion.

1.2 Gene regulation

Gene regulation plays an important role in the development and life cycle
of all organisms. Correct and timely activation and repression of genes and
their products ensures appropriate responses to environmental stimuli and
internal signals, as well as ensuring that developmental processes proceed in
the correct course.

1.2.1 DNA transcription

Among the numerous different regulatory mechanisms that has been discov-
ered, the ones concerned with regulating the transcription of DNA to RNA
are perhaps the most important (Carroll, 2008). DNA to RNA transcription
is carried out by a group of proteins called RNA polymerases. In eukary-
otes there are five different RNA polymerases that are referred to by roman
numerals (Pol I, Pol II, Pol III etc.). RNA polymerase works by binding to
DNA, breaking the hydrogen bonds between the two strands and using the
DNA nucleotides as a template (by the Crick-Watson base pairing rules) for
synthesizing a single stranded RNA molecule.

RNA polymerase can bind to any piece of DNA regardless of the base
pair sequence, but in practice it mostly binds at certain areas called pro-
moters (Watson et al., 2011) (pp. 383 and 590). Usually a set of proteins
called transcription factors (TF) are involved in regulating RNA polymerase
activity. Some transcription factors catalyze RNA polymerase binding and
transcription, while others blocks, or inhibits, the binding of RNA poly-
merase. Transcription factors can thus increase or decrease the transcription
rates.

1.2.2 Transcription factors

As transcription factors play a central role in regulating gene transcription,
understanding their functional mechanisms is of importance.

Transcription factors typically have a DNA binding domain that have
a high affinity to bind to certain short DNA sequences, typically 6 to 30
base pairs long. These DNA sequences are often referred to by different
names, often used interchangeably, such as Transcription factor binding sites



(TFBS), cis-regulatory elements (CRE) or cis-regulatory sequences (CRS),
although the latter two imply a broader class of regulatory sequences.

The binding affinity is not strictly dependent on just the nucleotide bases
(i.e. the sequence), but other factors play a role as well. DNA can be packed
at different densities and this is facilitated by different sets of proteins such
as histones. Such DNA-protein complexes are called chromatin. Dense chro-
matin structures are generally unavailable for TF and polymerase binding
while the opposite is true for less dense chromatin structures. Methylation
of the adenine and cytosine nucleotides is another factor influencing binding
affinity. The cellular concentration of specific TFs also influence the chance
of a specific binding site being occupied. Furthermore, variations in the local
and global three dimensional shape of the DNA and chromatin play a role as
well. (Rohs et al., 2010). Variation in local structures, such as minor groove
width, influence binding affinity since different parts of the nucleotide may
be more readily available for protein interactions. Such local structures are
also dependent on the local base pair sequence (Rohs et al., 2009).

In addition to the DNA binding domain, transcription factors can also
have an activator region that interacts with other proteins such as RNA
polymerase and other transcription factors. The activator region may act as
a catalyst for DNA binding of other proteins. This may be done directly, or
indirectly by binding to another molecule that in turn bind proteins to the
DNA. Beside recruiting other proteins tha activator region can also induce
conformational changes in other proteins. This is for example important
in the elongation phase of transcription where the conformation of RNA
polymerase is necessary to avoid premature transcription stop.

Promoters contain a number of different binding sites so that each gene
is regulated by a different set of transcription factors. A group of different
closely situated binding sites are called enhancers. The combination of the
effects of specific TFs and their cooperative binding facilitates a complex
regulatory logic. In the simplest case the binding sites regulating a specific
gene may operate in a simple additive manner, whereby the transcription
level effectively is the sum of the specific effects for each bound TF. The
TFs may however function in a fashion resembling logical operations. A
specific TF may for example be a necessary, but not sufficient, to initiate
transcription. In this way a gene can be regulated so that it is only active
when several conditions are met. Conversely, a specific TF may be able to
block transcription regardless of what other TF's are present in the cell.

Enhancers in eucaryotes can be many tens of thousands base pairs away
from the transcription start site (T'SS), but many are also in closer proxim-
ity. The regulatory elements far away from the TSS relies on the tertiary
DNA structure (spatial bending and global conformations) to function. Ex-
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ploratory in silico studies of these are harder for a number of reasons. Query-
ing the whole genome for binding sites will yield many false positives since
short sequences (which may also be degenerate) will often exist by chance.
This could be remedied by data on global conformations, but this have gen-
erally not been available.

1.2.3 Trans-acting coregulation

A transcription factor can play a role in regulating several genes with different
functions at different locations in the genome. Some of these functions may
be wildly different and bear little relationship with each other, such as aiding
the development of different tissues and organs. Its roles can also be more
functionally related or similar, such as in the case of a TF regulating several
genes during the development of a specific organ, but have different effects
at different developmental stages.

An example of a protein that assume several functions is the protein
LEAFY (LFY) in Arabidopsis. LFY is known to have many functions (Wang
et al., 2004). For example is one function to promote flower development.
In the vegetative phase of Arabidopsis development a group of undifferen-
tiated stem cells called the shoot apical meristem (SAM) produces leaves
and branches. The differentiation of SAM into flower tissues is dependent
on LFY activation of the gene APETALA1 (Wagner et al., 1999). Another
function is to control the length and angle of the pedicel (the part of the
stem where the flower is). LFY activity at the base of the pedicel activates
the gene AS2, which in turn plays a role in promotion of apoptosis in tissues
on the upper side of the stem (Yamaguchi et al., 2012).

1.2.4 (Cis-acting coregulation

A set of genes can be co-regulated by sharing the same promoter if these are
clustered in close proximity. These kinds of co-regulated clusters goes by the
name of operons, and has long been known to exist in bacteria. Operons
typically consists of functionally related genes. Operons, although much
rarer in eucaryotes than in bacteria, has been found in maize (Zea mays),
Arabidopsis thaliana and oat (Avena spp.) (Chu et al., 2011).



1.3 Regulatory evolution

1.3.1 The role of gene duplication

A gene duplication is a type of mutation that yields a duplicate copy of a
sequence containing one or several genes. Altough one of the copies of most
duplicated genes tend to accumulate mutations rendering it nonfunctional
(Lynch and Conery, 2000), gene duplication events are considered to be an
important source for novel functionality (neofunctionalization). Gene du-
plications, including both whole genome duplications and single genes, are
more common in plants than in animals (Adams and Wendel, 2005, Flagel
and Wendel, 2009).

Subfunctionalization is a mode of neofunctionalization that occurs when
both copies of the duplicated gene contributes to the roles the ancestral gene
once had. There are two evolutionary models of how subfunctionalization
occurs. Subfunctionalization may occur trough neutral evolution following
the Duplication-Degeneration-Complementation (DDC) model (Force et al.,
1999). Under this scenario complementary mutations can occur in both gene
duplications in such a way that both contributes a part of the ancestral func-
tions. The alternative model posits a scenario where the subfunctionalization
is the result of positive natural selection. One such scenario is when a gene
has several functions, but some of them requires mutually exclusive variants
to be optimal. This model is called ’escape from adaptive conflict’ (EAC)
(Hughes, 1994).

Novel functionalities related to gene duplication events can be the result
of changes to regulatory networks, possibly by mutations in cis-regulatory
elements. Another possibility is that during the gene duplication event, parts
of the cis-regulatory elements associated with the duplicated gene are not
part of the duplicated sequence (see (Flagel and Wendel, 2009) for examples).
Regulatory novelties can also be the result of duplications of regulatory genes,
such as transcription factors. This may be an important factor in regulatory
evolution in plants, as duplicated TFs in Arabidopsis and rice has been shown
to have lower rates of nonfunctionalization than other duplicated genes (Shiu
et al., 2005). Expression studies has also shown evidence consistent with
continued functionality subsequent of gene duplication (Duarte et al., 2006).

1.3.2 Enhancer structure and constraints

The fact that the same transcription factor can regulate different genes in
different tissues at different times imposes strict constraints on the transcrip-
tion factor structure, since even small changes in protein sequence can yield



widespread morphological consequences. A lot of the evolutionary variation
in morphology between related species does not lie in coding sequence varia-
tion. Instead the most important variation lies in the structure of enhancers
and promoters (Carroll, 2008). The enhancer structure can be described by
several organizational features:

e Numbering - The presence, absence and the number of copies of indi-
vidual CREs.

e Ordering - The ordering of the CREs describes their arrangement along
the DNA molecule.

e Orientation - The direction of a CRE sequence relative to the other
CREs, i.e. which strand it is present on.

e Spacing - The distance between the CREs placed on the DNA molecule.

These features may or may not play an important role, depending on
the role of the specific enhancer. Many transcription factors act cooper-
atively, and will not work properly if the behavior of other transcription
factors change. If most, or all, of the TFs which bind to the enhancer act
cooperatively then the enhancer’s organizational requirements will be less
intolerant to mutations. The model for when this is the case is referred to as
the enhanceosome model (Yénez-Cuna et al., 2013).

The opposite case of the enhanceosome is called the billboard model,
where the TFs will largely work independent of each other. The structural
requirements of a billboard enhancer will therefore be slack. The TF's at work
can even be substituted by other functionally similar TFs (Yanez-Cuna et al.,
2013).

The two models, the Enhanceosome model and the Billboard model, de-
scribe two extreme cases. Most enhancers will have structural requirements
somewhere in between (Meireles-Filho and Stark, 2009). The strict require-
ments of the enhanceosomes will lead us to expect the enhancer to show
collinear sequence conservation among orthologs, while billboard enhancers
can show great sequence divergence while still being able to retain its func-
tionality.

1.3.3 TFBS turnover

Enhancers, and specifically CREs, are subject to mutations in the same way
the rest of the genome is. As the functional role and genomic characteristics
of TFBSs differ from other functional elements in the genome (such as protein



coding genes) their evolution tend to be subject to different processes and
constraints.

Turnover is the gain and loss of CREs. The principal source of novel
function in coding sequences are changes to already functional sequences.
New coding sequences are often the result of duplication of an already exist-
ing coding sequence. Compared to coding sequences, CREs are very short.
This makes new binding sites more likely to appear as a result of point
mutations in non-functional sequences than coding sequences. Conversely,
binding sites are also more more prone to loss-of-function mutations than
coding sequences.

1.4 Motifs and descriptions of regulatory el-
ements

As described earlier, the sites where transcription factors tend to bind often
show variations in base pair sequence and three dimensional shape. Descrip-
tions of this variability are referred to as motifs. Motifs in general can be
used to describe variability in any string of characters, not just biological se-
quences of nucleotides or amino acids. Genomic binding sites are a suitable
target for motif descriptions.

A motif, in addition to be used as a binding site description, should also
have the power to predict new binding site instances. Several methods for de-
scribing motifs has been developed, most of which has focused on nucleotide
sequence while ignoring three dimensional shape features. There are two
main classes of methods for describing sequence motifs: Probabilistic and
non-probabilistic (Stormo, 2000).

1.4.1 Probabilistic motifs

The most common probabilistic representation of a motif are the position
frequency matrices (PFMs). A PFM for a binding site of length & nucleotides
is represented by a 4 X k matrix where each column represents one position
and each row contains the frequencies for one of the four nucleotides such that
each column sums to one. Each column is in effect a probability distribution
over the possible nucleotides given the position corresponding to the column.

Assuming that the nucleotides in a genomic sequence are independently
distributed given its neighboring nucleotides, then the probability of a se-
quence s of length k given a position frequency matrix M is
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where M;; is the probability of nucleotide j at position ¢, s; is the observed
nucleotide at position ¢ and

Mi' : j = S;
(RS R
PFMs can be used to predict new instances of binding sites by converting
it into a position specific scoring matrix (PSSM, also called a positional
weight matrix, PWMs). The PSSM is derived from the probabilistic nature
of the PFM using log-likelihood ratios: The score S;; for each nucleotide j
at a given position 7 is

Sij = log( 7, )

where f; is the background frequency for nucleotide j. This is can be

taken to be uniform (i.e. f; =0.25 for j = A,C,G,T) or be informed by the
frequencies in the relevant genome (i.e. CG content).

1.4.2 Non-probabalistic motifs

A non-probabilistic approach is to use consensus sequences. A consensus se-
quence is a string of letters, each of which represents the consensus nucleotide
at the given position. There are several methods to determine what, given
the data used to construct the sequence, is the consensus at a given position
(Day and McMorris, 1992). The letter at each position can also represent de-
generate nucleotides allowing two, three or four possible bases at a position.
Table 1.1 lists all symbols used to describe a DNA sequence.

Non-probabilistic motifs can also take the form of regular expressions. A
regular expression is a description of a text pattern using a standard notation
that is supported by many software systems. Regular expressions offer more
flexibility than consensus sequences. For example can a regular expression
pattern describe a group of sequences with a repetitive subsequence of varying
length, which is not possible using consensus sequences.

For example, the MYB1 binding site motif from AGRIS can be described
as consensus sequence MTCCWACC. The same motif in regular expression form
can be written as [ACM]TCC[ATW]ACC. An equivalent, yet more complex ver-
sion of the same regular expression is [ACM]TC{2} [ATW]AC{2}.



Symbol Description =~ Mnemonic RegExp matching set

A Adenosine

C Cytosine

G Guanine

T Thymine

B C, TorG Not A CGTBSKY
D A TorG Not C AGTDRWK
H A, TorC Not G ACTHMYW
K CorT GTK

M AorC ACM

N A, C, Tor G All Nucleotides ACGTBDHKMNRSVWY
R Aor G AGR

S Cor G Strong binding CGS

\Y A Cor G Not T (or U)  ACGVMSR
W AorT Weak binding ~ ATW

Y CorT Pyrimidine CTY

Table 1.1: Symbols for nucleotide represenation, including degenerate nucleotides
and the corresponding set of symbols that must be encapsulated in the reqular ex-
pression square bracket syntax.

1.4.3 Motifs for local DNA structure

The above methodologies for binding site characterization has focused solely
on primary DNA structure (i.e. sequence). Methods for binding site predic-
tion taking local three dimensional DNA structure into account has recently
been developed. On such method is TFBSshape (Yang et al., 2013). This
is a method based on predictions from complex molecular simulations of
DNA structure. Based on these simulations local structures such as minor
groove width, twist and others can be predicted from sequence data. Another
method is SiteSleuth, which combines local structures as well as characteri-
zations of DN A-amino acid electrostatic interactions as features in a Support
Vector Machine (SVM) classifier (Maienschein-Cline et al., 2012).

1.4.4 De novo motif discovery and prediction

Identification of CREs and describing them as motifs relies on a combination
of experimental techniques and computer algorithms. The usual approach
is to identify a set of sequences believed to share a common CRE and then
investigating the sequences using software tools. Motif discovery is a widely
studied problem and given a set of sequences, there exists numerous compu-



tational approaches to identify putative regulatory sites.

There are several experimental approaches to identify a set of sequences
to investigate. A set of co-expressed genes can for example be suspected
to be regulated by some of the same TFs, making the associated promoter
sequences are a natural candidate for further investigation. Comparative
genomic studies based on gene orthology can also yield promoter sequences
worthy of investigating. CHip-seq experiments is another approach, where
genomic sequences where TFs are known to bind can be identified.

Given a set of sequences, there exists numerous computational approaches
to identify putative regulatory sites (Das and Dai, 2007). These can roughly
be classified as either probabilistic or word based akin to the two types of
motifs described above, or classified based on whether they account for phy-
logenetic relationships between the sequences or not. Methods incorporating
phylogenetic relationships are developed for cases where the sequences are
orthologous, as these kind of sequences tend to be more similar across larger
stretches than just at the binding sites than for sequences where binding sites
emerged de novo (Zambelli et al., 2013).

One popular probabilistic algorithm is MEME (Bailey and Elkan, 1994).
All overlapping subsequences of length W from the sequences of interests are
modeled as coming from a mixture of two sources: A binding site of length
W with position specific nucleotide frequencies (a PFM) and the background
(i.e. not a binding site) with uniform nucleotide frequencies. The parameters
of the mixture model are then estimated by the Expectation-Maximization
(EM) algorithm: The likelihood for each subsequence is calculated for both
models (the expectation step). In the subsequent maximization step the PFM
is recomputed with the subsequences weighted according to their likelihood
in the E-step. These two steps are repeated until convergence.

Other algorithms tries to build a PFM using a stochastic approach called
Gibbs sampling (Das and Dai, 2007). The idea is to select one W length
subsequence at random from all the input sequences but one. Then the
likelihood for all subsequences in the sequence not used to build the PFM
is calculated. Then one of those subsequences are chosen at random, but
proportional to the likelihood, to be used in the subsequent building of the
PEFM. The subsequence from the next sequence is then removed and the
procedure repeats until convergence.

The MERCED (modeling evolution rate across species for cis-regulatory
element discovery) algorithm (Ding et al., 2012b) for orthologous sequences
models evolutionary distance between two species to identify conserved cis-
regulatory k-mers. The k-mers are then clustered and a PWM is constructed
from each cluster.

10



1.4.5 Binding site motif collections

Several databases exists that collects motifs of binding sites and other cis-
regulatory elements. These collections tend to be part of a greater framework
for analyzing gene regulation and may contain information about transcrip-
tion factors, promoters etc. Some of them specializes in binding sites identi-
fied in plants and some are even dedicated to a single species.

The PLACE database (Higo et al., 1999) collects consensus sequence mo-
tifs from the literature. The maintenance of the database was discontinued
in 2007, but it is still available. A small update happened in 2013 with a
small fix in the annotation for some of the motifs. The most recent version
(30.0.1) contains 469 entries.

JASPAR CORE is a curated database of non-redundant PFMs (Mathelier
et al., 2013) constructed based on published experimental results. Version 5
of JASPAR contain 64 PFMs in the JASPAR CORE Plantae subdatabase.

TRANSFAC Professional (Matys et al., 2003) is a database available
trough subscription. It contains annotations collected from the literature
on TFBSs from a large number of eukaryotes as well as over 2900 PFMs. A
public, free-of-charge version of TRANSFAC is also available, but has not
been updated since 2005.

The Arabidopsis Gene Regulatory Information Server (AGRIS) (Yilmaz
et al., 2011) contains information on transcription factors, promoter se-
quences from Arabidopsis annotated with cis-regulatory elements and more.
It also contains a list of 99 binding site motifs as consensus sequences.

The AthaMap project has done a genome-wide survey of Arabidopsis and
identified over ten million putative binding sites from 61 different TFs (Stef-
fens et al., 2014). The binding sites comes primarily from the TRANSFAC
database, but the project has expanded the database with binding site de-
scriptions gathered from the literature (Steffens et al., 2004). The motifs are
either PFM or consensus sequences. It contains 29 consensus sequences and
14 PFMs that are not from TRANSFAC.

1.5 Related research

A lot of research has been done on cis-regulation in general, and some of
it is concerned with plant cis-regulation in particular. One bioinformatics
approach is to use motifs from available databases or other publications to
predict binding sites in a DNA sequence. This kind of research can differ in
scope and focus, where some focuses on a single family of genes, while others
takes a genome wide approach.
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Xu et al. (2012) investigated the promoter regions of genes in Arabidop-
sis and Sorghum that were orthologous to a group of 10 rice TFs that had
been shown to be coexpressed as a response to different kinds of stress. They
found conserved clusters of CREs consisting of two to four CREs in 8 of 10
orthologous groups. They where conserved in terms of orientation, spacing
and ordering. They further identified sets of binding sites that showed diver-
gent conservation between the the ortholog groups as well as lineage specific
conservation patterns within the ortholog groups.

A similar study investigated the the promoter region of genes in a sucrose
transporter family in Arabidopsis and rice (Ibraheem et al., 2010). Based
on a collection of motifs from three databases they found predicted a large
number CREs. They also found that the predicted CREs formed gene specific
clusters at different locations in the promoter region.

Another study (Ding et al., 2012a) investigated the prevalence of combi-
nations of cis-regulatory elements in Arabidopsis and poplar. By using motifs
from the PLACE database they identified over 18 thousand combinations of
two to six CREs in promoter regions present in both species. One third of
the identical combinations in the two species were associated with genes that
were orthologous according to available annotations.

An important computational study using gene expression data and a
database of known cis-regulatory motifs in yeast (Saccharomyces cerevisiae)
identified regulatory elements working in pairs (Pilpel et al., 2001).

The PlantPAN project mapped CREs, tandem repeats and CpG/CpNpG
islands in promoter sequences from Arabidopsis, maize and rice (Chang et al.,
2008). The CRE predictions was based on consensus sequences from TRANS-
FAC, PLACE, AGRIS and JASPAR. These predictions are available trough
a web-tool integrating Gene Ontology annotations as well as a tool for iden-
tifying enriched occurrences of combinations of CREs in a set of promoters.

Another computational approach was used by Christ et al. (2013). By
utilizing the abundance of already performed gene expression experiments in
Arabidopsis they identified a set of genes that were involved in root devel-
opment. In the promoter regions of these genes they found three motifs that
also showed significant co-occurrence.

A different approach worth mentioning, despite not involving plants, is
the Broad Institute’s ongoing large scale comparative project of 29 mammal
genomes (Lindblad-Toh et al., 2011). The initial results focusing on identi-
fying constrained genomic regions in humans also included and analysis of
promoter regions. They found 2.7 million conserved instances of 688 putative
CREs.
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1.6 Aim

The principal aim of this project is to investigate the prevalence of cis-
regulatory elements in promoter regions across species and gene families. A
key to understanding the evolution and divergence of CRE prevalence lies
in the conservation patterns of the CREs within families. One aim here is
therefore to identify important CREs, i.e. regulatory elements that seems to
play a role in a large number of gene families, and look for conservation and
divergence patterns of such CREs.

Motifs from different databases are gathered and used to predict instances
of CREs in the plant promoter regions. Information about gene families are
subsequently used to infer phylogenetic conservation. Monte Carlo tech-
niques are then used to identify CREs conserved in significantly many fami-
lies.

To assess whether this approach gives biological meaningful answers the
results needs to be compared to other kinds of data. Results from gene
expression studies and functional gene annotations provides well established
and suitable platforms to identify biological similarities in sets of genes. Data
from select model organisms are used.

While similar research has focused on specific gene families or genes with
specific functions from a limited number of species this project instead aims
to investigate a large number of genes from a greater number of species. This
makes it possible to look at conservation and divergence at different levels.
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Chapter 2

Methods and materials

2.1 Genomic data and gene families

Version 2.5 of PLAZA (Bel et al., 2012) were used as the source for the pro-
moter sequences and gene family information. Version 2.5 contains genomic
information on 25 plant species. See figure 2.1 and Table 3.1.

The 2kb region upstream of the start codon, as described in the annota-
tions from PLAZA, were extracted from the genomic sequences. Throughout,
these will be referred to as promoter sequences, or just promoters. The choice
of using the translation start codon instead of the transcription start site as
reference point was mostly due to annotational convenience (annotations
from PLAZA did not contain information on transcriptional start sites), but
it has the benefit that it will include the 3’ untranslated region. It also has
precedence in the literature (see for example (Ibraheem et al., 2010)).

The PLAZA gene families are the result of a clustering of the protein
sequences of the coding genes using the TRIBE-MCL algorithm (Enright
et al., 2002). The algorithm creates a similarity matrix based on pairwise
alignments of all sequences using BLAST (Altschul et al., 1990). The sim-
ilarities are then scaled so that each column sums to 1, and all entries are
between 0 and 1, giving them a probabilistic interpretation. The resulting
matrix is then interpreted as a transition matrix for a Markov Chain. The
subsequent clustering then repeats a three-step procedure: (1) Simulate a
two step random walk through the chain. This is the same as squaring the
transition matrix using regular matrix multiplication. (2) Exponentiate each
entry in the matrix by some number a. This inflates the entries as low prob-
abilities becomes proportionally much lower than greater probabilities. (3)
Each column is then scaled to be probabilities again. These steps are re-
peated until the procedure produces no or little change in the matrix. The
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Figure 2.1: The species from PLAZA and their phylogenetic relationships. Adapted
from data available from the PLAZA web site.

Angiosperms

clusters are set to the resulting disconnected graphs.

2.2 Key species and taxa

The 25 species available on the PLAZA platform covers a wide range of
clades. The following clades are covered in this investigation (also take a
look at Appendix A and Figure 2.1): Eudicots, Monocots, Chlorophyta,
Rosids, Fabids, Malvids, Angiosperm, Green plants and Oryza.

The clade Green Plants includes all 25 species in this study. The two main
subclades represented here are Chlorophyta and land plants. The chloro-
phyte species are green algae that are mostly aquatic single celled or colonial
species. Among the land plants are one moss (Physcomitrella patens) and
one lycophyte (Selaginella moellendorffii). The main group of land plants
are the Angiosperms, also called flowering plants, represented by 18 species.
The two most important angiosperm divisions, monocots and eudicots, are
represented by five and 13 species, respectively. The eudicots, also called
true dicots, include most trees and shrubs and herbs, while the monocots
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includes grasses and palms (Raven et al., 2005).

The monocots genus Oryza consists of two rice (Oryza sativa) subspecies
japonica and indica.

Among the 13 eudicot species 12 belongs to the rosids. The Rosids are
further divided into Fabids (8 species) and Malvids (4 species).

2.3 Motif data and consolidation

Motifs were gathered from three different databases: JASPAR CORE plan-
tae, PLACE (v.30.0.1) and the binding sites list from ActisDB available from
The Arabidopsis Gene Regulatory Information Server (AGRIS). See section
1.4.5 for more details and references. All motifs were consolidated into a
single database where each motif were represented as consensus sequences.

Motifs from JASPAR were only available as count matrices and were
converted into consensus sequences using the method described in (Cavener,
1987) as implemented in Biopython: A single nucleotide is considered to be
the consensus if it occurs in more than half of the instances at that position,
and is more than twice as common as the second most frequent nucleotide.
Degenerate nucleotides describing two possible nucleotides are considered
the consensus at positions where two nucleotides make up more than three
quarters of the nucleotides in that position. If none of these two conditions are
met, the position has no consensus nucleotide and is described by the symbol
‘N’. The consensus sequences where then made into regular expressions.

The motifs from AGRIS contained some non-standard description of am-
biguous positions. These were tranformed into consensus sequences by hand.
Three motifs were removed from the data set since they were duplicate motifs
described under different names.

All motifs in the PLACE database were described as consensus sequences.
Four motifs were removed from the data set as they contained the symbol
‘U

In total this gave 581 motifs, with 21 from JASPAR, 464 from PLACE
and 96 from AGRIS. See also Appendix B.

2.4 Prediction of cis-regulatory elements

To predict cis-regulatory elements in the promoter regions the motif con-
sensus sequences (and its reverse complements) were converted into regular
expression patterns and then queried against the promoter sequences. The
degenerate positions were described as a set of possible nucleotides using the
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regular expression square bracket syntax. The sets were constructed in such
a way as to allow for matching possible degenerate positions in the sequences.
Because of this, some considerations were needed to be given when construct-
ing the sets as some degenerate positions describe subsets of other degenerate
positions. For instance is the set of nucleotides A, T and G described by the
letter D, while the set A and T is described by the letter W. The letter W
would then have to match the set {A,T, W}, but not match the letter D,
even though that position possibly would contain an A or a T. The letter D
on the other hand, would match the set {A, C, T, G, W, D}, since W can be
considered a subset of D. Table 1.1 lists all sets needed to properly construct
the regular expressions.

2.5 CRE conservation in families

A CRE is considered conserved in a gene family if it is found once in the
promoter sequence in all species within a given clade. A Monte Carlo ap-
proach was used to test if a CRE is conserved in significantly many families.
To calculate the p-values the list of gene families were randomly shuffled and
the number of random families a CRE was conserved in was compared to
the observed number of families it was conserved in. The shuffling step was
repeated 1000 times.

For pragmatic reasons the significance threshold was set to p < 0.001.
This is the second lowest p-value possible when the number of bootstrapping
iterations is 1000. For a simple Bonferroni correction (Weisstein, 2014) to be
meaningful the number of bootstrapping iterations would have to be several
orders of magnitude larger. This threshold is a reasonable a trade-off between
strict multiple testing corrections and inaccuracies in the p-value estimation.

2.6 Validation using gene expression data

Gene expression data from rice (ssp. japonica) and poplar (Populus tri-
chocarpa) was used to investigate whether the presence of a predicted CRE
in the promoter region show different expression signatures depending on
whether the CRE is found to be conserved or non-conserved and if this dif-
ference depend on the motif being conserved in significantly many families or
not. Data from 711 and 463 gene expression experiments for rice and poplar,
respectively, was used (Netotea et al., 2014).

For each CRE the the genes where it was predicted were divided into
two groups, one consisting of the genes in the families where the CRE was

17



predicted to be conserved and one where the CRE was not conserved. For
rice conservation was defined at both the level of Oryza and monocots. For
poplar conservation was defined across fabids and rosids.

Let C),. be the n. * n. correlation matrix for genes with CRE m that are
conserved, where n. is the number of genes with conserved CRE m in the
promoter region. Similarly, let C,,, the n, % n, correlation matrix for genes
with CRE m that are not conserved. A measure of total coexpression for a
set of genes t,,;, is

ny N
2
bk = g E Cij
i=1 j=1
where ¢;; is the correlation between genes ¢ and j and the h subscript
is either ¢ or u, indicating the set of genes with conserved or non-conserved

CRE m.
A relative measure of coexpression for a set of genes is

tn — Ny
ni —ny

emh =

To measure the extent of over-coexpression for a motif the total coex-
pression measure where calculated for a random set of n. and n, rice genes
a thousand times. The proportion of the randomized coexpression measures
greater or equal to the observed t,,. and t,,, respectively. This measure of
over-coexpression is equivalent with a p-value.

A two-sided paired two sample t-test for the coexpression values was used
to determine whether the rice genes in the gene families where the CRE is
conserved is different from those from the gene families where the motif was
non conserved.

A two-sided two independent samples t-test for the coexpression values is
used to test the hypothesis that the difference between the CREs that were
conserved and conserved in significantly many clades were greater than 0.
CREs with less than 5 predicted instances in either group were filtered out.
Since this procedure is performed four times (one time for each of the two
levels of conservation in the two species) a Bonferroni correction (Weisstein,
2014) for testing multiple hypotheses is applied to the traditional significance
threshold of 0.05, giving the corrected threshold of 0.0125.

2.6.1 Motif combinations

The same approach were also used with combinations of motifs in rice. Using
only the 144 motifs that where investigated for conserved in significantly
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many families, all n % n — 1/2 = 10296 possible combinations of two motifs
were identified in rice and conservation at the level of Oryza and monocots
were determined.

2.7 GO enrichment

An enrichment analysis seeks to identify annotations that are statistically
overrepresented in a set of genes. The typical goal is to validate whether a
procedure or method for selecting a set of genes yields a set of genes with com-
mon functionality. Gene Ontology (GO) annotations are common resource
to use in an enrichment analysis.

The GO project (Ashburner et al., 2000) defines a vocabulary to describe
the functionality of genes and gene products. Each definition, or term, in
the vocabulary are also related to other terms in well defined relationships.
This allows for different levels of precision in an annotation, reflecting the
state of the knowledge about a gene. The vocabulary is ordered in three
main categories that complements each other. Biological processes describes
series of interacting physiological and biochemical events. Molecular function
describes what mechanisms or roles a gene product may perform. Cellular
component represent locations in the cell where the gene product is active.

Several tools and methods for enrichment analysis exists (Huang et al.,
2009). An analysis taking an unordered list of preselected genes, without any
associated covariates (e.g. a measure for differential expression) are referred
to as Singular Enrichment Analysis (SEA). The next couple of paragraphs
will explain the methodology in more general terms, before the specifics are
detailed in chapter 2.7.4

2.7.1 Hypergeometric SEA

Consider a list of genes selected from a larger population of genes. This pop-
ulation could be all the genes in one organism. All these genes are annotated
with one or more GO terms. The relationship between the selected genes
and the given GO term could be illustrated with a 2 x 2 table.

Has GO term Has not GO term | Total
Selected genes n11 1o ny.
Rest of the genes | no; N9 o,
Total nq o n.

What is of interest here is to test if there is a positive association between
the selected genes and the GO term. Specifically, the question is whether
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the observed value of nq; in the table is greater than on would expect with
a random selection of genes (i.e. by chance), given that the marginal totals
are not changed. The hypotheses to test are

Ho N1 S ny. Xnj

H1 TNy >N XNy

This situation can be suitably modeled by the hypergeometric probability
distribution (Ewens and Grant, 2005). Let N be the total number of genes,
m be the number of genes that has been selected, n be the number of genes
annotated with the GO term in question. The probability of having y genes
annotated with the GO term among the selected genes is

() Gy GG

() ()

Suppose 1y of the m selected genes is annotated with the GO term. The
p-value for the test is

P(y) =

2.7.2 Correction for non-independent terms

Given a set of genes it is often of interest to figure out which GO terms are
enriched, not if just one specific term is enriched. In other words the testing
procedure is done a large number of times with a different term each time,
perhaps using all terms in the available annotation. This is a problem since
a set of GO terms are not necessarily independent of each other, but may be
explicitly dependent.

The elim algorithm alleviates this problem by taking into account the
relationship structure of the GO terms that is tested (Alexa et al., 2006).
The algorithm first models the relationships between the terms as a directed
acyclic graph, with each term as a node and the edges between them the
relationships between the terms. The terms, or nodes, farthest from the one
of the root nodes (the term for one of the three main categories) are tested
for enrichment first. If any of those terms are deemed significantly enriched,
then the terms in the path closer to the root node are removed from the
annotations for that set of genes. The testing procedure then repeatedly
proceeds to the nodes closer to the root and do the annotation elimination
as needed.
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The algorithm ensures that the most specific (and most biologically in-
teresting) terms are tested first and independent of each other. By removing
gene annotations for less specific terms the enrichment tests on those terms
are not dependent on the significance of the more specific terms.

2.7.3 Correction for testing multiple hypotheses

When a large number of tests is done, then all p-values from the individual
tests should not be directly compared to the significance treshold «, as this
will result in a large number of false positives. Instead the p-values can be
used to compute the False Discovery Rate (FDR) and the accompanying g-
values. Instead of the classical significance threshold «, the threshold appg
is used and is interpreted as the expected proportion of false positives among
the tests.

In this case the g-values should be interpreted with some care as the
correction procedure assumes that the tests are statistically independent. In
this case that assumption does not hold since the GO terms have clearly
defined connections.

The qvalue package in R (Dabney et al.) was used to compute the FDR.

2.7.4 Procedure

The elim algorithm implemented in the R package topGO (Alexa and Rah-
nenfuhrer, 2010) was used to investigate whether the presence of a binding
site in the promoter region of rice (ssp. japonica) genes show different en-
richments levels in annotated GO terms depending on whether the motif is
found to be conserved or non-conserved. GO annotations from PLAZA was
used. The elim algorithm was run with default parameter settings.

Significantly enriched GO-terms was identified with false discovery rate
of 0.1. Conservation at the level of Oryza and monocots were investigated.

The enriched GO terms may me different in the conserved and noncon-
served sets of genes. A measure of overlap, V, between the two sets is defined
as

|AN B
min(|A,|Bl)

where A and B are the set of significantly enriched terms for the genes
where the CRE was conserved and nonconserved, respectively. This is a

number between 0 and 1, and is the proportion of the smaller set that is
found in the other set.

V(A, B) =
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For each motif, the specificity of the associated enriched terms can be
measured by the maximum number of relations (or edges) between the term
and the root term. This can be computed by finding the parent terms for the
current term and recursively finding the next set af parents until all routes to
the root node has been traversed. The GO database and associated functions
as as implemented in version 2.14.0 of the GO.db package (Carlson, 2014) was
used. A low number of ancestors imply a more general functionality, while a
greater number imply a more specific function. The overall specificity of all
enriched terms for a set of genes are combined into a single number, A, using
the median function.

To assess whether the motifs that are conserved in significantly many
families have more enriched terms than the conserved but in nonsignificant
many families the he Wilcoxon rank sum test for two independent samples
was used.

2.8 Comparative analyses

Two clades can be compared by identifying the motifs that are conserved in
significantly many families in either one of the clades. If a motif is conserved
in a clade of interest (i.e. one of the clades in the comparison), but non-
conserved in any of the subclades, it is not considered conserved.
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Chapter 3

Results

3.1 Binding site identification

A total of 419,806,966 binding site instances was predicted across the 25
species, yielding an average 16,792,278.64 of instances per species. Table
3.1 summarizes the specieswise prevalence of binding sites. At least one
cis-regulatory element were predicted in all promoter sequence in all species.
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3.2 Motifs conserved in significantly many fam-
ilies

Due to limited computational resources, testing if a CRE is conserved in
significantly many families was performed on only 144 of the 581 motifs
available. 29 of these motifs were from AGRIS, 5 from JASPAR and 110
from PLACE. Table 3.2 summarizes the findings, while the full results are
found in the appendix.

Clade Number of significant motifs (p < 0.001)
Eudicots 33
Monocots 67
Chlorophyta 18
Rosids 29
Fabids 26
Malvids o7
Angiosperm 30
Green Plants 4
Oryza 128

Table 3.2: Summary of the number of motifs found to be conserved in significantly
many families by clade.

3.3 Differences in annotational enrichment be-
tween conserved and non-conserved bind-
ing sites

73.9% (of N = 142) of the CREs had more significant enriched GO terms in
the genes in families where the CRE was conserved across Oryza than in the
genes in families where it was not conserved. The genes where the CRE was
conserved had on average 32.98 more significantly enriched terms.

No significant differences in the number of annotated GO terms between
the genes where the CRE was conserved and conserved in significantly many
families was found (W = 949.5, p = 0.5093, Wilcoxon rank sum test)

54.89% (of N = 136) of the CREs had more significant enriched GO terms
in the genes in families where the CRE was conserved across monocots than
in the genes in families where it was not conserved. The genes where the
CRE was conserved had on average 16.74 more significantly enriched terms.
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No significant differences in the number of annotated GO terms between
the genes where the motif was conserved and conserved in significantly many

families was found (W = 893, p = 0.4784, Wilcoxon rank sum test)

The number of significant terms for each CRE, along with other statistics,

is found in Table 3.3.

Oryza Monocots
Conserved | Nonconserved Conserved | Nonconserved
Motif name N A N A \% N A N A \%
ABFs binding site motif 82 7.0 5 8.0 0.00 50 6.5 5 7.0 0.20
ATHB2 binding site motif 60 7.5 3 6.0 0.00 29 6.0 1 6.0 0.00
CArG promoter motif 112 7.0 0 - - 96 7.0 0 - -
CArG2 motif in AP3 0 - 1 5.0 - 0 - 1 5.0 -
CCA1 motifl BS in CAB1 40 6.0 33 7.0 0.00 10 7.0 26 7.0 0.00
DREB1AND2 BS in rd29a 37 6.0 1 8.0 0.00 0 - 1 8.0 -
EIL2 BS in ERF1 0 - 80 7.0 - 0 - 80 7.0 -
ACE promoter motif 16 5.5 0 - - - - - - -
ERE promoter motif 2 7.5 0 - - - - - - -
GCC-box promoter motif 127 7.0 13 8.0 0.00 | 131 7.0 43 8.0 0.00
HSEs binding site motif 86 7.0 54 7.0 0.04 51 6.0 55 7.0 0.04
L1-box promoter motif 105 7.0 6 7.5 0.17 94 7.0 15 8.0 0.07
LS5 promoter motif 21 6.0 26 6.0 0.05 0 - 25 6.0 -
MYBI1 binding site motif 115 7.0 6 8.0 0.17 86 7.0 3 8.0 0.33
MYB2 binding site motif 56 6.0 0 - - 17 7.0 0 - -
MYB3 binding site motif 81 7.0 72 7.5 0.04 46 6.0 44 7.0 0.05
Nonamer promoter motif 55 6.0 0 - - 20 5.0 0 - -
AG BS in SUP 45 7.0 0 - - 14 6.5 0 - -
SBP-box promoter motif 73 6.0 99 7.0 0.04 42 6.0 69 7.0 0.05
T-box promoter motif 121 7.0 3 8.0 0.00 | 122 7.0 14 7.0 0.07
TELO-box promoter motif 81 7.0 110 7.0 0.09 45 6.0 98 7.0 0.02
Z-box promoter motif 80 7.0 239 7.0 0.06 41 6.0 254 7.0 0.10
AG BS in SPL/NOZ 0 - 3 8.0 - 0 - 3 8.0 -
AGL2 binding site motif 50 6.0 0 - - 10 4.5 0 - -
SORLREP1 66 7.0 0 - - 24 6.0 0 - -
SORLIP3 54 6.0 0 - - 19 7.0 0 - -
SORLIP5 107 7.0 7 8.0 0.00 81 7.0 12 7.0 0.08
MAO0127.1 79 7.0 1 8.0 0.00 37 6.0 0 - -
MAO0096.1 101 7.0 1 8.0 0.00 | 103 7.0 0 - -
MAO0120.1 116 7.0 0 - - | 112 7.0 0 - -
MAO0129.1 111 7.0 150 8.0 0.06 99 7.0 278 7.0 0.04
MAO0001.1 57 6.0 1 5.0 1.00 35 5.0 1 5.0 1.00
-10PEHVPSBD 138 7.0 16 8.0 0.06 | 121 7.0 51 8.0 0.02
ARE1 89 7.0 0 - - 57 7.0 2 11.0 0.50
BOX1PSGS2 27 6.0 0 - - - - - - -
BP50SWX 94 7.0 0 - - 72 7.0 0 - -
CAREOSREP1 131 7.0 0 - - | 125 7.0 0 - -
CATATGGMSAUR 128 7.0 0 - - | 109 7.0 0 - -
CEREGLUBOX3PSLEGA 65 7.0 34 7.0 0.06 26 6.0 34 7.5 0.00
CGACGOSAMY3 140 7.0 1 8.0 0.00 | 129 7.0 4 7.5 0.00
COREOS 15 7.0 0 - - - - - - -
CPRFPCCHS 34 6.0 11 7.0 0.09 5 6.0 8 7.0 0.40
DRE1COREZMRAB17 95 7.0 119 8.0 0.05 78 7.0 173 7.0 0.04
AACACOREOSGLUBI1 122 7.0 8 7.0 0.12 | 122 7.0 14 7.0 0.14
E2FANTRNR 65 7.0 0 - - 35 6.0 0 - -
E2FAT 54 6.5 0 - - 28 6.0 0 - -
E2FBNTRNR 72 6.0 74 7.0 0.04 40 6.0 58 7.0 0.03
EMHVCHORD 90 7.0 0 - - 52 7.0 1 5.0 1.00
EREGCC 2 7.5 1 10.0  0.00 0 - 1 10.0 -
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Oryza Monocots
Conserved | Nonconserved Conserved | Nonconserved
Motif name N A N A A\ N A N A A\
AAGACGTAGATACLI12 33 6.0 4 8.0 0.00 0 - 4 8.0 -
ERELEE4 96 7.0 0 - - | 119 7.0 0 - -
EVENINGAT 84 7.0 279 7.0 0.05 47 6.0 328 7.0 0.11
GAGAGMGSA1 57 7.0 0 - - 16 6.0 0 - -
ARECOREZMGAPC4 17 7.0 [ 8.0 0.00 0 - 6 8.0 -
GBOXLERBCS 75 7.0 6 6.5 0.17 35 6.0 4 5.5 0.25
GBOXRELOSAMY3 8 5.0 0 - - - - - - -
ARRIAT 181 7.0 0 - - | 180 7.0 0 - -
GCBP2ZMGAPC4 54 7.0 311 7.0 0.09 19 6.0 312 7.0 0.11
GCCCORE 127 7.0 0 - - | 131 7.0 0 - -
GLUTEBOX20SGT2 7 7.0 0 - - - - - - -
GLUTECOREOS 9 7.0 67 7.0 0.00 0 - 63 7.0 -
HBOXPVCHS15 35 7.0 0 - - 13 6.0 0 - -
HDZIPIITAT 6 6.5 0 - - - - - - -
HEXAMERATH4 117 7.0 0 - - | 118 7.0 0 - -
HSRENTHSR203J 22 6.5 0 - - - - - - -
HY5AT 8 7.0 0 - - - - - - -
IBOXCORE 172 7.0 0 - - | 149 7.0 0 - -
IBOXLSCMCUCUMISIN 6 6.0 199 7.0 0.00 0 - 199 7.0 -
INRNTPSADB 166 7.0 15 7.0 0.00 | 150 7.0 22 8.0 0.05
L1BOXATPDF1 105 7.0 207 8.0 0.06 94 7.0 343 7.0 0.04
ABRE2HVA22 24 7.0 122 8.0 0.00 0 - 102 8.0 -
ABRE3HVA1 14 6.0 15 8.0 0.00 0 - 13 8.0 -
MRNA3SENDTAH3 50 6.0 0 - - 14 5.0 0 - -
MYBI1LEPR 98 7.0 0 - - 88 7.0 0 - -
MYB26PS 80 7.0 0 - - 51 6.0 0 - -
ABRE3OSRABI16 12 6.5 0 - - - - - - -
MYBGAHV 104 7.0 0 - - | 106 7.0 0 - -
MYCATERD1 139 7.0 0 - - | 128 7.0 0 - -
MYCATRD22 139 7.0 0 - - | 128 7.0 0 - -
ABREA2HVA1 57 6.0 0 - - - - - - -
NTBBF1ARROLB 125 7.0 0 - - | 123 7.0 3 5.0 0.00
O2F1BE2S1 21 6.0 0 - - - - - - -
O2F2BE2S1 29 7.0 0 - - 2 6.0 0 - -
O2F3BE2S1 31 6.0 0 - - - - - - -
OCETYPEIIINTHISTONE 4 9.5 12 6.0 0.25 0 - 12 6.0 -
OCSGMHSP26A 0 - 25 6.0 - 0 - 25 6.0 -
OSE1ROOTNODULE 138 7.0 0 - - | 132 7.0 0 - -
OSE2ROOTNODULE 190 7.0 17 8.0 0.06 | 165 7.0 31 7.0 0.03
P1BS 113 7.0 31 8.0 0.03 | 112 7.0 79 8.0 0.03
PALINDROMICCBOXGM 50 7.0 0 - - 21 6.0 0 - -
PE2FNTRNR1A 56 6.5 0 - - 19 5.0 0 - -
PIATGAPB 60 7.0 7 6.0 0.14 22 6.0 4 6.5 0.50
ABREBNNAPA 21 7.0 0 - - - - - - -
PRECONSCRHSP70A 158 7.0 14 8.0 0.00 | 124 7.0 23 8.0 0.00
QELEMENTZMZM13 122 7.0 2 85 0.00 | 111 7.0 1 10.0 0.00
RAV1AAT 185 7.0 0 - - | 170 8.0 0 - -
RAV1BAT 121 7.0 72 8.0 0.07 | 120 7.0 135 8.0 0.03
RBCSBOX2PS 0 - 4 3.5 - 0 - 4 3.5 -
RBCSBOX3PS 12 6.5 3 5.0 0.00 - - - - -
20NTNTNOS 0 - 110 7.0 - 0 - 110 7.0 -
ABRECE1HVA22 41 6.0 12 5.5 0.08 15 6.0 13 6.0 0.00
RE1ASPHYA3 17 6.0 88 7.0 0.24 0 - 73 7.0 -
RHERPATEXPA7 154 7.0 13 7.0 0.00 | 139 7.0 31 7.0 0.03
ABRECE3HVA1 6 9.0 0 - - - - - - -
RYREPEAT4 14 7.0 4 11.0 0.00 0 - 4 11.0 -
RYREPEATLEGUMINBOX 121 7.0 0 - - | 120 7.0 0 - -
RYREPEATVFLEB4 89 7.0 0 - - 76 6.5 0 - -
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Oryza Monocots
Conserved | Nonconserved Conserved | Nonconserved
Motif name N A N A A\ N A N A A\
SBINPABC1 0 - 4 9.5 - 0 - 4 9.5 -
SBOXATRBCS 94 7.0 0 - - 65 7.0 0 - -
SGBFGMGMAUX28 34 7.0 202 7.0 0.15 0 - 137 7.0 -
SITEITAOSPCNA 50 6.5 0 - - 8 7.5 0 - -
SORLIP4AT 44 6.5 201 7.0 0.11 17 6.0 132 7.0 0.06
SORLREP4AT 66 7.0 1 8.0 0.00 17 7.0 0 - -
ABREMOTIFAOSOSEM 69 6.0 0 - - 32 6.0 0 - -
TATABOX1 52 6.5 0 - - 25 5.0 0 - -
ATHB5ATCORE 73 7.0 328 7.0 0.07 39 6.0 405 7.0 0.08
TATAPVTRNALEU 109 7.0 0 - - | 103 7.0 0 - -
TATCCACHVAL21 102 7.0 156 8.0 0.08 84 7.0 181 8.0 0.05
TE2F2NTPCNA 50 7.0 0 - - 20 5.5 0 - -
TGAIANTPR1A 0 - 7 5.0 - 0 - 7 5.0 -
TRANSTART 8 7.0 0 - - - - - - -
UP1ATMSD 101 7.0 6 7.0 0.00 69 7.0 3 7.0 0.33
WRKY710S 181 7.0 0 - - | 177 7.0 0 - -
WUSATAg 92 7.0 1 12.0 0.00 95 7.0 1 12.0 0.00
XYLAT 100 7.0 0 - - 90 7.0 0 - -
ABREZMRAB28 s 7.0 2 5.5 0.00 32 6.0 0 - -
ACGTROOT1 40 7.0 149 7.0 0.07 0 - 98 7.0 -
ACGTSEED3 26 6.0 14 6.0 0.00 0 - 13 6.0 -
AGATCONSENSUS 50 6.0 229 7.0 0.10 12 6.5 132 7.0 0.17
AGL1IATCONSENSUS 22 8.0 13 6.0 0.00 0 - 10 5.5 -
AGL2ATCONSENSUS 50 6.0 16 6.5 0.19 10 4.5 10 7.5 0.00
AGL3ATCONSENSUS 15 6.0 40 6.0 0.00 0 - 37 6.0 -
ALFINTPARC 0 - 3 10.0 - 0 - 3 10.0 -
AMMORESIVDCRNIA1 94 7.0 0 - - 80 7.0 0 - -
ANAERO3CONSENSUS 111 7.0 2 7.5 0.00 | 104 7.0 1 7.0 0.00
ANAERO5CONSENSUS 47 6.0 17 8.0 0.06 22 5.5 13 7.0 0.00

Table 3.3: Results from enrichment analysis, for conservation across Oryza and
monocots. The number of significant GO terms for each motif is found in the
columns N, while the generality score for the enriched terms are found in the A
columns. The W columns is the overlapping score between the enriched terms in
the conserved genes and the nonconserved genes.

3.4 Gene expression validation

The coexpression values for rice and poplar are found in table 3.5 and 3.6,
respectively. As seen in Table 3.4 there were no difference in expression score
between the conserved and non-conserved CREs.

Due to limited computational resources only 98 CREs in rice and 105
CREs in populus were considered.

In rice, when considered across monocots, no difference between the con-
served CREs and the CREs that were found to be conserved in significantly
many families were detected (p = 0.056). This test was not performed on
conservation across Oryza, as the filtering of few predicted CRE instances
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removed all instances not conserved in significantly many families.

In populus, when conserved across fabids, no difference between the con-
served CREs and the CREs that were found to be conserved in significantly
many families were detected (p = 0.28). No significant difference when con-
servation is considered across rosids was found as well (p = 0.035)

Species  Clade Mean difference (95% CI) t  p-value
Rice Oryza -0.0179 (-0.0256, -0.0102) -4.693 3.1 x 10°
Monocots -0.0151 (-0.0220, -0.00826) -4.461 7 x 10°
Poplar  Fabids 0.00353 (-0.0128 0.0199)  0.438 0.664
Rosids 0.0111 (-0.00984, 0.0321) 1.0764 0.289

Table 3.4: Results paired t-test for the difference in coexpression scores conserved
vs. nonconserved. Only pairs where a motif was found in at least 6 instances in
either cateogry included.

29



obod jxouU U0 SINUUO))

LEE 8L¢0 6110 |0 - - LEE 66¢°0 6110 |0 - - I'IVdOdcddTd
9087 900°0 6110 | €06 01 vOT°0 || 988€ 00 €cr0 | ce8T 01 e01'0 UNYLNdAcH
8 9¢0°0 €10 | 0 - - i €910 GLTO | ¥ 8T0°0 LLE0 UNYLNVACH
0¢ L99°0 OTT°0 | 0 - - 0¢ 78470 OTT°0 | 0 B - SOHdd0D
Ve G16°0 ¢60°0 | LT 8¢6°0 ¢60°0 || TT 67670 72L0°0 | OF 7€6°0 L6070 HAVSINDOLVLVD
9 1¢L0 980°0 | VI LE8°0 160°0 || T 01 00070 | 6T €8L°0 10T°0 IdHISOHE VD
00¢ 00 €v1ro | 01T 8¢6°0 G0T°0 | 62T L0070 GeET'0 | I6T TS0 1e10 T°0¢TOVIN
61 ¢6€°0 010 | 71 9v¥°0 LIT°0 || L 79070 6L1°0 | 9¢ €690 9010 1'9600VIN
09¥ vC10 0Cc1°0 | TSI 90L°0 GIT0 || LVI 76070 6¢1°0 | P€V 8990 G110 1"LeTOVIN
6¢l v¢0 6el'0 | 8 ¢€9°0 660°0 || LE GeET0 ¢eET0 | 00T T¥F0 LT1T°0 edI'TdOS
881 G180 TTT°0 | 8T £99°0 G010 || ¥¥ 9LL°0 901°0 | €91  €VL0 ¢IT0 IdHITHOS
Icy Gag8'0 ¢IT0 0 - - Icy Gag80 ¢IT0 |0 - } ZON/1dS U 89 HV
89¢ 98¢0 Grro 1 0 - - 89¢ 69¢°0 Grro | 0 B } Jnowr wjowoxd J14
8 Gco LET0 | 0 - - g ecro 8LT°0 | € 69°0 ¢90°0 d0S W Sq DV
0LT 6680 L0T°0 | 6 e1co 6ET0 || VI €680 L0T°0 | LE I8L°0 G010 Jnouwt wjoword wurenoN
8G.L €c00 €CI'0 | 8LV 8660 901°0 || 99¥ ¢00°0 T€T°0 | 0LL OT1 90T°0 Jrowt 91s Surpulq T AN
S €000 GeT'0 | €L 96670 GOT°0 || LVY 100°0 T€T0 | I¥9 660 80T°0 Juour wjowod xoq-T]
GEC 84T°0 ¢l 0 - - GEC T€T0 ¢l 0 - } Jnowt 1joword HYH
64 1€9°0 ¢IT0 |0 - - 94 6190 €rro | € ¢SL°0 75070 Jnow wjowoxd HHY
LILET 0T VIT0 |0 - - LILET 0T PIT0 |0 - - T49H Wt Sg ¢'IIH
vee 8¢8°0 G¢IT0 |0 - - v0€ 706°0 0TT°0 | 0€ Gs00 710 B6CPI Ul S cANVIHYA
6EC 9.0 €IT0 | 64T €960 G0T°0 || 80¢ Lve0 611°0 | 0TE  ¥86°0 G010 Jnout 1joword HIY)
79 9080 L0T°0 | € 8¢8°0 ¥¥0°0 || 44 av.L0 801T°0 | ¢T 4v6°0 GL0°0 jrjowt oyts Surpulq ggH IV
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g ouwreu JIjoN
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
S1000UOTN RZAI()

30



obod jxouU U0 SINUUO))

89¥ G9¥°0 9110 | 0 - - 99y e8¥°0 9110 | € 6€€°0 veT0 S5de€X0dSOdd
0T L2990 00T°0 | 8% L£9°0 OTT0 || 9 76070 ¥81°0 | ¢4 180 e010 LVVIAVH
v €000 910 | 96 G980 9010 | 9¢ €c00 8GT°0 | OIT 9180 6010 ETINZINZINANATIO
0L vy o 8IT0 |0 - - 99 78¢°0 6110 | ¥ 6680 870°0 VAVNNAHYIV
L 80 0800 | 0 - - v 1€8°0 L8600 | € 8780 700 VIUNYLNACHd
0T veeo 8¢10 |0 - - 6 €090 €010 | T 01 000°0 15¢HdEACO
8T 8€C0 6¢1°0 | 0 - - 91 G610 9€10 | ¢ 0 980°0 15¢ddcAcO
a8 ¢19°0 €Iro o - - G8 gg9°'0 ¢IT0 | € 6v¢ 0 ¢91°0 15¢HdT1ACO
6¢l 660°0 Le1°0 | ¥LC TO®0 ¢I10 | 64 9¢€0 1e10 | ¥v€ €190 G110 dT10ddVIdddLN
Sigl €180 O0TT0 |0 - - Vel 6690 erro | 1¢ ¢98°0 760°0 IVAHCVHIIYV
9¢€ G1y°0 LIT0 | 0 - - eqe 66€°0 LIT0 | € 68¢°0 Gc1o 9I1dVvVdSOeHdd Vv
par1 60°0 Gero | g€ g0 GIT°0 | 61T SUNY 9¢1°0 | 04 L0v°0 8IT°0 Sd9cHAN
ay Lya0 €I10 | 9¢ €90 OTT°0 | ¥¢ 88¢°0 vero | Ly 88470 G010 HdHTTAN
9¢ 1070 6110 | T 0T 0000 || 4¢ €0€0 €cro | ¢ ¢1s0 £90°0 EHVLANIEVNYUIN
GG ¢c0'0 8GT°0 | €OT  ¢SL°0 OTT0 || & 144°0 010 | 0CT @840 G110 HH0DX0dI
8¢ vy 0 6110 | 0 - - 8¢ G8¢0 6110 |0 - } LVSAH
6€ G¢co 9¢1°0 |0 } - LE L2c’0 Le1°0 | ¢ 106°0 €000 [E0CdSHLNHYSH
0¢ €gL0 01’00 - - 0¢ 8¢L0 01’0 |10 - } LVIIIdIZAdH
60T 00 Ger'o | vic  ¢€60 80T°0 || 8¢ 00 ILT°0 | 99¢ €780 I[11°0 HIODOOD
8 geoo I8T0 | 0 - - 9 8L0°0 881°0 | G 1,070 09€°0 LVSOINOVOVD
IT 909°0 L0T°0 | OT I16°0 ¢Ito |9 6160 090°0 | ST L2S0 IT1°0 [LCCHICRIIC!
99¢ GLT0 0¢1°0 |0 - - eve 8TT°0 1e10 | €¢ 94¢°0 ¢Ito CI'TOVLVOVLODVOVY
16T 10470 €rro o : : 16T 11470 €rro o - - DOOHTH
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g ouwreu JIjoN
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
S1000UOTN RZAI()

31



obod jxouU U0 SINUUO))

Gr.L €000 Ger'0 | €L 96670 GO0T°0 || LV 100°0 1€T0 | I¥9 660 80T°0 Juour ojowod xoq-T]
GEC 84T°0 ¢l 0 - - GEC T€T0 ¢¢l’o 0 } } Jnout 1joword Y
64 1€9°0 ¢IT0 |0 - - 94 6190 €rro | € ¢4L°0 76070 Jnouw 1jowoxd HOHY
LILET 0T VIT0 |0 - - LILET 0T VIT0 |0 - - T449H Wt Sq ¢'IIH
vee 8¢8°0 ¢IT0 |0 - - v0€ 706°0 OTT°0 | 0€ gs0'0 710 BOCPL Ul S cANVIdHYA
a8 V.80 €rro o - - a8 74870 €rro o - } €dV ut jnow ¢y o
6EE vrL0 €IT0 | 64T €960 G0T°0 || 80¢ Lve0 611°0 | OTE  ¥86°0 G010 Jout 1jomwoxd HIY)H
79 9080 L0T°0 | € 8¢8°0 ¥¥0°0 | 94 av.L 0 801°0 | ¢T 4v6°0 GL0°0 Jrowt oyts Surpulq ggH IV
809 GELO €Iro | 1er 01 160°0 || 94T 6410 €CI0 | €LV 966°0 L01°0 Jrowt oy1s JuIpulq s gy
6 11¢°0 710 | ¢4 L1€°0 ¢cl’0 || ¢ 610°0 L09°0 | 64 9€C0 ecro LVIH4dV
76 8€0 8TT°0 | 8¢C 8670 980°0 || 4L 9€1°0 LS1°0 | Ly €660 L8070 [HdV
6¢ LE€0 6el0 | G€ vee0 ecl’o | 91 Ggeeo vero | 8y ¢6¢°0 ecl’o SASNISNODEOHHVNY
L0cy  ¢66°0 €rro o - - 8¢O0v  €96°0 VITO | 64T 01 76070 edUISLOOV
8Ty L89°0 gr1r'o | 9€ 1o 9€1°0 | 8c€ L1V°0 LIT°0 | 92T 96L°0 60T°0 8cdVHINZHYIV
Gar G86°0 010 | 44 8L6°0 960°0 || ¥TT 1cS0 911’0 | 91T 0T G80°0 LVTAX
Ic evLo 10T°0 | 9¢T  8I¥0 STT°0 || OT 11¢°0 6€1°0 | LET  6L9°0 v1i1°0 SOTLAMEM
ITT G100 GET'0 | 04 Le8°0 9010 | 64 600°0 910 | ccl 994970 Ggr1o NHTVNHLAIVLVL
IT €€00 9L10 |0 - - 8 ¥10°0 €¢c0 | € 6680 €€00 I[XOdVLVL
oVl GEC0 1e10 | 1T L9670 ¢L00 | PIT 870°0 0€1°0 | LE 196°0 ¢60°0 LVVPdHdTHOS
81¢ ¥y°0 LIT0 |9 98470 00T°0 || S0¢ I87°0 LIT°0 | 6T G1s o V110 VNOJSOVIIHLIS
6€ ¢90°0 6€T°0 | 6 Ga80 080°0 || T€ LL0°0 Ov1°0 | LT ¢80 L6070 VAU TAALVHdHIAY
a1 Gero 910 | 9¢ 18870 9600 | & 10¥°0 ¢el’0 | 9€ 70870 POT'0  XOANINNOATLVHdHYAY
191 90 VIT0 10 : : 191 e8¢0 YIT0 10 : - PIVHdHHAY
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g ouwreu JIjoN
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
S1000UOTN RZAI()

32



obod jxouU U0 SINUUO))

8 Ggeoo I8T°0 | 0 - - 9 8L0°0 8810 | ¢ 12070 09€°0 LVSOINOVOVD
IT 909°0 L01°0 | OT I19°0 ¢IT0 | 9 61670 090°0 | ST L340 I11°0 [ZCICHICRIIC!
99¢ GLT0 0¢10 |0 - - eve 8TT°0 1¢1°0 | €¢ 9460 ¢ITo CU'IOVLVOVLODVDVY
16T 10270 €I1To |0 - - 16T I12°0 erro | o - - DOOHYH
669 66€°0 LIT°0 | SLT  T¢6°0 L0T°0 || 6.7 90°0 €cl’0 | 88¢ €660 90T°0 THOHOAHINY
LEE 8L¢°0 6110 |0 - - LEE 66¢°0 6110 |0 - } I'IVdOdcddTd
9087 900°0 6110 | ¢c06 0T vOT°0 || 988€ 070 €Cr'0 | ¢e8T 01 e01'0 UNYLNdAcH
8 9¢0°0 €10 | 0 - - i €910 GLTO | ¥ 8T0°0 LLTC0 ANYLNVACH
0¢ L99°0 OTT°0 | 0 - - 0¢ 78470 OTT°0 | 0 - - SOHdd0D
79¢ G86°0 90T°0 | €€TT O°T 010 || P41 €e8’0 60T°0 | €V€ET 0T 010 CAINVSODOVDO
£ G160 ¢60°0 | L¢ 8¢6°0 ¢60°0 || TT 6760 7,00 | OF 7€6°0 L6070 dNOVSINDDLVLVD
9 1¢L0 980°0 | VI LE8°0 160°0 || T 0T 00070 | 6T €8L°0 10T°0 IdHISOHIVD
90¢T  T€6°0 ¢IT'0 | 66T €160 L0T°0 || ¢86 ¢0¥°0 LIT°0 | €9€ 66670 10T°0 T"TO00VIN
00¢ 00 €V10 | 0T 860 G010 || 62T L0070 GeET'0 | I61T  TC0 1e1ro 1T°'0¢TOVIN
61 ¢6¢€°0 0cr0 | ¥1 970 LIT°0 || 4 790°0 6L1°0 | 9¢ €690 90T°0 1'9600VIN
09¥ ve1o 0¢1°0 | TST 90270 GIT°0 || LVI 7<0°0 6¢1°0 | 7€V 8990 Ggr1ro T"LeTOVIN
6¢l v¢0 6el’o |8 ¢€9°0 660°0 || L€ Ger’o ¢ET'0 | 00T  T¥V0 LIT°0 edI'TdOS
88T G180 ITT°0 | 8T £99°0 GoT°0 || V¥ 9LL°0 901°0 | 9T  €VL0 ¢IT0 IdHITHOS
Icy gag8'0 ¢IT0 |0 - - Tey ga8'0 ¢IT0 |0 - - ZON/1dS W 89 DV
89¢ 98470 G110 | 0 - - 89¢ 69470 Gr1'o0 | 0 - - Jnouw wjowoxd J1d
8 Gco LETO | O - - G ecro 8LT0 | € 69°0 ¢90°0 dNs wsd DV
0LT 668°0 LOT°0 | 6 e1co 6ET0 | ¢Vl €680 L0T°0 | LE I8L°0 G010 Jiowr wjoword ourenoN
841 €c00 €C1'0 |8y 8660 901°0 || 99¥ ¢00°0 T€ET0]0LL OT 90T°0 Juow 91s FuIpuiq TgAIN
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g ouwreu JIjoN
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
S1000UOTN RZAI()

33



obod jxouU U0 SINUUO))

6€ ¢90°0 610 | 6 Ga80 080°0 || T€ L2070 0v1°0 | LT ¢80 L60°0 VAU TAALVHdHYAY
a1 GeT’o 9¥1°0 | 9¢ 188°0 9600 || & 10¥°0 ¢cl’0 | 9€ 708°0 POT°0  XOANINNOHATLVHIHYAY
191 90 VIT0 |0 - - 191 €860 VIT0 | 0 - - [ARYCISICRP: |
89¥ g9¥°0 9110 | 0 - - 99y €8¥°0 9110 | € 6€€°0 vET0 SdeX0dsOdd
0T £99°0 00T°0 | 8% L£9°0 OTT0 || 9 760°0 ¥81°0 | ¢4 L8°0 €010 LVVIAVY
v €000 ¢91°0 | 96 G980 901°0 || 9¢ €c00 8GT°0 | OTT 9180 6010 CTINZINZINANATID
0L vy o 8IT0 |0 ; ; 99 ¥8¢0 6110 |V 6680 8700 VAVNNAHEIV
L 80 0800 | 0 - - i 1€8°0 L6800 | € 8780 ¢v0°0 VIUNYLNACH]
0T 7€e0 8¢10 |0 - - 6 €090 €010 | T 0T 0000 15¢HdEACO
8T 8€C0 6¢1°0 | 0 - - 91 G610 9€1°0 | @ ¥y°0 980°0 15¢ddcAcO
a8 ¢19°0 €rro o - - G8 gg9°0 ¢IT0 | € 6v¢ 0 ¢91°0 15¢dd 1420
6¢l 660°0 Le1°0 | PLo TO80 ¢IT°0 | 64 9¢€0 et o | vve €190 Ggr1'o d10949VIddd.LN
Sig! eI80 OTT0 | 0 - - 44! ¢¢9°0 €Iro | 1¢ ¢98°0 76070 IVAHTVHYIV
9¢¢€ a1y°0 LIT0 | 0 - - €qe 66€°0 LIT°0 | € 68¢€°0 Gcro 91dvVdsSOocHddVv
i1 60°0 Gero | g€ g0 GIT°0 || 61T G010 9¢1°0 | 0L L0770 8TT°0 SAd9cHAN
ay LyS0 €Iro | 9¢ €90 OTT°0 | ¥¢ 88¢°0 vero | Ly 88L°0 G010 HdHTTAN
9¢ 10¥°0 6110 | T 0T 00070 || 4¢ c0€0 €cro|¢ ¢1s0 £90°0 EHVLANIEVNYUIN
GG ¢c00 8GT°0 | €0T  ¢4L°0 OTT0 | & 16670 ¢0T°0 | 0¢T €840 G110 HHO0DOX04dI
8¢ vy o 6110 |0 - - 8¢ g8¢0 6110 |0 - - LVSAH
6€ Gcco 9¢10 |0 - - L€ L3¢0 LC1°0 | © 106°0 €000 [€0CHSH.LNHYSH
0¢ €aL o 01010 - - 0¢ 8¢L0 01010 - } LVIIIdIZAdH
60T 00 Ger'o | vic  ¢€60 80T°0 || 8¢ 00 TLT°0 | 99¢ €780 I[11°0 CR:(0/0/9/0)9)
eviT  T€L°0 GIT°0 | e¢l 98670 00T°0 || L¥8 10T°0 0210 |8y 0T 10T°0 SOIIHTXOdD
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g ouwreu JIjoN
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD

S1000UOTN RZAI()

34



‘umoys 10U sdnoib 1) ur sio30u0Ld 201 UDY] $SI] UL PUNOS 2UdYM IDY] S{1g0uL LO[ SINSIY
"PANLISUOI-UOU PUD PILISUOI 9UD SfIIOUL Y] 24IYM §211UD[ Y] bUINISU0D SaUdb Y] 40f SanDa U01SSALATI0D YT (G 21D,

6 [1¢°0 Iv1°0 | ¢< L1€°0 ¢el0 | ¢ 610°0 L09°0 | 69 9€¢0 ecro LVIY4dV
GL6 194°0 9110 | 0 - - 746 2690 9110 | Te I8€°0 0¢T°0 VOdVOINZHEODHYY
76 8€0 8TT°0 | 8¢C 8670 980°0 || 4L 9€1°0 LS1°0 | Ly €660 L8070 [HdV
ILET 00 Gy1°0 | 99 98¢0 erro | 961t 00 0ST°0 | TG €2V°0 LTT°0 SASNISNODSOHHVNY
6¢ LE€0 6cl’0 | ¢€ vce0 eclo | 91 geeo ve1o | 8y ¢6¢°0 ecl’o SASNISNODEOHHVNY
L0cy  ¢66°0 €10 |0 - - 8¢0v  €96°0 PITO | 64T 01 760°0 eddISLOOV
8TV L840 Gr1°0 | 9¢ 10 9€T°0 || 8¢E L1¥°0 LIT°0 | 92T 96L°0 60T°0 8cAVHINZHYdV
Gaer ¢86°0 ¢0T°0 | G4 81670 960°0 || VIT 1¢S°0 9110 | 91T 0T G800 LVTAX
L09 8660 G010 | 69 0T 660°0 || L8€ 6980 ITT°0 | 645 O'1 960°0 SVILVSNM
Ic evLo 10T°0 | 9¢T  SI¥0 8TT°0 || OT 11¢°0 6€T°0 | LET  6L9°0 V110 SOTLAMYM
G99 1¢°0 611°0 | L9¢ G990 VIT°0 | 60% ¢cl’o 1e1°0 | €16 8EL0 VIT°0 ASINLVIdN
IT1 G100 GET0 | 04 LE8°0 90T°0 || 64 600°0 9¥1°0 | ccT 9990 G110 NHTVNHLAVLVL
IT €e00 9LT1°0 | 0 - - 8 ¥10°0 €cco | € G680 €e00 I[XOdVLVL
gt ¢€C0 Ter0 | IT L4670 ¢L00 | PIT 870°0 0€1°0 | L€ 196°0 ¢60°0 LVVdHdTHOS
81¢ Y0 LIT0 19 98¢0 00T°0 || 40¢ 1870 L1T°0 | 6T arso v11°0 VNOJSOVIIHLIS
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g ouwreu JIjoN
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
S1000UOTN RZAI()

35



obod jxouU U0 SINUUO))

€qs veT0 €910 | G€7 9880 0ST°0 | €€¢ 7.L0°0 991°0 | 497  G16°0 LvT0 CAINVSODDVOD
G00c  6€T°0 091°0 | L8T 1800 ¢LT°0 | 0961  ¥C1°0 191°0 | ¢¥¢  VECO ¥91°0 VOHTSdEXOANTOHIHD
53 av0°'0 G020 | 91 799°0 8ET0 | vE G0°0 661°0 | LT Gay°0 8GT°0 1T°'0¢TOVIN
89¥T  9€°0 6G1°0 | I8 G280 IS1T°0 || PI¥VT  69¥°0 8GT°0 | €4 7,90 gqro 1"LeTOVIN
0091  €LL°0 Gar’0 | L¥9  8¥T°0 €910 || 60ST  €LLO Par'o | 8€L  S¥1°0 SN0 SdI'THOS
6EEC Gg6°0 Q1o | L L0070 v6¢°0 || ¢€e €960 evro | vl 800°0 €6¢0 edI'TdOS
8€€ 9880 8V1°0 | 6 LT°0 €020 | 8c€ 9680 8¥V1°0 | 61 ¢LE0 L91°0 IdHETHOS
€8y 688°0 0610 | 0 - - €8y 8680 0ST°0 |0 - } ZON/1dS W 4 DV
OTtT 00 9L1°0 | 0SLT L6670 8Y1°0 || ccOT 00 I8T°0 | 8EBT 6660 Ly1°0 Jnouwt wjowoxd xoq-7,
€9 9¢4°0 €qro | o - - €9 79<°0 €sqro|o - } Jnouw wjowoxd J14
LT L4990 610 | 0 - - LT 899°0 6€1°0 | 0 - - dNs v sqg DV
99y erso LST°0 1 0 - - 99y 61S°0 LST°0 1 0 } } Jiowr wjoword ourenoN
9L6 9460 LGT°0 | 88€  9€8°0 16T°0 || 016 a8%°0 LST°0 | P9V LVRO 1S1°0 Jrowt ots Surpulq T AN
ST 90070 991°0 | 428 #4980 €qro || ¢9v¥1t  ¥200 G91°0 | TL6 96970 garo Jout wjoword xoq-1]
0OvsT  67L°0 Gar’o | €19 980 IST°0 || OLVT  62L°0 Gar'0 | €89 TLL0 earo Juout wjowold xoq-HHH
9¥ GLT°0 GLT0 | 0 - - 9¥ 6L1°0 GLT0 | 0 } } Juour ejoword U
a9 1680 6€1°0 | 0 - - a9 8480 6€1°0 | 0 B } Jnowr wjowoxd Oy
I8T10¢ 0T €s10 |0 - - I8T10¢ 0T €s10 |0 - - T449H W Sg ¢'IIH
88T 9LE°0 0910 | 0 - - 88T 6vE0 091°0 | 0 - - B6CPI Ul S cANVIIHYA
0T €66°0 0ST°0 | 0 - - G0TCc  ¥66°0 0ST°0 |0 - - €4V ut jnow gHIvy
V16 7660 Grro | LTy ¥99°0 94T°0 || €98 166°0 9v1°0 | 89%  LIL°0 ¢S1o Jowr wjoword HIYH
4! 8¢E0 €910 | L 160°0 LLg°0 || €CT 9€¢°0 991°0 | 6 8€C0 ¥81°0 Juow 918 3uIpulq gIHILY
1L€ 0T 0€1°0 | LC ¥6°0 8TT°0 || 99€ 0T 0€1°0 | ¢€ 9980 6¢1°0 Juowr 918 3UIPUIq SV
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
SpIsoyd SpIqed 91s Surpurg

36



obod jxouU U0 SINUUO))

0cI 180 SY1I0 |0 - - 0cI 6¢8°0 SYI0 |0 - - 1SCHdT1AcO
791 60°0 ¢L1'0 | 79¢ 66670 €er0 | 191 6¢0°0 IST0|49¢ OT1 1¢T°0 dTOHYVIAdd.ILN
8¢ 16¢°0 TLT°01|0 - - 3¢ GGc o TLT°01|0 - - IVAHCVAHIV
96¢ G6¢0 T191°0 | O - - 96¢ €8¢0 T191°0 | O - - 91dVvVdSOeHddV
¢l 1¢6°0 ¢0r’o | ¢ 8070 TGT°0 || €1 ¥¢6°0 ¢0r’o | ¢ 18¢°0 1610 Sd9CHAIN
! Ive0 991°0 | CI 6090 Iv10 || €1 €6e0 9910 | €1 8590 Ger o HdHTTIAN
6¢ G9.L0 9610 |0 - - 6¢ T1LL°0 9¢1'0 | 0 - - CHVLANHEVNYUIN
Ge 6680 LeT°0 | SOT  LE6°0 ¢TI0 || 9¢ 1¢6°0 Le1°0 | 0T ¢¥6°0 8¢T0 HYODX0dI
IS8T 160 SVLo|o - - IS8T 1¢6°0 VLo |0 - - LVSGAH
(4] Ly 8GT°0 |0 - - (4] ¢csr0 8GT°0 |0 - - [COCHSHILNHYSH
(4" 6060 ceT0 (0 - - ¢q 7880 ¢eT0 (0 - - LVIIIdIZdH
60¢ 01 T¢1°0 | S6 Ge80 Y10 || ¢6¢ 01 I¢1°0 | STT  ¢6L°0 LVT°0 HYODDOD
€Gcl  L¥V6°0 TGT°0 | 00T 11¢°0 €910 || 66¢T  ¢6°0 IGT°0 | PIT 98¢0 09170 SOdUHATXOdD
0¢ L66°0 VITO |0 - - 0¢ ¢e60 VITO |0 - - TVSOINDVOVD
0T 960 Gy1°0 | QT 860 10T°0 || 6 G0s 0 8VI0 | 61 V.60 00T°0 VHHTHYH
091 1¢°0 9910 | 0 - - 091 ¥1¢0 9910 | 0 - - CI'TOVLVOVLOOVOVV
8¢ STL0 €CT0 (0 - - 8¢ L0L°0 SCT0 (0 - B DOODHYH
178 690°0 ¥91°0 | 06T  6€6°0 I71°0 || 664 9110 ¢91°0 | ¢ 86L0 0ST°0 JHOHODAHINH
L18 688°0 IST°0 | 0 - - L18 788°0 IST°0 | 0 - - 1'TVdOdcHY TH
cev6 €660 Ve1'0| Sve 00 0T¢0 || L1T€6  966°0 eGr 01097 00 €0¢'0 HUNHUHILNAACH
61 866°0 830°0 | 0 - - 61 L66°0 8800 | 0 - - UNYILNVACH
€r9 9980 ¢GT0 |0 - - €r9 6780 ¢SGT0 |0 - B SHOOdAYdD
1y 670 ¥G1'0 | 0 - - 1y G870 ¥E1°0 | 0 - B SOHHOD
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD

Sp1soy] spiqe. o31s Surpurg

37



obod jxouU U0 SINUUO))

¢659¢ 660 16T°0 | 99 ¥0°0 061°0 || ¢85C 76670 16T°0 | 92 700 16T°0 SOASNHUSNODLVETOV
I8¢ 01 16T°0 | O - - I8¢ 01 16T°0 | O - - edHASLODV
GLS Gco 191°0 | O€ 8T°0 08T°0 || 4.L¢ 9€¢0 191°0 | O€ €810 08T°0 8cdVHINZHYIV
04¢ 6€0°0 VLT°0 | 8VT T80 8Y1°0 | OVC 610°0 0810 | 8T  €06°0 Gv10 LVTAX
GOIT  LT¥°0 8GT°0 | P82 86670 evro || €v01  L9C°0 09T°0 | €78 0T ov10 SVIVSOM
€9 L0°0 P8I0 | 8LT  €¥V8°0 9v1°0 | 8¢ G0°0 16T°0 | €8T  T.8°0 av1o SOTLAMEM
€S8 9480 ¢ST°0 | ¥9T 70970 Pa1'0 || 628 ¢I80 €qT’0 | 88T  €9L°0 0ST°0 ASINLVIdN
098¢  9497°0 8G1°0 |0 - - 098¢  9¥°0 8GT°0 |0 } - VIddINVIVDL
88T ¢ET0 691°0 | LET  €L9°0 VG100 || T8I L60°0 GLT0 | ¥PT 1890 I91°0 NHTVNHLAIVLVL
L a87°0 L¥1°0 |0 - - L 6eS0 L¥1°0 |0 B - I[XOdVLVL
0S¢ G860 Ger°0 | ¥I v67°0 0ST°0 || OVC 490 varo | v¢ 6¢€°0 891°0 LVVdHdTHOS
16T G660 veET0 | 0 - - 16T 6660 veET0 | 0 B } VNOdSOVIIHLIS
9¢ 96.°0 LET0 |9 L3200 90€0 | 9€ 6080 LET0 |9 1€0°0 90€°0 PAHTAALVIdHYAYT
L g9¢0 991°0 | & 99°0 LITO0 || ¥ 7070 91°0 | 8 61L°0 ¢ol’0 XOININNOATLVHdHYAY
96 896°0 €10 | 0 - - 96 €L6°0 1€T°0 | 0 - - PLVAdHYAY
G811 G¢c’0 091°0 | 0 - - G811 ¢C0 091°0 | 0 - } SdeX0dsOdd
a1 79070 €¢c0 | 8¢ 60°0 16T°0 | ST 890°0 €¢c0 | 8¢ 80°0 16T°0 LVVIAVY
49! av0°0 €81°0 | 9TT  ¥6L°0 9v1°0 | ¢ct €€00 €81°0 | 92T 91L°0 6V1°0 ETINZINZINANATAD
53 780 veET0 | 0 - - 53 780 veET0 | 0 - - VAVNNAHYIV
984¢ L0 LST°0 | 06 100°0 6ec’0 || ¥9S¢ GeS0 L8T°0 | ¢l 00 qral ddvOLvId
0T 9€L°0 7¢ro |0 - - 0T LyL0 7¢10 |0 - } VIUNYLNACHd
Ie G¢c0 GLT0 | 0 - - Ie 8¢¢0 GLT0 | 0 } ; 15¢ddEACO
6¥ 664°0 051010 : : 6¥ 76470 0sT0 10 : : 15¢H4dcAcO
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
SpIsoyd SpIqed 91s Surpurg

38



‘umoys 10U sdnosb 1) ur sio30u0Ld 201 UDY] $SI] UL PUNOS 2UdYM IDY] S{190UL LOf SINSIY
"PANLISUOI-UOU PUD PILISUOD 9UD SfII0UL Y] 242YM §211UD[ Y] bUINIsU0D SaUdb Y] 40f Sanpa U01sSaLATI0D Y] (9§ 21QD],

VI 9500 6¢¢°0 | 6€ 940 G0 || V1 650°0 6¢¢°0 | 6€ 8€L0 Gv1o LVIYdVv
60§ G66°0 G100 - - 60¢ €660 G100 - - POdVOINZHHOOHYY
€9 6v.L0 arro | € 7950 60T°0 || ¢9 evLo Lo | ¥ 6140 ¢60°0 [KCR<AY
910€  8I6°0 va1'0 | €9 100°0 1¢¢0 || Y96  9€6°0 e€sr’o | ¥e1r 1000 7020 SASNISNODSOHHVNY
9L 6¥7°0 8GT0 | €F L3200 9020 || 89 ereo 910 | TG 890°0 06T°0 SOASNISNOOECOUHVNY
N onrea-d g N onrea-d % N onrea-d g N onrea-d  ?g
PoAIdSTOOUOU POATOSTOD PoAIdSTOOUOU POATOSTOD
SpIsoyd SpIqed 91s Surpurg

39



3.5 Motif combinations

Of the 10296 possible combinations of two motifs 6694 (65.0 %) were found
in at least one rice promoter sequence. Table 3.7 summarizes the results of
conserved CRE combinations. Due to limited computational resources only
9132 CRE combinations were considered.

Clade Conserved %
Monocots 2634 25.6
Oryza 6287 61.1

Table 3.7: The number of motif combinations that where conserved in at least one
family, and the percentage of the total amount of combinations this constitutes.

Significance
Motif 1 Motif 2 Oryza Monocots
CArG promoter motif IBOXCORE Nonconserved  Nonconserved
CCA1 motifl BS in CAB1 PRECONSCRHSP70A Nonconserved -
CCA1 motifl BS in CAB1 ANAERO5CONSENSUS  Conserved Nonconserved
DREB1AND2 BS in rd29a MYB3 binding site motif - Conserved
DREB1AND2 BS in rd29a AGATCONSENSUS - Conserved
ERE promoter motif Z-box promoter motif - Conserved
ERE promoter motif RE1ASPHYA3 - Conserved
ERE promoter motif 20NTNTNOS - Conserved
HSEs binding site motif ANAERO5CONSENSUS  Conserved Nonconserved
L1-box promoter motif MAO0129.1 Nonconserved -
L1-box promoter motif ANAERO3CONSENSUS - Nonconserved
L1-box promoter motif ANAERO5CONSENSUS - Nonconserved
LS5 promoter motif HDZIPIITAT Nonconserved -
LS5 promoter motif ANAERO5CONSENSUS  Both Nonconserved
MYB3 binding site motif ANAERO5CONSENSUS  Both Nonconserved
SBP-box promoter motif AACACOREOSGLUBI1 Nonconserved -
SBP-box promoter motif ANAERO5CONSENSUS  Conserved Nonconserved
T-box promoter motif AG BS in SPL/NOZ - Conserved
Z-box promoter motif PIATGAPB - Nonconserved
Z-box promoter motif RBCSBOX2PS Nonconserved -
Z-box promoter motif ANAERO5CONSENSUS  Both Both
AG BS in SPL/NOZ TGA1IANTPRIA - Conserved
AG BS in SPL/NOZ XYLAT Conserved -
SORLIP5 SGBFGMGMAUX28 - Nonconserved
SORLIP5 SORLIP4AT - Nonconserved
SORLIP5 ANAERO5CONSENSUS  Conserved -
MA0096.1 AACACOREOSGLUBI1 Conserved -
MAO0120.1 ANAERO5CONSENSUS - Nonconserved
CEREGLUBOX3PSLEGA ANAERO5CONSENSUS  Both Nonconserved
CPRFPCCHS PRECONSCRHSP70A Conserved Nonconserved
CPRFPCCHS ANAERO5CONSENSUS  Both Nonconserved
E2FBNTRNR ANAERO5CONSENSUS  Conserved Nonconserved
GCBP2ZMGAPC4 ANAERO5CONSENSUS  Both -
GLUTECOREOS ANAERO5CONSENSUS  Both Nonconserved
IBOXLSCMCUCUMISIN ANAERO5CONSENSUS  Both -
ABRE2HVA22 AGL2ATCONSENSUS Nonconserved -
ABRE2HVA22 ANAERO5CONSENSUS  Both Nonconserved
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Significance

Motif 1 Motif 2 Oryza Monocots
ABRE3HVA1 ANAERO5CONSENSUS  Conserved Nonconserved
ABRE3OSRABI16 ANAERO5CONSENSUS - Nonconserved
OCETYPEIIINTHISTONE ANAERO5CONSENSUS Both Nonconserved
OCSGMHSP26A ANAERO5CONSENSUS  Both Nonconserved
OSE2ROOTNODULE PIATGAPB Nonconserved -
OSE2ROOTNODULE TATAPVTRNALEU - Conserved
P1BS ANAERO5CONSENSUS  Both Nonconserved
PIATGAPB SGBFGMGMAUX28 Nonconserved -

PIATGAPB AGATCONSENSUS Nonconserved -

PIATGAPB ANAERO5CONSENSUS  Nonconserved  Nonconserved
PRECONSCRHSP70A ANAERO5CONSENSUS  Conserved Nonconserved
RAV1BAT ANAERO5CONSENSUS  Both Nonconserved
RBCSBOX2PS ANAERO5CONSENSUS - Nonconserved
ABRECE1HVA22 ANAERO5CONSENSUS - Nonconserved
RHERPATEXPAT7 ANAERO5CONSENSUS  Both -
TATCCACHVAL21 ANAERO5CONSENSUS  Both -
UP1ATMSD ANAERO5CONSENSUS  Conserved Nonconserved
ACGTSEED3 ANAERO5CONSENSUS  Both Nonconserved
AGATCONSENSUS ANAERO5CONSENSUS  Both Nonconserved
ANAERO5CONSENSUS ARECOREZMGAPC4 Conserved Nonconserved
ANAERO5CONSENSUS ATHB5ATCORE Both -

Table 3.8: Combinations of motifs that are significantly over-coexpressed, with a
false discovery rate of 0.1. The two significance columns indicates whether the mo-
tif was significantly (p < 0.001) over-coexpressed in the conserved or nonconserved
only, or both, across the clades Oryza and monocots. Dashes indicate that the
combination was not significantly over-coexpressed. The labeling of the two motifs
in a combination is arbitrary and does not imply any ordering. Results for motifs
that where found in less than five promoters in all groups not shown.

3.6 Divergence in CREs between monocots
and eudicots

34 CREs were found to be conserved in significantly many families among
the monocots that were not found to be conserved in eudicots. These are

listed in Table 3.9. No CREs were found to be conserved in significantly
many families among the eudicots only.
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Name

ABFs binding site motif
ATHB2 binding site motif
GCC-box promoter motif
HSEs binding site motif
MYB3 binding site motif
SBP-box promoter motif
TELO-box promoter motif
Z-box promoter motif
MA0096.1

MA0129.1

SORLIP5

BP50SWX
DRE1ICOREZMRABI17
E2FAT

E2FBNTRNR
EMHVCHORD
EVENINGAT
GAGAGMGSA1
GBOXLERBCS
GCCCORE
HEXAMERATH4
L1BOXATPDF1
MYB26PS

RAV1BAT
SBOXATRBCS
SORLREP4AT
ABREMOTIFAOSOSEM
TATABOX1
TATCCACHVAL21
UP1ATMSD
AMMORESIVDCRNIA1
ANAERO3CONSENSUS
ARE1

ATHB5ATCORE

Table 3.9: List of motifs that where found to be conserved in significantly many
families in monocots, but not in eudicots.
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Chapter 4

Discussion

4.1 CRE prevalence and conservation

The predicted regulatory elements show a very high prevalence across all
species, with more than 100 different cis-regulatory elements predicted in
the promoter for each gene on average for all but two species. Furthermore,
the average number of CREs found, including CREs found more than once,
tend to be 4-5 times greater than when just counting up the unique instances.
This suggests that it is not uncommon for the same CRE to be present more
than once in a promoter.

The predictions should be considered with caution. For many CREs the
experimental evidence come from only a single species and thus it’s func-
tionality in other species may be dubious, especially if they are distantly
related. Furthermore, several of the CREs are similar to each other and may
be functionally equivalent.

The length of the region upstream of the translation start site (2000 bp)
referred to as the promoter region were longer than in many similar studies.
This will most likely result in more spurious findings and false positives.

Ding et al. (2012b) found 66,530 instances of 317 cis-regulatory elements
in C. reinhardtii. This is a much lower number than the 7.4 million instances
found here, but these numbers should be compared with care. Ding et al.
(2012b) used only 8,742 genes that had an ortholog in V. carteri, which is
about half of the genes used here. In addition they only looked at the 1 kb
upstream of the translation start site, half of the length used here. They also
only identified CREs 8 bp long.

It is informative to take a closer look at some of the CREs that were iden-
tified as being conserved in significantly many families. This serves several
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purposes, first as an attempt to assess whether the results are plausible given
the already existing knowledge about their role in gene regulation and their
prevalence in across species. Secondly it may provide new insights about
regulatory evolution.

4.1.1 Important CREs across all plants

As seen in Table 3.2 only four CREs were conserved in significantly many
families across all 25 species (Green Plants). The four CREs are ARRI1AT,
WRKY710S, OSE2ROOTNODULE and RAV1AAT, all from PLACE. The
small number of CREs makes it feasible to delve into the existing litterature.

The annotations for the ARRIAT CRE identifies the CRE as a binding
site for the A. thaliana ARRI transcription factor (Sakai et al., 2000), and
other studies has found it in rice as well (Ross et al., 2004). ARR1 belongs
to a group of regulators called B-type RR (for response regulator) involved
in cytokinin signal transduction pathways (Ishida et al., 2008). This group
of regulators is also well characterized in rice (Ito and Kurata, 2006) and
comparative investigations has also found B-type RR’s in moss and alge
species (Pils and Heyl, 2009). The ARRIAT CRE were also found to be
conserved in significantly many families in all other subgroups investigated
here.

The WRKY710S CRE is described in the PLACE annotations as the
core of TGAC-containing W-box. The W-box sequence is bound bound by
members of the WRKY family of transcription factors. The full W-box
consensus motif is ttTGACY, and the WRKY710S motif consists of the core
sequence TGAC, which is essential for binding of WRKY proteins (Eulgem
et al., 2000). Members of WRKY family have been found in great abundance
in A. thaliana and rice, and is also found ferns, mosses and algae (Ulker and
Somssich, 2004). WRKY proteins have also been found in slime molds and
other protists, indicating that the family originated before the advent of
plants. The proliferation of this TF family in plants has been attributed to
its role in defense against plant pathogens, although a wide range of other
functions are reported as well (Rushton et al., 2010). This motif was also
conserved in significantly many families in all clades.

The OSE2ROOTNODULE CRE is according to the PLACE annotations
found in promoters to leghemoglobin genes. Leghemoglobins play an im-
portant role in regulating oxygen in root cells infected by nitrogen fixating
bacteria (Raven et al., 2005). The amino acid sequence of the Vicia faba
leghemoglobin gene VILb29 (Swiss-Prot: P93848.1) where the CRE were
first described (Vieweg et al., 2004) gave significant BLAST results to mem-
bers of the HOM001294 PLAZA family. This family had members in all
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plants. OSE2ROOTNODULE is identical to the NODCON2GM motif, but
this was not one of the motifs were tested for being conserved in significantly
many families. The description of this motif also suggests similar functional-
ity. OSE2ROOTNODULE was also conserved in significantly many families
in all clades.

The RAVIAAT CRE were first characterized as bound by the RAV1 tran-
scription factor in A. thaliana (Kagaya et al., 1999). RAV1 is an interesting
case as it has two DNA binding domains, described as AP2-like and B3-like,
that binds to two distinct sequence motifs. While RAVIAAT is conserved
in significantly many families in all clades, the companion motif, RAV1BAT,
is not conserved in significantly many families in Green Plants (p = 1), but
only is in clades Monocots, Chlorophyta, Malvids and Oryza (p = 0 for
all). The PLAZA gene family where the A. thaliana RAV1 gene belong to
(HOMO000447) has members in all 20 available species of land plants, but not
in chlorophyta. In an explorative study of cis-regulatory elements in the green
algae C. reinhardtii 378 instances of the two combined motifs was found (Ding
et al., 2012b). At least two predicted C. reinhardtii proteins are annotated
in RefSeq as containing AP2 an B3 domains (accessions XM_001693601.1
and XM_001696127.1), but a co-occurrence of the two domains in a single C.
reinhardtii protein has not been described.

Of the four CREs the OSE2ROOTNODULE CRE is perhaps the result
that should be considered with greatest care. Although leghemoglobins are
found in a great range of species, there does not seem to be any evidence
that suggests that they should be regulated by the same motif. It is however
possible that this result is a new discovery of an important cis-regulatory
element. For the three other CREs there are much evidence to credibly
imply biological meaningful roles across the plant kingdom.

It should be noted that these four CREs are exceptionally short (4-5 bp).
Only 6 of the 144 motifs investigated are 5 bp or shorter. The expected
number of times a sequence of length 5 bp would occur by chance is about
0.25°x 2000 = 1.95 times in a 2000 bp sequence. This high expected incidence
of chance finds could explain why such short sequence motifs are conserved in
significantly many families, but the fact that two such sequence motifs were
not found to be significant could mean that the significant sequence motifs
are in fact real important cis-regulatory elements.

Biological constraints can provide an alternative explanation for why the
sequence motifs are so short. Long cis-regulatory sequence motifs are very
specific, but prone to mutations, while short sequence motifs are less specific
but more resilient to mutations (Stewart et al., 2012). CREs conserved across
a great range of species would therefore not be expected to be very long.
The low binding specificty for transcription factors associated with short
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binding sites is also not such a problem for the WRKY710S and RAVIAAT
motifs. WRKY710S is only an extremely conserved part of a great range of
longer binding sites and RAV1AAT is only one half of a binding site duo.
Higher specificity for other short binding sites may also be provided by other
synergistic processes such as cooperative binding.

4.2 Go terms

In many cases the genes where a cis-regulatory element was found were
associated with significantly enriched GO terms. The genes where a CREs
was conserved had more enriched terms than the genes where the CREs was
nonconserved. This was found both when the CREs were conserved at the
level of Oryza and monocots, although in a smaller degree when conservation
in studied across the monocots.

If a greater number of enriched terms for a set of genes are taken as a sign
of a better criterion for identifying a set of genes, then it seems as if taking
conservation into account is a good approach. The lower ratio of enriched
terms between the conserved and nonconserved CREs when conservation is
considered across the monocots is interesting. Monocots are a rather diverse
group of plants, and conservation across it may therefore be a considered a
very strict criterion. The set of genes where the CREs are conserved did
however yield more enriched terms than the nonconserved. It is unclear
how much certainty should be put into the results concerning the difference
between the conserved and nonconserved CREs, as no significance testing
has been performed. But the results suggests that there is some functional
differences between the two groups, both when considered across monocots
and Oryza.

The enriched terms were generally different in the genes where the CREs
were conserved and nonconserved, as indicated by the low V scores in Table
3.3. For conservation across monocots the lower 90% percentile is 0.36, while
for Oryza it is 0.16.

The CREs in the genes where they are conserved differ a bit from the
nonconserved also in terms of how specific the terms are. The conserved has
an average V of 6.5 in monocots and 6.8 in Oryza. The nonconserved on the
other hand has the respective averages 7.2 and 7.3.

In this analysis only single CREs are investigated. CREs are often not
found alone, as can be seen in Table 3.7. This means that a single CRE
conserved in Oryza have a greater chance of co-occurring with another con-
served CRE than a CRE conserved across the monocots. A conserved duo
of predicted CREs would be expected to have a greater chance of having a
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functional role, and this should in turn lead to the pattern we see here with
the loosest conservation criterion having most enriched terms.

The differences in specificity for the enriched GO terms is interesting.
One would expect the conserved CREs, being more likely to have a function,
had more specific roles. One could speculate that this can imply a recent
divergence in the rice regulatory networks, but as the significance between
the number are unclear, it is impossible to say. It may also be the result
of bias in the annotations, as more specific terms are annotated also imply
more knowledge of the associated gene.

4.3 Gene expression

For some CREs, the genes where it was predicted in the promoter appeared to
show interesting expression patterns. In rice the genes where the L1-box pro-
moter motif, MA0120.1, E2FBNTRNR, GCCCORE and ANAERO5S5CONSENSUS
was not conserved show significant over-coexpression, while the genes where
these CREs was conserved did not. MA0120.1 was significantly over-coexpressed
only in the genes nonconserved across Oryza, but not across monocots. The
oppsite was the case for the others, except for GCCCORE, which were found
to be significantly over-coexpressed across both clades. Interestingly, none
of the conserved CREs are found to be significantly over-coexpressed.

Given that the genes where a CRE is nonconserved across monocots is
a superset the genes that the motif is nonconserved across Oryza, and vice
versa for the genes where a CRE is conserved, the p-values are not indepen-
dent. With this in mind, the small discrepancies between the two degrees of
conservation should not be given much weight.

At both levels of conservation, the nonconserved CRE instances are gen-
erally associated with a significantly higher coexpression score than the con-
served CREs.

All of these CREs are conserved in significantly many families across
monocots and oryza, except for ANAEROSCONSENSUS, which is conserved
in significantly many families only in oryza.

In populus the genes where the T-box promoter motif was not conserved
showed significant over-coexpression, while the genes where the CRE was
conserved did not. This holds across both the fabids and rosids clades. The
E2FBNTRNR, PTATGAPB and ANAERO5CONSENSUS CREs showed sig-
nificant over-coexpression in the genes where they were conserved, but not
in the genes where they were not conserved. Again, this was the case across

both the fabids and rosids clades.
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There were in general no significant differences in the coexpression scores
between the genes where the CREs were conserved and nonconserved, again
across both the rosids and fabids level.

It is interesting to note that the nonconserved CREs in rice had a signifi-
cantly greater coexpression score than the conserved, while no such difference
was found in populus. This may suggest that rice has some novel changes
in its regulatory networks. One could only speculate why this is, but one
possible explanation could be that rice is an extremely important food plant
that was domesticated about 9000 years ago, and has since then been sub-
ject to strong artificial selection, that has even resulted in the two distinct
subspecies (Molina et al., 2011). While populus also is a cultivated plant, it
has most likely not been subject to the same artificial selection pressures as
rice.

Of the five CREs that showed any significant over-coexpression in rice,
whether in the conserved or nonconserved gene sets, all but ANAEROSCONSENSUS
are conserved in significantly many families across both monocots and Oryza.
ANAERO5CONSENSUS was conserved in significantly many families only
across Oryza.

Of the four CREs that showed any sort of significant over-coexpression in
populus, all but the T-box promoter motif are not conserved in significantly
many families, across fabids or rosids. The T-box promoter motif is conserved
in significantly many families across both fabids and rosids.

Since the coexpression scores were not calculated for all the CREs that
were investigated for conservation in significantly many families, the tests
for differences in coexpression values between the conserved CREs and the
CREs conserved in significantly many families are unreliable and it is wise
to not speak of them.

Taken together, these results does not seem to correspond well with the
results identifying the CREs that are conserved in significantly many families.
Some caveats should be noted, however. For one, the gene expression score
used here is not based well established measures such as the Expression
Coherence Score (Pilpel et al., 2001).

It may also be that the one-sample significance test for over-coexpression
used here is unsuitable for the main purpose of this investigation. Possibly
a better approach would be to compare the coexpression of the conserved
and nonconserved CRE instances directly as two independent samples. For
rice the paired two-sample t-tests suggests that this could have yielded more
interesting results. Eyeballing Table 3.5 it is not hard to find CREs that
possibly could yield significant results. For example, the MYB1 binding site
motif, EMHVCHORD and RYREPEATVFLEB4 CREs have rather large dif-
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ferences in the coexpression scores between the conserved and nonconserved
gene sets.

4.3.1 CRE combinations in rice

A couple of things are immediately clear when looking at the results in Table
3.8. The first is that a lot more CREs are found to be associated with
significant over-coexpression when considered in pairs than when considered
alone. In total 54 CREs is on that list, compared to 5 when only considered
alone.

The second is that a some of the motifs appear several times. The
ANAERO5CONSENSUS motif is by far the most frequent motif, with 31
instances on the list. In all combinations where it was significantly over-
coexpressed this was only so in the genes where it was not conserved across
the monocots. The opposite was true when conservation was considered
across Oryza, where the the combinations were either significant only where
it was conserved, or both conserved and nonconserved. This suggests that
ANAERO5CONSENSUS have some important functionality in the Oryza
lineage. The finding that ANAERO5SCONSENSUS is conserved in signifi-
cantly many families in the Oryza clade, but not in the monocot clade (see
Appendix A) fits well with this result.

With the methodology used here, it is hard to say for sure whether the
over-coexpressed CRE combinations are found here because of synergistic ef-
fects, or if only one of the CREs are sufficient and any over-coexpression
found in combination is spurious. This may very well be the case with
ANAERO5CONSENSUS, where the genes where it was associated with showed
significant over-coexpression.

Of the 54 CREs listed in Table 3.8, 25 are conserved in significantly many
families across both Oryza and the monocots, while six are neither. 23 CREs
are conserved in significantly many families across Oryza, but not across
the monocots. None are conserved in significantly many families across the
monocts only.

4.4 Monocot-eudicot divergence

It is not feasible to discuss the functionality of every single CRE that where
found to be conserved in significantly many families in monocots, but not
in eudicots, in depth. It is nevertheless appropriate to do a cursory look at
the annotations from the source databases in addition to compare it to the
results from the GO enrichment and gene expression analyses.
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Eight of the motifs are from AGRIS, meaning that they can be assumed
to be functional in the eudicot A. thaliana. For the two motifs from JAS-
PAR, MA0096.1 and MA0129.1 are annotated as comming from the eudicots
Snappdragon (Antirrhinum majus) and Nicotina sp., respectively.

In light of the discussion in Chapter 4.1.1, one notable motif presence in
table 3.9 is RAVIBAT, while RAVIAAT is is absent. One would expect both
motifs to not having diverged, at least not just one of them. Interestingly, as
seen in Appendix A, RAVIBAT is only conserved in significantly many fam-
ilies in the malvids subclade of eudicots, which is where we find A. thaliana,
where the motif duo where first identified.

The E2FBNTRNR motif is according to the PLACE annotations first
identified in the eudicot tobacco (Nicotiana tabacum). In the gene expres-
sion analysis this motif had significant over-coexpression in the where it was
unconserved in rice, as well as significantly over-coexpressed where it was
conserved in poplar.

GCCCORE is according to the PLACE annotations found in the eudicots
A. thaliana and tomato (Lycopersicon esculentum). It was also found to be
significantly over-coexpressed in the genes where it was not conserved in rice.

For the rest of the CREs, 12 had annotations indicating they were discov-
ered in eudicot species, while four indicated they were discovered in monocot
species. One were discovered in both monocots and eudicots, and another
one was discovered in Chlorophyta. One also had indeterminate annotations.

4.5 Conclusion

Using high prevalence conservation of cis-regulatory elements as a criterion
for identifying important CREs throughout the natural history of plants does
not seem to be a useful method. Although CREs that in some cases are known
to have deep evolutionary roots where found to be conserved in significantly
many families across all green plants, investigating divergence of CREs in
two important lineages gives inconsistent results.

The high prevalence conserved CREs does not seem to give more insights
than the ordinary conservation criterion when used in analyzing gene expres-
sion and annotational data. When CREs are considered in pairs, some more
agreement seems to appear, but it is unclear how much weight these results
should be given.
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Appendix B

Binding site motifs

This is a list of the 144 motifs that were analyzed with respect to conservation
in significantly many families.

Motif name Consensus motif

ABFs binding site motif CACGTGGC

ACE promoter motif GACACGTAGA

AG BS in SUP CCATTTTTGG

AGL2 binding site motif NNWNCCAWWWWTRGWWAN
ATHB2 binding site motif CAATSATTG

CArG promoter motif CCWWWWWGG

CArG2 motif in AP3 CTTACCTTTCATGGATTA

CCA1 motifl BS in CAB1 AAACAATCTA
DREB1AND2 BS in rd29a TACCGACAT

EIL1 BS in ERF1 TTCAAGGGGGCATGTATCTTGAA
EIL2 BS in ERF1 TTCAAGGGGGCATGTATCTTGAA
ERE promoter motif TAAGAGCCGCC

GCC-box promoter motif GCCGCC

HSEs binding site motif AGAANNTTCT

L1-box promoter motif TAAATGYA

LS5 promoter motif ACGTCATAGA

MYBI1 binding site motif MTCCWACC

MYB2 binding site motif TAACTSGTT

MYB3 binding site motif TAACTAAC

Nonamer promoter motif AGATCGACG

PII promoter motif TTGGTTTTGATCAAAACCAA
SBP-box promoter motif TNCGTACAA

T-box promoter motif ACTTTG

TELO-box promoter motif AAACCCTAA

Z-box promoter motif ATACGTGT

AG BS in SPL/NOZ AAAACAGAATAGGAAA
SORLREP1 TTWTACTAGT

SORLIP3 CTCAAGTGA

SORLIP5 GAGTGAG

MAO0127.1 ANTTCTTATK

MAO0120.1 TTKYYNYTNBCG

MAO0129.1 HACGTCA

MAO0001.1 CCAWAWATAG

MA0096.1 MTGACGT

-10PEHVPSBD TATTCT

Continues on next page
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Motif name

Consensus motif

20NTNTNOS
AACACOREOSGLUBI1
AACAOSGLUBL1
AAGACGTAGATACLI12
ABRE2HVA22
ABRE3HVA1
ABRE3OSRAB16
ABREA2HVA1
ABREBNNAPA
ABRECE1HVA22
ABRECE3HVA1
ABREMOTIFAOSOSEM
ABREZMRAB28
ACGTROOT1
ACGTSEED3
AGATCONSENSUS
AGLIATCONSENSUS
AGL2ATCONSENSUS
AGL3ATCONSENSUS
ALFINTPARC
AMMORESIVDCRNIA1
ANAERO3CONSENSUS
ANAERO5CONSENSUS
ARE1
ARECOREZMGAPC4
ARRIAT

ASF1ATNOS
ATHB5ATCORE
BOX1PSGS2
BOX1PVCHS15
BP50SWX
CAREOSREP1
CARG3ATAP3
CATATGGMSAUR
CEREGLUBOX3PSLEGA
CGACGOSAMY3
COREOS
CPRFPCCHS
DRE1COREZMRAB17
E2FANTRNR

E2FAT

E2FBNTRNR
ELRE2PCPALL1
EMHVCHORD
EREGCC

ERELEE4
EVENINGAT
GAGAGMGSA1
GBOXLERBCS
GBOXRELOSAMY3
GCBP2ZMGAPC4
GCCCORE
GLUTEBOX20SGT2
GLUTECOREOS
HBOXPVCHS15
HDZIPIIIAT
HEXAMERATH4
HSRENTHSR203J
HY5AT

IBOXCORE

TGAGCTAAGCACATACGTCA
AACAAAC
CAACAAACTATATC
AAGACGTAG
CGCACGTGTC
GCAACGTGTC
GTACGTGGCGC
CCTACGTGGC
CGCCACGTGTCC
TGCCACCGG
ACGCGTGTCCTC
TACGTGTC

CCACGTGG

GCCACGTGGC
GTACGTGGCG
TTWCCWWWWNNGGWW
NTTDCCWWWWNNGGWAAN
NNWNCCAWWWWTRGWWAN
TTWCYAWWWWTRGWAA
TTACGCAAGCAATGACA
CGAACTT

TCATCAC

TTCCCTGTT
RGTGACNNNGC
AGCAACGGTC

NGATT
TGAGCTAAGCACATACGTCAG
CAATNATTG
ATAGAAATCAA
TAAAAGTTAAAAAC
CAACGTG

CAACTC
CTTTCCATTTTTAGTAAC
CATATG

TGTAAAAGT

CGACG

AAKAATWYRTAWATAAAAMTTTTATWTA

CCACGTGGCC
ACCGAGA
TTTCCCGC
TYTCCCGCC
GCGGCAAA
ATTCTCACCTACCA
TGTAAAGT
TAAGAGCCGCC
AWTTCAAA
AAAATATCT
GAGAGAGAGAGAGAGAGA
MCACGTGGC
CTACGTGGCCA
GTGGGCCCG
GCCGCC
TCCGTGTACCA
CTTTCGTGTAC
CCTACCNNNNNNNCTNNNNA
GTAATSATTAC
CCGTCG
CAAAATTTTGTA
TGACACGTGGCA
GATAA

Continues on next page
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Motif name

Consensus motif

TBOXLSCMCUCUMISIN
INRNTPSADB
L1BOXATPDF1
MRNA3SENDTAH3
MYBI1LEPR
MYB26PS
MYBGAHV
MYCATERD1
MYCATRD22
NTBBF1ARROLB
O2F1BE2S1
O2F2BE2S1
O2F3BE2S1
OCETYPEIIINTHISTONE
OCSGMHSP26A
OSE1IROOTNODULE
OSE2ROOTNODULE
P1BS
PALINDROMICCBOXGM
PE2FNTRNR1A
PIATGAPB
PRECONSCRHSP70A
QELEMENTZMZM13
RAVIAAT

RAVIBAT
RBCSBOX2PS
RBCSBOX3PS
RE1ASPHYA3
RHERPATEXPA7
RYREPEAT4
RYREPEATLEGUMINBOX
RYREPEATVFLEB4
SBINPABC1
SBOXATRBCS
SGBFGMGMAUX28
SITEITAOSPCNA
SORLIP4AT
SORLREP4AT
SRENTTTO1
TATABOX1
TATAPVTRNALEU
TATCCACHVAL21
TE2F2NTPCNA
TGAIANTPRIA
TRANSTART
UP1ATMSD
WRKY710S
WUSATAg

XYLAT

AGATATGATAAAA
YTCANTYY
TAAATGYA
AATGGAAATG
GTTAGTT
GTTAGGTT
TAACAAA
CATGTG
CACATG
ACTTTA
TCCACGTCGA
GCCACCTCAT
TCCACGTACT

GATCCGCGNNNNNNNNNNNNNNACCAATCS
TGATGTAAGAGATTACGTAA

AAAGAT
CTCTT
GNATATNC
TGACGTCA
ATTCGCGC
GTGATCAC

SCGAYNRNNNNNNNNNNNNNNNHD

AGGTCA

CAACA

CACCTG
GTGTGGTTAATATG
ATCATTTTCACT
CATGGGCGCGG
KCACGW
TCCATGCATGCAC
CATGCAY
CATGCATG
CACTAACACAAAGTAA
CACCTCCA
TCCACGTGTC
TGGGCCCGT
GTATGATGG
CTCCTAATT
TGGTAGGTGAGAT
CTATAAATAC
TTTATATA
TATCCAC
ATTCCCGC
CGTCATCGAGATGACG
TAAACAATGGCT
GGCCCAWWW
TGAC

TTAATGG
ACAAAGAA
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