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ABSTRACT OF THE DISSERTATION

Evolutionary Study of Genome Features in Cereals: a Focus on Endogenous Small RNA
Generation

by

Sahar Nohzadeh-Malakshah

Doctor of Philosophy, Graduate Program in Plant Biology
University of California, Riverside, December 2012

Professor Renyi Liu, Chairperson

The prevalence of large-scale genomic studies and technological advances in
recent years is promising in the investigation of genome features in more details. The
focus of this dissertation is to recruit publicly available genome data and to adopt
common and novel computational methods to study the generation and evolution of two
classes of small RNAs in cereals. Such a study is important since first small RNAs play a
central role in several fundamental processes in cells like genome integrity, gene
expression & response to stresses; and second there is a widening gap between the
amount of raw and the processed and genomic data which needs to be addressed by
computational biology strategies. By the aid of comparative genomics approach the
sources of two different types of small RNAs were investigated. Our results provide a

strong support that overlapping genes (OGs) could be a source of natural antisense



transcripts-small interfering RNAs (nat-siRNA) in cereals while most nat-siRNA
generation is not well conserved in them. In addition, our data demonstrate that OGs are
common and mostly species specific in maize, rice and Brachypodium and there is no
obvious correlation between their number and the total number of genes or genome size;
however, genome size and architecture does affect the frequencies and types of
overlapping genes. By comparative analysis of the orientation of OGs several birth and
death mechanisms were proposed among which translocation and gene creation are the
major ones. Moreover, we improved the annotation of microRNA (miRNAs) genes in
cereals that produce another type of small RNAs that have crucial regulatory roles in
development and stress responses. A novel methodology was developed to use a large
number of the recently available RNAseq data to refine gene boundaries of miRNAs and
a comparative analysis were performed on them. By defining these upstream regions and
using the alignment of the orthologous ones, several miRNA specific regulatory elements
were identified which are conserved in cereals and are good candidates for experimental
verification. Overall, this dissertation demonstrates that use of publicly available data and
computational approaches would increase our understanding of small RNAs and their
evolution. This can provide a foundation for the community to study their expression and

function more precisely.
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Chapter 1

Introduction

1.1 Background and Context

In the era of pervasive sequencing we are encountering new or improved genome
data every day. The total amount of genomic data is growing approximately tenfold each
year (Loh et al., 2012). Consecutive generations of sequencing technologies have
increased the amount of genomic data exponentially. Over the past 10 years since the
publication of the first draft of the human genome, technologies have been developed that
can be used to sequence a human genome in 1 week for less than $10,000 (Loh et al.,
2012). Plant genome sequencing methodology paralleled the sequencing of the human
genome although with a relatively slower pace (Jackson et al., 2011). A reference
genome is now available for 21 crops and crop comparative genomics is being
transformed by these data and new generation of experimental and computational
approaches have evolved (Morrell et al., 2011).

These advances have changed the way we conduct genetic and genomic researches.
For instance in the field of plants genomic, economically important trait selection paired
with the increase in the resolution of markers and the decrease in cost, will lead to
improved breeding strategies. Genome sequence coupled with transcriptomics may tell us
a lot about where within the genome to focus our attention in breeding programs. The

application of Next Generation Sequencing (NGS) technologies for resequencing,



assuming a reference genome exists, is one of the most powerful applications for crop
improvement.

A major challenge that is encountered by the scientific community is pulling out
the new insights from the data sets currently available which will require not only faster
computers, but also more efficient and smarter algorithms (Loh et al., 2012). The pace of
innovation in genomic data creation is much higher than the pace of innovation within
genomic informatics. This widening gap must be addressed before the overall field of
genomics can take the leap forward that the community has foreseen and is needed for
many applications, spanning from evolution to medicine. We should be able to analyze
all these data effectively and without addressing this problem, these downstream
informatics challenges will restrict the advancements of the entire field (Kahn, 2011). We
have tried to develop one of these smart algorithms in chapter 3.

One aspect that has been transformed by the increasing numbers of reference
genomes and by the estimation of sequence diversity from high-throughput resequencing,
and also by the emergence of a new generation of experimental and computational
approaches is comparative genomics which has been utilized throughout this thesis.
Comparative genomics is traditionally thought of as the investigation of synteny (gene
order) and sequence comparisons among related species (Morrell et al., 2011). It is useful
in studying related genomes, the non-model organism and it can be used to bring useful
traits and genome segments from wild relatives (Edwards and Batley, 2010). The future
of crop improvement will be around the comparisons of individual plant genomes in

different fields like genetic mapping and evolutionary analysis. If we wish to continue



increasing crop production in parallel with the growing human populations and changing
climates, we should maximize the use of this genomic data and it is fundamentally
important (Morrell et al., 2011).

In this thesis by the aid of comparative genomics approaches and innovative
computational methodologies I have tried to analyze several crops raw sequencing data

and increase our understanding of their corresponding genomes.

1.2 Overall Research Aim and Individual Research Objectives

In the context of joint pervasive sequencing data in the genomic era, plant and
specifically crop genomics has two interesting key properties that motivate most of the
studies that I did in this thesis. Availability of the whole genome sequences of four
closely related species from the grasses in recent years- rice (Goff et al., 2002), sorghum
(Paterson et al., 2009), maize (Schnable et al., 2009), and Brachypodium (2010) - on the
one hand and the recent explosion of NGS data on the other hand gave us an opportunity
to compare the type, frequency and characteristics of several genome features in these
plants. These features that have been studied at genome-wide scale using comparative
genomics approach include a) Evolution of overlapping genes. b) Identification and/or
characterization of the sources of generation of two classes of plant small RNAs (natural
antisense small interfering RNAss and miRNAs). ¢) Regulatory elements that affect

miRNA gene expression. This thesis is made up of three main chapters.



Chapter 2. Evolution of Overlapping Genes and Nat-siRNAs in Cereal
Genomes

This chapter contains two major sections. The first part states the distribution and
characterization of the overlapping genes in three cereal genomes at the genome scale.
Several possible mechanisms have been proposed to explain the emergence and deletion
of overlapping genes over time in different species. The second part describes how
overlapping genes could be a source for the generation of natural antisense transcript

small RNAs (nat-siRNA) and how conserved these patterns are.

Chapter 3. Refining microRNA Gene Boundaries in Cereals Using RNAseq
Data
This chapter proposes a novel methodology for improving microRNA gene
annotation using RNAseq data. The parameters of this method have been optimized with
two sets of microRNA genes with known gene boundaries. Then it was applied on two
sets of microRNA with unknown gene boundaries. A comparative study of the miRNA

gene boundaries was performed on two genomes as well.

Chapter 4. Comparative Analysis of Regulatory Elements of microRNAs in
Cereal Genomes
This chapter provides some information about the frequency and conservation of

microRNA-specific regulatory elements in cereal genomes.



Finally, Chapter 5 presents conclusion, evaluation and future works.

1.3 Value of this Research

The genome sequences as well as the NGS data of four cereal genomes have
become available in the last couple of years. Having access to these data and by the aid of
computational methods we were able to first find some support for the existence of a
specific type of small RNA (nat-siRNA) in cereals, second improve the annotation of
another type of small RNA (microRNA) and third study the evolution and conservation
of these two types of small RNAs among several lineages. Also by bioinformatics
approaches we found some candidates small RNA and the corresponding regulatory
elements, which could be a good start for experimental analysis.

Moreover the huge amount of sequencing data in different organisms has caused a
gap between the amount of raw genomic data and the processed and analyzed genomic
data. While in animal field we see several studies have tried to combine and compare the
data from different species and sources and extract as much meaningful biological data
from them as possible, there are not as much studies in plants. The purpose of this work
is to fill in the gap between raw and processed data in several plant genomes up to a
certain extent, particularly by the aid of publicly available genome and NGS data,
comparative genomics approach and common and also novel computational
methodologies, we were able to make some advances in our knowledge on the

conservation and evolution of small RNAs
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Chapter 2

Evolution of overlapping genes and nat-siRNAs in cereal genomes

2.1 Abstract

Overlapping genes occur frequently in all kingdoms of organisms. Their
widespread occurrence in large genomes is unexpected considering the large intergenic
space in these genomes and the negative evolutionary pressure that may be imposed on
overlapping genes. A few studies have been done on the evolution and origination of
overlaps in Eukaryotes but no genome wide study on different types of overlapping genes
has been conducted in plants. We have analyzed the overlapping genes in three cereal
genomes: rice, maize and Brachypodium in which the number of identified overlapping
genes were 747, 1564, 347, respectively. Even though there is no obvious correlation
between the number of overlapping genes and the total number of genes or genome size,
genome size does have an effect on types of overlapping genes. The larger maize genome
possesses significantly more nested overlapping genes than the smaller rice and
Brachypodium genomes. The majority of overlapping genes are species-specific,
indicating frequent creation and loss of gene overlaps. Our results also show that
translocation and gene creation/deletion are the major mechanisms for the origination and
loss of overlapping genes. Mapping of small RNA reads to overlapping genes suggests
that overlapping genes are a major source of generating nat-siRNAs in three genomes,

however most nat-siRNA generation is not well conserved.



2.2 Introduction

Overlapping genes are neighbor genes that share a stretch of DNA segment, either
on the same strand or on the opposite strands. Overlapping genes are found in the
genomes of all kingdoms of life. Since the first example was discovered in a single-
stranded DNA phage (Barrell et al., 1976), overlapping genes were found in
bacteriophages (Normark et al., 1983), viruses (Samuel, 1989), and bacteria (Johnson
and Chisholm, 2004; Palleja et al., 2008). Recent studies show that they occur frequently
in animal and plant genomes as well (Osato et al., 2003; Veeramachaneni et al., 2004;
Makalowska et al., 2005; Steigele and Nieselt, 2005; Galante et al., 2007; Henz et al.,
2007; Makalowska et al., 2007; Solda et al., 2008; Zhou et al., 2009)

The frequency, orientation and conservation of overlapping genes differ
dramatically among different organisms. Whereas on average only 1% of the coding
region is occupied by overlapping genes in viruses (Belshaw et al., 2007), one third of
genes are involved in overlapping in bacterial genomes (Johnson and Chisholm, 2004).
The frequency of overlapping genes in eukaryotes is moderate. For example, overlapping
genes make up 2% to 14% of all genes in fungi (Steigele and Nieselt, 2005) and
vertebrates (Makalowska et al., 2007). Whereas the majority of overlapping genes occur
on the same strand in viruses (Belshaw et al., 2007) and bacteria (Johnson and Chisholm,
2004), most overlapping genes in eukaryotes are on opposite strands (Solda et al., 2008).
Although overlapping genes are well conserved in bacterial genomes (Johnson and
Chisholm, 2004), they show much less conservation in eukaryotes and are predominantly

lineage-specific (Veeramachaneni et al., 2004; Makalowska et al., 2007; Sanna et al.,



2008). For instance, only 27% of overlapping genes in human have overlapping orthologs
in mouse (Makalowska et al., 2005; Sanna et al., 2008).

A few mechanisms have been proposed for the origination of overlapping genes.
Genes may become overlap when one gene lost its polyadenylation signal at the 3° end
and used the signal that happened to be present on the opposite strand of a neighboring
gene (Shintani et al., 1999). Keese and Gibbs (1992) proposed that overlapping genes
may have emerged in viruses from a process called overprinting - part of the sequence
from one gene is translated de novo in a different reading frame or from non-coding
regions (Keese and Gibbs, 1992). In vertebrate genomes, various mechanisms including
translocation, development of a new splice variant, and acquisition of a terminal, non-
coding exon contributed significantly to the origination of overlapping genes
(Makalowska et al., 2007; Solda et al., 2008).

Being overlapping might have significant impact on the expression and function
of the genes involved. It is not exactly known whether these regulatory roles are the result
of the leakage of the transcriptional machinery or intentional (Dahary et al., 2005;
Lapidot and Pilpel, 2006). These roles have been observed for both same strand and
different strand overlaps. Same strand overlaps may provide means to coregulating gene
expression tightly (Normark et al., 1983). Both negative and positive correlations have
been observed for different strand overlaps. This suggests that their mechanisms of action
might be diverse. Four of these mechanisms are well documented: (a) transcriptional
interference in which two bulky RNA polymerase II interfere with each other and could

result in an anti-correlated expression or the shutdown of both transcripts; (b) RNA
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masking in which sense-antisense duplex might mask the cis-elements residing in either
of the transcripts and hinder necessary processing on them; (c) double-stranded RNA
(dsRNA)-dependent mechanisms such as RNA editing and RNA interference; (d)
chromatin remodeling in which antisense could be involved in DNA methylation and
monoallelic expression that would result in gene silencing. In addition, protein regions
encoded by overlapping genes might have a propensity toward structural disorder that
might alleviate evolutionary constraints imposed on their sequence by the overlap
(Rancurel et al., 2009).

A major mechanism of action of overlapping genes is through the generation of
small RNAs from cis-antisense overlapping genes. When transcripts from a pair of
overlapping genes that occupy different strands (termed natural antisense transcripts, or
NAT) are transcribed in the same cell, they have the potential to form double- stranded
RNA molecules, which can be further cleaved by Dicer like proteins to produce small
RNAs (termed NAT-siRNAs) (Borsani et al., 2005). NAT-siRNAs may be incorporated
into Argonaute proteins and cause degradation of one of the overlapping gene transcripts
and thus play a role in regulation of the gene expression (Borsani et al., 2005; Jin et al.,
2008; Zhou et al., 2009; Lapidot and Pilpel, 2006). 3% to 8% of plant genes have the
structure these cis-NATs (Jin et al., 2008; Zhou et al., 2009; Zhang et al., 2012). It has
been shown that NAT-siRNAs can be generated from 30% to 64% of cis NATSs in plants
(Jin et al., 2008; Zhou et al., 2009; Zhang et al., 2012). Zhang et al. (2012) just recently
analyzed Arabidopsis and rice genomes for the enrichments of NATs for small RNA and

showed that siRNA were enriched in at least 84 and 119 of them, respectively (Zhang et

11



al., 2012). Some NAT-siRNAs are induced by abiotic and biotic stresses (Borsani et al.,
2005; Katiyar-Agarwal et al., 2006) and thus play important roles in stress response. Sun
et al. (2005) showed that overlapping pairs in human and mouse genomes have a
significantly higher probability of having co-expression and inverse expression (i.e.
characteristic of sense—antisense regulation) than do overlapping pairs in only one of the
two species (Sun et al., 2005). They have not explored the small RNA production in their
study but this conservation in gene expression may imply that the conservation of
regulatory mechanisms may be due to NAT-siRNA production. Although NAT-siRNAs
have been discovered in several plants including Arabidopsis and rice, it is not known
whether they are mainly a transient phenomenon during evolution or they are well
conserved. We will answer this question by comparing NAT-siRNAs from conserved cis-
antisense overlapping genes in closely related grass species.

The grass family contains economically important crops such as rice, maize,
sorghum, wheat, and barley, and is the major contributor to human nutrition and domestic
animal feed. The grass genomes diverged greatly in genome size and gene number since
they separated from a common ancestor 50-70 million years ago (mya), but gene order
was well-maintained (Bennetzen and Ramakrishna, 2002). The availability of the whole
genome sequences of four grasses (rice, maize, sorghum, and Brachypodium) gives us an
opportunity to compare the type and frequency of overlapping genes, study the
mechanisms of their birth and death, and compare the generation of nat-siRNAs in these
closely related species. Because overlapping genes are not well annotated in the sorghum

genome, we focused on the other three genomes. Our results indicate that number of
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overlapping genes does not correlate well with genome size and the majority of
overlapping genes are species-specific. Unlike rice and Brachypodium, the large maize
genome is enriched with nested overlapping genes that occupy different strands.
Translocation and gene creation and deletion are the main mechanisms for the origination
and loss of overlapping genes. Although overlapping genes are a major source of
generating nat-siRNAs in grass genomes, nat-siRNAs are rarely generated in the similar

amount from conserved overlapping pairs.

2.3 Results
Number and types of overlapping genes

Based on current annotation, proportion of genes that overlap in three cereals
differs significantly. After excluding transposon-related genes, out of 40,577 and 25,532
protein coding genes, 1494 genes (4% of total number of genes) in rice and 694 genes in
Brachypodium (3% of total number of genes) are involved in overlapping (see Supp
Tables 2.1; 2.2; 2.3 for the list of overlapping genes). Due to the preliminary nature of the
annotation in the maize genome, we considered three maize gene datasets: a)
Transposon-excluded gene set (32,540 genes), b) Pure computational prediction excluded
gene set (30,339 genes), and ¢) cDNA supported gene set (20,480 Genes). We identified
3128, 2464 and 1614 genes involve in overlapping pattern in these three datasets,
respectively, which account for 10%, 9% and 8% of the total number of genes,
respectively. It shows that maize genome has much more overlapping genes than rice and

Brachypodium, but the overall trend in the three species does not show any correlation
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between the number of overlapping genes and size or total number of genes. In the rest
of the study, we used the cDNA-supported gene set of in the maize genome.

As shown in Table 2.1, we categorized overlapping genes based on gene
orientation. In three species considered, the different-strand overlaps outnumber the
same-strand overlaps. In the same-strand overlaps, nested genes (where one gene resides
completely in the other one) represent the primary arrangement. In rice and Arabidopsis
the majority of overlaps (71% and 79%, respectively) have convergent orientation (3’ to
3’ overlap) whereas in Brachypodium the divergent orientation (5’ to 5’ overlap) is
predominant (48%). In contrast, in larger maize genome, nested overlapping genes (46%)
are apparently enriched.

We have classified the overlapping genes based on whether gene-coding
sequences are involved in the overlapping region. Nearly half of the overlapping pairs
involve coding sequence from at least one gene and in 34% to 46% of pairs, coding
sequences from both genes are involved in overlapping. The percentage of overlapping
pairs with the involvement of exon or CDS in maize is higher than the other two species.
There are a few cases in which there is no exonic overlap and a gene is located inside the
intronic region of the other one. Accurate annotation of UTRs is critical for determining
the number and types of overlapping genes. We found that only 53% to 60% of the
overlapping genes with annotated UTRs in the three cereal species considered (Table
2.2). In contrast, the well-annotated Arabidopsis genes 78% of the overlapping genes
contain annotated UTRs. Therefore, we have probably underestimated the number of

overlaps in the three cereals due to incomplete annotation.
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Conservation and timing of overlaps in cereal genomes

In order to find which percentage of total overlapping genes in one specie has the
corresponding overlapping pattern in the other two species and which percentage is
species specific, we first found all the homologs of the two genes which were involved in
the overlapping pattern in the other two species and then study whether any of these
homologs are involved in an overlapping pattern. We didn’t use the synteny data to find
the orthologs at this step since we did not want to limit ourselves only to those overlaps,
which fall in collinear regions. Table 2.3 shows that 80%, 64% and 89% of overlapping
genes are unique in rice, Brachypodium and maize, respectively. So the majority of
overlaps are species specific. They are the result of either gain of overlapping in that
species or loss of overlapping in the orthologous genes of the other two species. We’ve
examined these mechanisms in more details in the next step of our study. Among the
three species considered, rice and Brachypodium are closer to each other in terms of
evolutionary distance than maize. Based on the phylogenetic relationships among the
three species, we use a parsimonious approach to determine whether the overlaps were
present in their ancestor and the gain and loss of overlaps during evolution. For example,
if an overlap is present in in maize and rice but not in Brachypodium, the most
parsimonious explanation is that the overlap was present in the ancestor and has been lost
in Brachypodium after its divergence from rice. If an overlap is present in rice and
Brachypodium but not in maize, the most likely scenario is that it originated in the

ancestor of rice and Brachypodium after its divergence from the maize lineage. If an
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overlap is found in only one of the three species, most likely it emerged recently in that
particular lineage.

Maize has gone through an additional round of whole genome duplication (WGD)
after its separation from the rice lineage. It is therefore interesting to investigate the fate
of overlapping genes after WGD. We started with the overlapping gene pairs in rice and
found the two collinear regions in maize. 151 overlapping pairs in rice have two collinear
regions in maize. Among them there was only one case in which the overlapping pattern
has been kept in both segments. 30 of the pairs remain overlapping in one segment but
not the other. 38 of the pairs showed neighboring pattern in one segment but not the
other. 120 pairs do not show overlapping pattern in both segments. We also found that in
60% of the cases one of the genes of the overlapping pair has been deleted in the second
segment and in 30% of cases both of genes involve in overlap were removed from the

second segment.

Gain and loss of overlapping genes

Having the genome-scale information about the annotation of overlapping genes
in three closely related species, we developed several hypotheses to explain the
mechanisms, which give rise to the birth or death of different types of overlapping genes.
To do so, we used the evolutionary relationship and also the orientation of overlaps’
orthologs in the three cereal genomes. Based on the presence or absence of these

orthologs we can place all the probable patterns into three major groups.
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First group contains all those cases where both genes in an overlapping pair have
orthologs in the other two species. We started with the set of overlapping genes in one
species and used collinearity data to find orthologous pairs in the other two species and
then categorized these orthologous pairs into overlapping (if they overlap), neighboring
(if they were not overlapping but located one next to each other without any gene
between them), and separated (if they were on different genome segments or were
separated by other genes). The number of orthologous gene pairs in each category is
shown in parenthesis in Figure 2.1, 2.2 and 2.3. For instance, out of 245 rice overlapping
pairs (where an ortholog have been identified in Brachypodium and maize for both genes
in the overlap pair), the orthologs of 44 pairs are overlapping, 148 are neighboring and 53
pairs are separated in Brachypodium. These numbers are 58, 60 and 127 pairs in maize,
respectively. These numbers show that the relative orientation of rice overlaps is much
more conserved in Brachypodium rather than maize. This could be due to dynamic maize
genome and also it’s farther evolutionary distance from rice. Based on the above
organization of orthologous gene pairs in three species we considered 9 possible
scenarios of overlapping gene evolution in each organism (Figure 2.1, 2.2 and 2.3). 4 of
these scenarios are clear cases of gain or loss of overlaps. Because maize is an out-group
to the rice/Brachypodium lineage, if two genes are overlapping in maize and in either rice
or Brachypodium, but they do not overlap (neighboring or separated) in the other one, the
most parsimonious explanation is that the overlap is lost in that organism either by
exaptation (a process that gives rise to new genes or new variants from preexisting

nucleotide sequences e.g. shortening of an existing gene) (Figure 2.1 a) or translocation

17



(Figure 2.1 b). As we see in Figure 2.1 a, 29 of rice overlaps have lost this pattern in
Brachypodium due to exaptation. These are clear case of overlap loss in Brachypodium.
The corresponding number for rice overlap death by exaptation is 15 as is clear in Figure
2.3 a. In Figure 2.1 b it’s obvious that in 7 cases overlapping pattern is lost in
Brachypodium due to translocation since the genes are overlap in the out-group. We
didn’t see any example for this scenario in loss of overlaps in rice (Figure 2.3 b). In
another model we see that in 40 cases genes are neighboring in Brachypodium and maize
but are overlapping in rice. Here the simplest explanation is that there is a gain of the
overlap in rice by exaptation (Figure 2.1). The equivalent number in Brachypodium is 15
(Figure 2.3 c). If two genes do not overlap in maize and in either rice or Brachypodium,
the simplest explanation is that there is a gain of the overlap by translocation (Figure 2.1
d, Figure 2.3 d). For the other 5 scenarios we cannot determine whether the current
orientation of the overlaps in the three species is the support of overlaps birth in one of
them or death in the other.

Among the second group of the overlapping genes one of the genes involved in
overlap does not have ortholog in the collinear region in at least one of the closely related
species that were compared. There can be 7 different orientations among the overlaps and
the corresponding orthologs in this group. Pattern a' in rice overlaps which includes 3
different gene orientations in Figure 2.4 shows that in 163 cases the corresponding
ortholog of only one of the genes involved in overlaps exists in either Brachypodium or
maize or both species (Figure 2.4 a). Considering maize as the out-group, the most

parsimonious explanation suggests that the overlapping phenomenon has happened after
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divergence of maize. In those 36 cases that the ortholog exists in maize but not
Brachypodium most probably gene deletion or translocation has happened in
Brachypodium after maize divergence. Rice has gained the overlapping pattern either by
translocation of the second gene or creation of the second gene. To determine exactly
which mechanism is working here we searched Brachypodium genome for the homologs
of the second gene. If there was a homolog we propose that translocation has caused the
overlapping pattern in rice. Otherwise we propose that emergence of a new gene has
created the overlapping pattern in rice (Table 2.4). This phenomena fits overprinting
hypothesis in which the different frame of different genes are coded from the same locus
on the genome and create a new gene. Overall 73 & 361 cases of overlapping genes have
the similar pattern (pattern “a”) in Brachypodium and maize, respectively (Figure 2.5 a,
Figure 2.6 a). Comparable to what was explained for this pattern in rice, Brachypodium
has gained the overlapping pattern either by translocation or gene creation (Table 2.4).
But we can’t precisely explain what has caused this pattern in maize since we don’t have
out-group for maize. So these 361 (220+75+66) observed overlaps, which are maize
specific, could be either the result of overlaps birth in maize or overlaps death in rice &
Brachypodium. These results also show that maize has more species-specific overlaps
than rice and Brachypodium.

14 overlaps in rice represent pattern ¢’ which is a clear case of overlap loss in
Brachypodium by either translocation or gene deletion since the overlapping pattern is
present in the out-group (Figure 2.4 ¢’). Number of cases in each scenario is summarized

in Table 2.4. Accordingly we have 3 clear case of overlapping loss in rice (Figure 2.6 c’).
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The remaining 3 other orientations in this group (patterns d” & e’) are less
informative (Figure 2.4 d’ & Figure 2.4 ¢’). In pattern d’ the orthologs of both rice genes
in the 38 overlapping pairs are present in the out-group but one is missed in
Brachypodium collinear region due to either translocation or deletion. However we can’t
conclude anything about the timing of overlapping phenomena and it could be before or
after maize divergence. Pattern e’ is the least informative scenario since we cannot
conclude anything about the timing of overlaps or mechanism that has caused these
orientations (Figure 2.4 ¢”). Similar conclusion would be obtained from patterns d” & ¢’
in Brachypodium overlapping genes (Figure 2.6 d’ & Figure 2.6 ¢’).

In the third group of overlapping genes both genes involved in the overlap did not
have the ortholog in neither of the other two compared genomes (Figure 2.4 b’, Figure
2.5b’, Figure 2.6 b’). Based on the most parsimonious explanation they are clear case of
overlapping birth in rice and Brachypodium (Figure 2.4 b’, Figure 2.6 b’) but we cannot
conclude whether it is birth or death in maize since we don’t have out-group to study.
Then we searched the two other genomes to find overlaps’ homologs. If there are no
homologs, we assumed that mechanism of overlapping is gene creation. But if the
homologs do exist, the mechanism could be translocation (Table 2.4).

All the conclusions we’ve got from these scenarios are summarized in Table 2.4. In all
the three plant species we had 390 cases of overlap’s birth and 96 cases of overlap’s
death.

Our theoretical scenarios about overlaps evolution show that gene creation (40%)

and translocation (55%) play the major role in the emergence of them and translocation
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(35%) and exaptation (47%) are the predominant mechanism in disappearance of them.
Based on all the explained patterns of birth and death of overlapping genes, by dividing
number of gain and loss of overlapping genes by evolutionary time between species, we
calculated the rates of gain and loss. Our calculations showed that the birth rate of
overlapping genes is 6.2 overlaps/myr in rice and 2.8 overlaps/myr in Brachypodium. The
death rate of overlapping genes is 0.6 overlaps/myr in rice and 1.2 overlaps/myr in
Brachypodium.

Using cases in which two genes overlap in one species and but are only
neighboring genes in another species, we studied the probable molecular mechanisms of
the gain and loss of overlaps. All these mechanisms can be categorized under the general
term of exaptation (Figure 2.1 ¢, Figure 2.2 ¢, Figure 2.3 ¢). As shown in Figure 2.7,
UTR expansion is one of the major exaptation mechanisms, which cause neighboring
genes to overlap and we found 28 cases in this category. There are 11 cases like Figure
2.8 in which an intergenic region has been eliminated and two genes have become
probably first neighboring and then by using each other UTRs overlapping. In few other
pairs the introns play the role in overlapping like intron elongation (Figure 2.9) and intron
insertion in UTRs (Figure 2.10). And finally we did find three rare instances in which the
adaptation of a new CDS has caused genes to overlap (Figure 2.11). All the results of this

part have been summarized in Table 2.5.
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Conservation of the generation of nat-siRNAs in three cereal genomes

When two overlapping genes are located on opposite strands (last three columns
of Table 2.1), they could produce cis-natural antiscence transcripts (NATs) which have
the potential to produce double stranded RNA, which can be further cleaved by Dicer like
proteins to produce natural antisense small interfering RNAs (NAT-siRNAs). In order to
compare the production of NAT-siRNAs in three cereals, we mapped 20.7 million clean
small RNA sequences from 13 public libraries to 688 different-strand overlapping pairs
in rice and 36.1 million clean small RNA sequences from 12 public libraries to 791
different-strand overlapping pairs in maize. We didn’t include Brachypodium since there
were just 3 public small RNA libraries available. After mapping we performed an
enrichment test to see whether the overlapping region of the overlapping gene pairs is
significantly enriched for small RNA production or not (see method). We found that
17%, and 15% of overlapping genes are enriched for small RNA hits in rice and maize,
respectively.

Next, we studied the conservation of this enrichment pattern along these two
species. 24% of rice overlaps that are conserved in maize can produce Nat-siRNA but
only 15% of them can produce Nat-siRNA in mazie as well. An example of this
enrichment in both species is shown in 2.12. In maize overlaps that are conserved in rice
only 15% can produce Nat-siRNA; however, 26% of them can produce Nat-siRNA in

rice.
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2.4  Discussion

Recent studies show that overlapping genes are much more common in eukaryotic
genomes than previously thought. Considering the lack of specific evolutionary force on
the eukaryotic genome size, high frequency of overlaps is unexpected and probably they
represent a hidden source of gene expression complexity in the genome. Although there
have been a few single-specie studies of a particular type of overlapping genes (NATSs) in
Arabidopsis and rice (Jin et al., 2008; Zhou et al., 2009; Zhang et al., 2012), to the best of
our knowledge, there has not been any exhaustive study on either all types of overlapping
genes or their origin and probable transcriptional control mechanism in plants. We still
don’t know exactly how these genes have evolved among different species and does
sharing the same genomic locus have any regulatory or functional meaning specifically.
There are a few large-scale comparative studies on overlapping genes in vertebrates
(Veeramachaneni et al., 2004; Makalowska et al., 2005; Makalowska et al., 2007; Sanna
et al., 2008), which show they might be functionally important. Here we present a
genome-wide comparative analysis of the overlapping genes phenomena and their
evolution and origination in cereals.

Our results show that overlapping genes are frequent (3%-10% protein coding
genes do overlap) in cereal genomes. These ratios are close to what we see in vertebrates
(Makalowska et al., 2007) but are much less than the amount of overlaps in microbial
genomes in which approximately one-third of all genes have this pattern (Johnson and
Chisholm, 2004). There is no positive or negative correlation between these percentages

and either total number of genes or genome size, therefore the driving force for the
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creation and loss of overlapping genes is not saving genome space and increasing the
information density. This is in contrast to what we see in bacteria and viruses.
Overlapping genes have different types and orientation and there is no single major type
that shows up in all studied genomes. Overall the majority of them belong to different-
strand overlapping pairs, which is in agreement to what we see in other eukaryotes like
human and mouse (Sanna et al., 2008; Solda et al., 2008). Solda et al. (2008) have
claimed that generally overlapping genes are counter selected and the observed number
of overlapping events is less than the expected number in case of neutrality, but some
specific arrangement of overlaps which can provides selective advantages are kept in the
organism more than what is expected (Solda et al., 2008). So probably in the case of
genes on opposite strands the advantage could be represented by antisense regulation and
therefore they are more abundant.

Unlike other plant genomes analyzed, the larger maize genome possesses a unique
pattern of overlaps with significantly more nested overlapping genes. This property is
similar to that of the human genome. Comparing to smaller genomes, larger genomes
contain much longer introns, which make it easier to enclose a whole gene within
another, creating nested overlapping genes. Taking into account the high number of
transposable elements in maize one major formation mechanism for these nested genes
could be retroposition in which a retro-gene has been inserted in the large introns of
maize genes. These introns might provide an open chromatin environment for the
external genes to enter. The same phenomenon has been reported in human (Yu et al.,

2005).
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Our study shows that the majority of overlapping genes are created recently and
species-specific and there is low conservation of overlapping patterns in the closely-
related cereal genomes, suggesting that overlapping is evolutionarily transient and there
is a fast rate of gain and loss of overlaps in these species and since the birth rate is higher
than death rate, we see more unique overlapping pattern. This is in contrast to what we
see in microbial genomes in which overlapping genes have homologs in more microbes
than do non-overlapping genes, and are therefore likely more conserved (Johnson and
Chisholm, 2004). One major reason of the abundance of specie-specific overlaps could be
that the poor conservation sometimes is a part of the functional role of a particular
process as claimed by Solda et al (2008) (Solda et al., 2008). Providing an evidence for
this hypothesis they mentioned the high amount of human specific alternatively spliced
variants that are poorly conserved in other species but are very important in human gene
expression regulation (Blencowe, 2006). Therefore we might propose the same
hypothesis to justify the prevalence of species-specific overlaps in plants. The same
species-specificity has been observed in mammals in another study (Sanna et al., 2008)
but they claimed that this little number of shared overlapping relationship among
mammals might be due to wrong assignment of orthologs. To test this hypothesis we
examined the orthologs of both genes involved in overlaps in the other species and
whenever we didn’t see overlapping pattern between the orthologs, we looked at all
possible homologs to see whether we can see overlapping relationship or not; And still
we saw high frequency of species specific overlaps so wrong orthologs assignment does

not play a major role here. Moreover, if gene annotation gets improved more, we might
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discover that two neighboring genes become overlapping due to the identification of new
UTRs boundaries. So we might have underestimated the number of overlaps and
therefore conserved overlaps here.

Different orientations of overlaps within the species and different level of their
conservation between the species imply that there is no unique evolutionary mechanism
that leads to overlapping and different forces are involved. In all the three plant species
we had more overlap’s birth cases than death cases. Like mammals the birth rate of
overlaps is higher than their death rate (Sanna et al., 2008) but both of these rates are
higher in plants compared to mammals. We found that gene creation and translocation are
major evolutionary forces that create overlaps. Translocation and exaptation play major
roles in death of overlaps. Same mechanisms have been identified by Makalowska et al
(2007) in birth of overlaps in vertebrates (Makalowska et al., 2007). However, Solda et al
(2008) claimed that recent origin of overlapping genes is not the major reason of overlaps
in Metazoa since they observed that most overlapping genes in one species had orthologs
in the other species (Solda et al., 2008). In spite of this, we showed in our study that
almost half of the overlaps don’t have orthologs at least for one of their genes in the
closely related species. In determining the overlap creation mechanisms we should take
into account that we weren’t able to find out the overlapping mechanisms in many cases
since we didn’t have the appropriate out-group to compare the current overlap
relationship among species with. Therefore, if we consider all cases of gain and loss of
overlaps (and not only clear cases) and also if we have a better UTR annotation of gene

structures other mechanisms might become predominant.
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And finally our study demonstrates that although overlapping genes are a rich
source for the production of NAT-siRNAs in three cereals, the production of NAT-
siRNAs is not well conserved; however we showed that the ratio of enrichment for small
RNA in conserved rice overlaps is higher than the non-conserved ones. To generate
NAT-siRNAs, both overlapping genes need to be expressed at a relatively high level
within the same cell so that transcripts from the opposite strands can form double-
stranded RNAs, which can be further cleaved by Dicer like proteins to produce siRNAs.
However, in the course of evolution, the expression pattern of orthologous NATs may
change significantly in closely-related species, which will certainly affect whether NAT-
siRNAs can be produced or how much.

In summary, overlapping genes are frequently found in cereal genomes and were
subject frequent gains and losses during evolution. Although antisense-overlapping genes
can produce NAT-siRNAs that may play important roles in plant cellular function and
stress response, the production of NAT-siRNAs appears to be also evolutionarily

transient.

2.5 Materials and Methods
Sequence data

Genome sequences and annotation data were downloaded from the following
websites: rice, the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu,

version 6.1) (Goff et al., 2002); maize, http://www.maizesequence.org (version 4a)
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(Schnable et al., 2009); and Brachypodium distachyon, http://www. Brachypodium.org
(version 1.0) (2010).

Published small RNA libraries that were generated from various tissues and
growth conditions were used to test for generation of nat-siRNAs from antisense
overlapping gene pairs. All small RNA reads were downloaded from the NCBI Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo). We used 13, 12, and 3

small RNA libraries from rice, maize, and Brachypodium, respectively.

Identification of the overlapping genes
We defined a gene as a part of the genomic region from the start to the end of an
annotated transcript. Any two genes whose coordinates overlap by the length more than

30bp are considered as overlapping.

Finding orthologous genes

In order to find the orthologs of the genes involved in overlaps, we used SynMap
online program (Lyons and Freeling, 2008; Lyons et al., 2008) to determine the collinear
regions between different species. We used the default parameters which are: minimum
number of aligned pairs = 5, maximum distance between two matches = 20 and average
distance expected between syntenic genes = 10. If homologs are found in the collinear
regions, they are considered orthologs. If no ortholog was found in the collinear region,

we searched the whole genome to find possible homologs using blastp with e-value <e”-
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10. If we didn’t find any homolog either by this search, we assumed that gene has been

deleted or created after the divergence of the two organisms.

Identification of overlapping genes that produce NAT-siRNAs

We mapped clean small RNA reads from 13, 12 and 3 libraries from rice, maize
and Brachypodium, respectively, to the annotated overlapping genes in the same species
using SOAP2 (Li et al., 2009) Only perfect matches were considered. We used the same
procedure as in (Zhou et al., 2009) to determine whether nat-siRNAs were generated
from the overlapping region of a gene pair. We calculated the density of mapped small
RNAs (number of small RNAs per 1kb excluding introns) in the overlapping region and
over all exons of the gene pairs. An enrichment score was calculated as the ratio of small
RNA density in the overlapping region and entire gene pairs. A cutoff score of 2 was
used to decide whether nat-siRNAs were generated from an overlapping pair. To
determine the significance of this cutoff, we used a simulation procedure. Briefly, we
randomly chose n (n is the number of overlapping pairs which has been found in each
organism) pairs of genes. Then we calculated the enrichment score for them by randomly
choosing the start position of the length “L” (L is the average length of overlapping
region of all the overlapping pairs in each organism) along these gene pairs. We
considered this length “L” in the randomly chosen gene pairs as the counterpart of the
overlapping region in the overlapping genes in order to be able to calculate the
enrichment score. This sampling process was repeated 10,000 times and for each time we

calculated the average enrichment score. A p-value was then estimated by calculating the
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frequency that a sample had an enrichment score larger than 2. The p-values for rice,

maize, and Brachypodium are 0.003, 0.0001, and 0.22, respectively.
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2.6  Figures & Tables

Figure Legends

Figure 2.1. Nine possible scenarios of the evolution of overlapping gene pairs in rice
where there are orthologs for both overlapping genes in the other two species. Numbers
in parenthesis represent cases of overlaps in each category. The dashes represent genes.
The bar between two genes indicates that the genes are located on different

chromosomes.

Figure 2.2. Nine possible evolutionary scenarios of overlapping gene pairs in
Brachypodium with orthologs for both overlapping genes in the other two species.
Numbers in parenthesis represent cases of overlaps in each category. The dashes
represent genes. The bar between two genes indicates that the genes are located on

different chromosomes.
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Figure 2.3. Nine evolutionary scenarios of overlapping genes in maize that have
orthologs for both overlapping genes in the other two species. Numbers in parenthesis
represent cases of overlaps in each category. The dashes represent genes. The bar

between two genes indicates that the genes are located on different chromosomes.

Figure 2.4. Nine evolutionary scenarios of rice overlapping genes in which at least one of
the overlapping genes does not have an ortholog in one of the other two species. Numbers
in parenthesis represent cases of overlaps in each category. The dashes represent genes.
The bar between two genes indicates that the genes are located on different

chromosomes.

Figure 2.5. Nine evolutionary scenarios of Brachypodium overlapping genes in which at
least one of the overlapping genes doesn’t have an ortholog in one of the other two 1
species. Numbers in parenthesis represent cases of overlaps in each category. The dashes
represent genes. The bar between two genes indicates that the genes are located on

different chromosomes.

Figure 2.6. Nine evolutionary scenarios of maize overlapping genes in which at least one
of the overlapping genes doesn’t have an ortholog in one of the other two species.
Numbers in parenthesis represent cases of overlaps in each category. The dashes
represent genes. The bar between two genes indicates that the genes are located on

different chromosomes.
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Figure 2.7. UTR expansion has caused neighboring genes become overlapping.

Figure 2.8. Elimination of intergenic gap in neighbors has created overlaps.

Figure 2.9. Intron Elongation has caused neighboring genes become overlapping.

Figure 2.10. Intron insertion in UTR in neighbors has created overlaps.

Figure 2.11. Obtaining a new CDS has caused neighboring genes become overlapping.

Figure 2.12. Example of conserved overlapping pairs that can be the source of nat-siRNA

in rice and maize.
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Table 2.1. Classification of overlapping gene pairs (overlap length>=30bp) based on gene
expression orientation.

Same-strand overlaps Different-strand

overlaps

Species Not-nested Nested Not-nested Nested

Total # of

overlaps .

(% in all Divergent Convergent

genes)

Rice 747 2%) 27 32 54 532 102
Maize (all) 1564 (10%) 10 189 248 447 670
Maize o
(evidenceBased) 1232 (9%) 1 21 232 434 544
Maize o
(cdnaSupported) 807 (8%) 1 15 141 294 356
Arabidopsis 1226 (9%) 49 92 59 968 58
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Table 2.2. Classification of overlapping genes based on gene segments in overlapping region.

UTR
. Total number of UTR-UTR Exon- CDS Not anno.tatlon
Species overlaps overlap exon . . in
o . involved exonic .
(% in all genes) (exclusive) overlap overlapping
region
Rice 747 2%) 42 259 298 17 460
Brachypodium 347 (3%) 4 109 134 35 205
Maize (all) 1564 (10%) 128 672 901 81 704
Maize N
(evidenceBased) 1232 (9%) 128 584 665 44 666
Maize o
(cdnaSupported) 807 (8%) 90 372 450 23 435
Arabidopsis 1226 (9%) 706 959 181 18 953
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Table 2.3. Prediction of the status of overlapping genes in the cereals ancestors based on their
conservation in current cereals genomes.

Maize Y Y Y N N Y Y
Rice Y Y N Y N N Y
Brachypodium Y N Y N Y N Y
Ancestor Y Y Y N N ? ?

Count 32 39 17 603 225 720 73
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Table 2.4. Confirmed mechanisms of birth and death of OGs by comparative analysis.

Species

Rice

(OG birth)
Brachy
(OG birth)
Rice

(OG death)
Brachy
(OG death)

Total # of
overlaps

747
347

747

347

Gene Creation/loss Translocation Exaptation
One gene Two gene
creation/loss creation/loss
16% 2.5% 17% 6%
7% 0 24% 5%
0.4% 0 0.5% 3%
3% 0 11% 6%
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Table 2.5. Different exaptation mechanisms in generation of overlapping genes.

Total UTR ingil é)rt;ic Int insertion Int Obtaining Not
© expansion g in UTR elongation new cds determined
region
56 28 11 3 1 3 10
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Figure 2.2.
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Figure 2.3.
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Figure 2.4.
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Figure 2.5.
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Figure 2.6.
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Chapter 3

Refining microRNA Gene Boundaries in Cereals Using RNAseq Data

3.1 Abstract

RNAs are small RNA molecules that play important regulatory roles in plant
development and stress response. MiRNA genes are transcribed into pri-miRNAs that
form hairpin structures. Pri-miRNAs are cleaved by Dicer like proteins into pre-miRNAs,
which are cleaved further into misran/mina* duplexes. Annotation of plant miRNAs is
usually limited to the identification of mature miRNAs and pre-miRNAs without defining
full-length miRNA gene boundaries. High-throughput RNA sequencing (RNAseq) has
become a popular method for characterizing the whole transcriptome, including the
transcripts of protein-coding genes and non-coding RNAs. Mapping RNAseq data to the
genome can thus help define miRNA gene boundaries, which make it easier for
identifying regulatory elements in the upstream regions of miRNA genes. We developed
a methodology to use a large number of the recently available RNAseq data to define
gene boundaries of miRNAs in three plant genomes and did a comparative analysis on
these gene boundaries. By using the two known fully characterized miRNA gene datasets
in Arabidopsis and maize, we optimized the parameters of our prediction procedure and
evaluate its accuracy. We started the mapping from the pre-miRNA boundaries and then
extended it towards pri-miRNA 5’ boundaries using RNAseq data. In two training sets, in

75% of maize extended pre-miRNA, the average extension error rate (transcription start
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site (TSS) prediction error rate) was only 20% of the total extended length. This average
error rate was 15% in 82% of the extended Arabidopsis pre-miRNAs. Using this
procedure, we predicted the upstream boundaries for 84 and 123 miRNA genes in maize
and rice, respectively. This shows that our methodology could improve the annotation of
considerable number of miRNAs with unknown gene boundaries. Mapping RNAseq data
to the corresponding genomes is an effective approach for defining the upstream
boundaries of miRNAs in plants, which provide a foundation for the identification of
regulatory elements of miRNAs and the construction of miRNA-mediated regulatory

networks in plants.
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3.2  Introduction

MicroRNAs (miRNAs) are endogenous ~ 21 nucleotide small RNAs that regulate
the expression of the target genes through sequence complementary (Bartel, 2004;
Voinnet, 2009; Tang, 2010). They were found in plants for the first time in 2002
(Reinhart et al., 2002) and they play essential roles in plant growth, development, and
stress response (Chen, 2004; Wang et al., 2005; Boualem et al., 2008; Ding et al., 2009).

Biogenesis of plant miRNAs is a multi-step process. MiRNA genes are first
transcribed by RNA Polymerase II into 5° capped and poly (A)-tailed transcripts named
pri-miRNAs (Lee et al., 2004). The pri-miRNAs are then cleaved by Dicer like proteins
into imperfect fold back structures named precursor miRNAs (pre-miRNAs), which are
further cleaved into ~21-nt miRNA/miRNA * duplexes (Kurihara et al., 2006; Voinnet,
2009; Meng et al., 2011). miRNA/miRNA* duplexes are methylated by HEN1 and
exported to the cytoplasm by HASTY (Park et al., 2005; Yang et al., 2006). Mature
miRNAs are loaded into miRNA-induced silencing complex (mi-RISC) and are used for
silencing target transcripts through mRNA cleavage (Palatnik et al., 2003) or translational
repression (Cai et al., 2009).

Little is known about the sequence and structure of the whole miRNA genes since
it is difficult to identify full length miRNA transcripts in vivo (Meng et al., 2011). The
majority of microRNAs are annotated with mature miRNA sequences and their
precursors (pre-miRNAs) through computational and experimental methods (Jones-
Rhoades and Bartel, 2004; Sunkar and Zhu, 2004). Pre-miRNAs are easy to define based

on sequence homology of sequenced mature miRNAs and the secondary hairpin structure
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of pre-miRNAs (Zhang et al., 2006; Fahlgren et al., 2010). However, the boundaries and
structures of full-length miRNA genes are usually not defined.

It is important to know the exact miRNA gene boundaries because they help us
understand the role of miRNAs in the regulatory networks (Meng et al., 2011). It has
been shown that by integrating upstream sequence data of miRNAs, miRNA-target pair
information and gene expression profile, the core regulatory modules of miRNAs which
play an important role in our understanding of the gene expression regulations can be
identified (Joung and Fei, 2009). The major player in miRNA gene regulations is their
promoter region. In order to identify miRNA promoters, it is critical to identify the
transcription start sites (TSS) of miRNA genes (Megraw et al., 2006). It has been shown
in maize that TSS may be as little as <100 nucleotides and as much as >1000 nucleotides
from the miRNA hairpin structure (this range is between 26 and 598 nucleotides in
Arabidopsis), suggesting that promoter location can’t be inferred directly from pre-
miRNA coordinates alone (Xie et al., 2005a; Zhang et al., 2009). Due to the shortage of
information about the exact promoter position, relatively little is known about the
regulation of miRNA genes themselves, although much effort has been focused on
elucidating the regulatory role of mature miRNAs.

In recent years several studies have been performed to characterize plant pri-
microRNAs. Xie et al (2005) defined the boundaries of 99 Arabidopsis MIRNA loci by
5’RACE (Rapid Amplification of cDNA Ends) using locus specific primers (Xie et al.,
2005b). The TSSs for 52 miRNA genes were mapped. The majority (86%) of transcripts

were initiated with an adenosine, of which 93% were preceded by a pyrimidine. TATA
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box-like sequences were detected in the upstream of 83% of these miRNAs. The
identification of TSSs made it possible to discover promoter elements of Arabidopsis
miRNA genes. They identified four new transcription binding motifs in these regions
(Megraw et al., 2006). The structures of unprocessed primary miRNA transcripts were
determined by 5° RACE and 3’ RACE in maize as well (Zhang et al., 2009). Out of 89
tested miRNAs, they were able to capture the upstream-transcribed regions of 55 miRNA
genes (TSS to the stem-loop). This low ratio is mainly because miRNA genes might be
expressed in highly specific tissue/cell types, developmental stages, or environmental
conditions. Only 18% of maize microRNA sequences in miRBase have a match in data
for maize full-length complementary DNA due to the same reasons (Zhang et al., 2009).
In another study via bioinformatics approaches the promoter of 212 rice miRNA genes
were detected (Cui et al., 2009).

High-throughput RNA sequencing data have been used to resolve the
transcription landscape in several studies (Mortazavi et al., 2008; Zhang et al., 2011;
Wang et al., 2009; Garber et al., 2011) and has been applied to transcriptome analysis in
several species such as Saccharomyces Cerevisiae, Saccharomyces Pombe, Arabidopsis
and mouse (Cloonan et al., 2008; Lister et al., 2008; Nagalakshmi et al., 2008). RNAseq
is an experimental procedure that generates sequence reads derived from the whole
transcriptome using the recently developed deep sequencing technologies (Garber et al.,
2011). The whole population of RNAs (total or fractionated using poly(A) tail) is
converted to cDNAs using random primers (Cloonan et al., 2008; Mortazavi et al., 2008).

The cDNAs are then sequenced in a high-throughput manner (with or without
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amplification) to obtain short sequences from one end (single-end sequencing) or both
ends (pair-end sequencing). The reads are typically 30—400 bps, depending on the DNA
sequencing technology (Ding et al., 2009; Wang et al., 2009). These reads can then be
mapped to the reference genome for transcriptome reconstruction or expression
quantification (Garber et al., 2011).

Compared to other methods for transcriptome profiling such as microarrays or
cDNA/EST sequencing, RNAseq provides higher throughput and resolution with lower
cost (Wang et al., 2009; Costa et al., 2010; Garber et al., 2011). Therefore, RNAseq is a
preferred method for mapping gene and exon boundaries, discovery of novel or
alternatively spliced transcripts, and measuring transcription level (Wang et al., 2009).
RNAseq can reveal the precise location of transcription boundaries, to a single base
resolution. Nagalakshmi et al. showed that 5" and 3’ boundaries could be mapped to
within 10-50 bases by a significant drop in mapping signal. 3’ boundaries can be
precisely mapped by searching for poly (A) tags, and introns can be mapped by searching
for tags that span GT-AG splicing consensus sites (Nagalakshmi et al., 2008).
Furthermore, short reads from RNAseq that span known splice junctions give qualitative
and quantitative information about how two exons are connected, whereas longer reads or
pair-end short reads can reveal connectivity between multiple exons. RNAseq has been
used to discover alternative splicing in 33% of rice genes and more than 200 chimeric
transcripts (Zhang et al., 2010). Novel transcripts that are expressed at very low level and
potential functional noncoding RNAs can be identified when poly(A)-enriched RNAseq

reads are mapped to the unannotated regions in the genome. Using this strategy, more
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than 7,000 transcriptional units, including ~1000 non-TE, long novel transcripts with
known protein domains, were identified in rice (Zhang et al., 2010).

Several of studies have been done on the conservation of plant miRNA genes at
hairpin level (Axtell and Bowman, 2008; Voinnet, 2009; Fahlgren et al., 2010; Tang,
2010); However little has been done on the evolution of miRNA gene structures. In both
plants and animals, some MIRNA families are highly conserved through hundreds of
millions of years. There is a large number of young miRNAs, too (Axtell and Bowman,
2008). It has been shown that evolutionary stability of different sub-regions of miRNA
hairpins varies substantially (Fahlgren et al., 2010; Tang, 2010). Whereas mature miRNA
and miRNA* are usually quite stable, other sub-regions are much more dynamic
(Fahlgren et al., 2010; Tang, 2010). The recent determination of the genome sequences of
closely related plant species and availability of lots of next generation sequencing data
provide excellent opportunities for a more detailed study of the evolution of whole
miRNA genes.

Here we set to use RNAseq data to define miRNA boundaries and to investigate
the evolution of miRNA genes in three closely related cereal genomes. We developed a
new methodology and used a subset of miRNA genes in Arabidopsis and maize with
known boundaries as a training set. We reached a good prediction performance in our
procedure. The average error rates for predicting 5> miRNA gene boundary for the
majority of known miRNA genes in maize and Arabidopsis are 20% and 15%,
respectively. Using our methodology, we are able to predict 5° gene boundary for 84

additional miRNA genes in maize and 123 miRNA genes in rice. Comparative analysis of
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orthologous miRNA genes in maize and rice shows that gene structure is not well

conserved in these two closelyrelated cereals.

3.3  Results
Extending miRNA boundaries using RNAseq data

We developed a new method for defining miRNA gene boundaries using RNAseq
data. We mapped the RNAseq reads to the corresponding genome sequence and then
focused on the RN Aseq reads that were located in the upstream region of the annotated
pre-miRNAs. We calculated the read density in a window located at the center of the pre-
miRNA with a predefined widow size. We then used a sliding window with a predefined
step length to extend miRNA gene structure towards the 5’ end. The extension was
stopped if the ratio of read density in the new window and the original window fell below
a threshold.

We optimized the parameters of our algorithm (window size, step size and change
in density) using a subset of miRNA genes in Arabidopsis and maize with known 5” gene
boundaries. We systematically tested the performance of our method using parameters in
the following range: window size: 50bp to 200bp, step size: 4bp to 25bp, and change in
read density: 2 to 20 times. For each parameter set, we compared our predicted boundary
and known boundary of known miRNA genes in the training set and calculated an error
rate, which was defined as the ratio of the length difference between the predicted and

real TSS to the total predicted extended length. The optimal parameters (window size,
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step size and change in density) were 100, 20 and 7 for Arabidopsis and 100, 12 and 20
for maize, respectively.

It should be mentioned we filtered the training set in order to eliminate high error
rates in two ways. First we only focused on those miRNA genes that were expanded
below 520nt by our method. One reason to choose this number was that in maize the 5’
regions (measured from the TSS to the stem-loop) have the mean length of 523nt for the
experimentally confirmed pri-miRNAs. The miRNA gene boundary prediction becomes
unreliable for those miRNA genes with very long extension on the 5 end. Second
parameter that we picked to select the reliable extensions was the read density. We only
focused on those miRNA genes with read density greater than 5 reads per 100 bp in the

pre-miRNA region.

The performance of our method on two pri-miRNA training sets

We used the two available datasets on miRNA gene’s TSSs in plants. In one
dataset, 61 maize pri-miRNA 5’ boundaries have been confirmed either by 5° RACE or
full-length cDNA. A similar dataset has been obtained from Arabidopsis in which TSSs
of 52 miRNA genes were mapped. Using the criteria we obtained in our methodology by
maximizing the prediction performance, we extended the 5’ region of 24 maize and 17
Arabidopsis pre-miRNAs with the known TSS. In 75% of known maize miRNA genes,
the average extension error rate was 20% of the total extended length (Figure 3.1). This
average error rate was 15% on 82% of the known miRNA genes in Arabidopsis (Figure

3.2).
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Defining the new gene boundaries of miRNAs in rice and maize

Using the optimized parameters, we predicted the TSS of miRNA genes in rice
and maize, which are without a known TSS. In maize we combined miRBase and the
unpublished miRNAs from our laboratory and removed redundant miRNAs. Among 361
miRNAs in maize, 84 miRNAs had high enough read density for gene boundary
prediction. The lengths of extension from the hairpin structure to TSS are shown in
Figure 3.3.

In rice we used 546 miRNAs in the miRBase with known pre-miRNA location.
We were able to define 5’ boundary for 123 miRNA genes (Figure 3.4). The detailed

results of these two sets are presented in Table 3.1 & 3.2.

Conservation of pri-miRNA 5’ region between rice and maize

Based on the collinearity data and sequence homology, and after removing those
miRNA with <1000bp distance to the upstream miRNA and those that were overlapping
with a protein-coding genes, we found 74 rice-maize miRNA unique orthologous pairs.
Among 18 orthologous pairs that had newly defined 5 boundary in both maize and rice,
73% of the miRNA orthologs had totally different 5’ region extended length i.e. even if
we consider the average error rate of our methodology, the extended length wouldn’t be
the same. In only 4 cases the difference between the extended 5’ regions were less than
20% of the average extended lengths (Figure 3.5), suggesting that miRNA gene length is

not well conserved between these two species.
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3.4  Discussion

The availability of large number of RNAseq libraries from threeplants (rice,
Arabidopsis and maize) makes it possible to computationally define miRNA gene
boundaries. Figure 3.6 gives a good demonstration of how RNAseq reads can help pri-
miRNA annotation. Because deep sequencing reads were generated randomly over the
full length of RNA transcripts using random primers, they should be evenly distributed
over the transcripts. Therefore, gene and exon boundaries can be precisely defined by
monitoring mapped read density using a sliding window method (Sultan et al., 2008). We
applied this approach to define miRNA gene boundaries and optimized parameters using
two training sets of miRNAs with known gene boundaries. We were able to predict 5’
boundaries for 84 and 123 miRNA genes in maize and rice, respectively. Comparative
analysis of 5’ boundaries of orthologous miRNA genes in maize and rice indicated that
gene structure is not well conserved in these two closely related cereals.

Defining miRNA gene boundaries is important for studying the evolution of
miRNA gene structure and finding cis-regulatory elements of miRNAs. Current
computational approaches for identification of miRNA promoters were carried out by
looking at the upstream regions of pre-miRNAs with arbitrarily chosen length (Zhou et
al., 2007; Cui et al., 2009; Zhou et al., 2011). However, the length of miRNA genes
varies greatly in plants. Experimental approaches such as 5° RACE have been used to

define miRNA gene structures (Xie et al., 2005b; Zhang et al., 2009), but they are time-
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and labor- intensive and are not high throughput. We showed here that mapping RNAseq
reads is an effective computational approach for defining miRNA gene boundaries.

The effectiveness of our approach depends highly on the availability of sequence
reads that are derived from full-length miRNA transcripts. The expression of miRNAs is
usually tissue- and growth condition-specific. For lowly expressed miRNAs, it is hard to
obtain high coverage on the miRNA genes. In addition, once miRNA genes are
transcribed, they are quickly processed by Dicer like proteins to pre-miRNAs and then
mature miRNAs. Therefore, reads from full-length miRNA transcripts are greatly
reduced by this process. Performing RNAseq using RNA samples from mutant plants in
which Dicer like protein is knocked out or knocked down will greatly improve the

effectively of our method.

3.5 Materials and Methods
Sequence data
Genome sequences and annotation data were downloaded from the following
websites: rice, the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu,
version 6.1) (Goff et al., 2002); maize, http://www.maizesequence.org (version 5a)
(Schnable et al., 2009) and Arabidopsis Thaliana, www.arabidopsis.org (TAIR9) (2000).
All RNAseq reads were downloaded from the NCBI Gene Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/geo). We downloaded 23 paired-end sequencing
SRA files and 2 single-end sequencing libraries for rice, 10 libraries for Arabidopsis and

12 paired-end sequencing libraries and 6 single-end sequencing for maize.
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Trimming and Mapping RNAseq data to the genomic sequences

Published RNA Seq libraries that were generated from various tissues and growth
conditions were either clean reads (removed low quality, short reads and adapters) or raw
reads. Raw reads were first converted into the fastq format using fastq dump and then
used to generate clean reads with the SolexaQA program (Cox et al., 2010). Clean reads
were mapped to the 3kb upstream- and downstream-regions of annotated pri-miRNAs

using SOAP2 (Li et al., 2009).

Annotated pre-miRNA datasets
Rice pre-miRNAs and their genomic coordinates were downloaded from the
miRBase (version 18). Maize pre-miRNAs include the pre-miRNAs from the miRBase

(version 18) and unpublished pre-miRNA from our lab after removing redundancy.

Identification of the orthologous miRNAs in rice and maize

Orthologous regions on the rice and maize chromosomes were identified using
DAGchainer (Haas et al., 2004). Orthologous regions are regions with at least five anchor
protein coding genes with no more than ten intervening genes between neighboring
anchors. miRNAs of the same family that located in the collinear regions and flanked by

the same anchor genes are considered orthologous miRNAs in the two species.
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3.6  Figures & Tables

Figure Legends

Figure 3.1. Accuracy of miRNA TSS prediction using RNAseq data in maize maize

(error bars show the real position of TSS)

Figure 3.2. Accuracy of miRNA TSS prediction using RNAseq data in Arabidopsis (error

bars show the real position of TSS)

Figure 3.3. Distribution of extended length on 5’ end of pre-miRNAs in maize

Figure 3.4. Distribution of extended length on 5’ end of pre-miRNAs in rice

Figure 3.5. Comparison of the 5’ end length of orthologous miRNA genes in rice and

maize

Figure 3.6. An example of determining miRNA gene boundaries by RNAseq read

mapping
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Figure 3.2.
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Figure 3.3.
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Figure 3.5.
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Figure 3.6.
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Table 3.1. Maize pre-miRRNA extended list by RNAseq mapping

chr pre miRNA pre miRNA

miRNA genes number start end strand extended len
zma-MIR3950 chrl0 144744547 144744772 + 218
zma-MIR528a chrl 6415592 6415714 + 364
zma-MIR171e chrl 7954980 7955105 + 204
zma-MIR167j chrl 12595523 12595631 + 99
zma-MIR164¢e chrl 46848652 46848767 + 44
zma-MIR390a chrl 292578889 292579069 + 227
zma-MIR393a chr2 751658 751783 + 134
zma-MIR169c chr2 11299979 11300112 + 276
zma-MIR398a chr2 169527758 169527897 + 328
zma-MIR156f chr2 180193496 180193662 - 201
zma-MIR169j chr2 192700339 192700489 + 429
zma-MIR159f chr3 25490976 25491190 - 299
zma-MIR169a chr3 37610280 37610409 + 504
zma-MIR169m chr3 96704652 96704752 - 53
zma-MIR167a chr3 119175685 119175874 + 344
zma-MIR167g chr3 119177648 119177890 + 57
zma-MIR172e chr3 144884289 144884462 + 44
zma-MIR397a chr3 180667115 180667257 - 911
zma-MIR169n chr3 229987641 229987744 + 207
zma-MIR169i chr4 47241963 47242153 + 168
zma-MIR156i1 chr4 137179087 137179203 - 132
zma-MIR394b chr4 154166525 154166646 + 451
zma-MIR396a chr4 173295127 173295263 + 275
zma-MIR396e chr4 173300108 173300273 - 249
zma-MIR168b chr4 239095553 239095656 - 165
zma-MIR167b chr5 7688809 7688935 + 205
zma-MIR166d chr5 21933694 21933797 - 166
zma-MIR168a chr5 74340501 74340604 - 36
zma-MIR156d chr5 92369224 92369342 - 459
zma-MIR169f chr5 164711362 164711511 + 25
zma-MIR827 chr5 167348212 167348333 - 143
zma-MIR162 chr5 182040463 182040592 - 372
zma-MIR394a chr5 193819088 193819213  + 456
zma-MIR396f chr5 214340396 214340512 + 63
zma-MIR167h chr6 93326220 93326362 - 22
zma-MIR 156k chr6 96127864 96127986 - 457
zma-MIR164b chr6 141610040 141610167 + 190
zma-MIR167¢ chr7 9830212 9830330 - 74
zma-MIR398b chr7 38540171 38540278 + 357
zma-MIR171g chr7 42481791 42481902 - 25
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zma-MIR166j
zma-MIR156j
zma-MIR164d
zma-MIR169b
zma-MIR159a
zma-MIR 159k
zma-MIR408b
zma-MIR169r
zma-MIR171d

Zmal 6388497 140
Zmal0 128234646 140
Zmal0 22176584 120
Zma2 24969704 120
Zma2 24987682 120
Zma2 24994237 120
Zma4 241922640 140
Zmal 102008498 160
Zma2 204027200 220
Zmad 241215956 160
Zmal 130204986 120
Zma9 50232939 120
Zmal 198071480 240
Zmal 233561788 120
Zma4 218793973 120
Zmal 240283455 140
Zmal 289217222 120
Zmal 289260479 120
Zmal 33794210 120
Zmal 4589306 240
Zma2 162544499 140
Zma6_ 94909262 120
Zma6 117789986 260
Zma2 9469755 160
Zma3 120369444 140
Zma3 20056264 120
Zma4 12883831 160
Zma5 208342376 140
Zma5 44465677 120
Zma6 135647868 160
Zma7 107563134 120
Zma7 151546650 140
Zma7 21627125 160
Zma8 160460280 260
Zma8 43034601 180

chr7
chr7
chr7
chr8
chr8
chr8
chr8
chr9
chr9
chrl
chrl0
chrl0
chr2
chr2
chr2
chr4
chrl
chr2
chr4
chrl
chr9
chrl
chrl
chr4
chrl
chrl
chrl
chrl
chrl
chr2
chr6
chr6
chr2
chr3
chr3
chr4
chr5
chr5
chr6
chr7
chr7
chr7
chr8
chr8

124539680
130652700
172723300
4791975
10392580
10585048
38488497
109138534
126244364
6415574
128589865
22126126
25045695
25045695
25045694
236310623
103171107
206954966
235608739
131335570
50159779
198218523
234219221
213174172
240998447
290272584
290315841
33722002
4616456
165389462
94719365
117659072
9515506
124186046
20308986
12944187
209148061
45128068
135465761
112983047
157204603
21639529
161763754
43032690
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124539833
130652824
172723515
4792130
10392825
10585247
38488643
109138659
126244484
6415713
128590004
22126245
25045814
25045814
25045813
236310762
103171266
206955185
235608898
131335689
50159898
198218672
234219340
213174291
240998586
290272703
290315960
33722121
4616669
165389601
94719484
117659331
9515665
124186185
20309105
12944346
209148200
45128187
135465920
112983166
157204742
21639688
161764013
43032830

226
372
112
371
291
356
172
217
201
170
180
290
310
310
309
158
303
401
343
365
312
161
352
501
301
108
139
111
269
170
330
228
82

296
501
438
122
409
431
424
499
118
511
39



Table 3.2. Rice pre-miRRNA extended list by RNAseq mapping

pre_
miR
chr NA  pre miRNA

miRNA genes number start end strand extended len
osa-MIR 1860 Chrl 933420 933567 - 336
osa-MIR159b Chrl 1214030 1214217 + 58
osa-MIR5521 Chrl 2333077 2333260 - 139
osa-MIR156¢ Chrl 4664975 4665123 + 184
0sa-MIR2096 Chrl 6442388 6442624 + 389
0sa-MIR319b Chrl 6676570 6676766 - 237
osa-MIR159f Chrl 6692112 6692299 + 133
osa-MIR408 Chrl 12300635 12300847 + 392
osa-MIR159a Chrl 17680877 17681148 + 442
osa-MIR 1436 Chrl 20315541 20315701 - 184
osa-MIR1428b  Chrl 25389302 25389425 + 43
0sa-MIR2925 Chrl 25800014 25800133 + 467
0sa-MIR2862 Chrl 26802912 26803132 - 437
osa-MIR319a Chrl 26822238 26822428 - 369
osa-MIR1846d  Chrl 39636022 39636137 + 220

osa-MIR172b Chrl 42922692 42922929 - 299

osa-MIR806a Chrl 42926954 42927205 - 42
0sa-MIR397b Chr2 3280779 3280896 - 140
osa-MIR818b Chr2 4007187 4007299 + 33
0sa-MIR2863b  Chr2 4195662 4195762 - 411
osa-MIR156d Chr2 4512881 4513009 - 53
0sa-MIR399i Chr2 7650684 7650799  + 341
0sa-MIR399¢g Chr2 7675284 7675402 + 47
osa-MIR1884a  Chr2 10873351 10873564 + 480
osa-MIR437 Chr2 17044466 17044678 - 93
osa-MIR162a Chr2 23599930 23600100 + 421
osa-MIR827a Chr2 23895299 23895415 - 198
osa-MIR166d Chr2 26124190 26124314 + 181
osa-MIR394 Chr2 27142285 27142394 + 520
0sa-MIR168b Chr2 27330559 27330664 + 378
osa-MIR2863c¢  Chr2 29863624 29863737 + 192
osa-MIR169¢ Chr2 31199997 31200128 - 207
osa-MIR819c¢ Chr2 33750674 33750827 + 157
osa-MIR396f Chr2 35630677 35630852 - 61
osa-MIR166e Chr3 764722 764858 + 52
osa-MIR171e Chr3 1969483 1969601  + 448
osa-MIR808 Chr3 8866921 8867072 + 279
osa-MIR 164e Chr3 10541073 10541204 + 31
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osa-MIR435
osa-MIR1711
osa-MIR1428e

osa-MIR1428d

osa-MIR 1661
osa-MIR1867
osa-MIR167b
osa-MIR 5497
osa-MIR167¢c
osa-MIR5513
osa-MIR806¢
osa-MIR5511
osa-MIR 5499
osa-MIR5515
osa-MIR416
osa-MIR 1423
osa-MIR2118a
osa-MIR2118b
osa-MIR2118e

osa-MIR2118d

osa-MIR2118f
osa-MIR2118;
osa-MIR162b
osa-MIR156¢
osa-MIR5501
osa-MIR399;
osa-MIR442
osa-MIR396d
osa-MIR393b
osa-MIR&19f
osa-MIR1425
osa-MIR164b
osa-MIR 1850
osa-MIR399k
osa-MIR5502
osa-MIR399d
osa-MIR&19h
osa-MIR&11a
osa-MIR399f
osa-MIR5517
osa-MIR156h
osa-MIR1861h
osa-MIR169b
osa-MIR160b

Chr3
Chr3
Chr3
Chr3
Chr3
Chr3
Chr3
Chr3
Chr3
Chr3
Chr3
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr4
Chr5
Chr5
Chr5
Chr5
Chr5
Chr6
Chr6
Chr6
Chr6
Chr6
Chr6
Chr6
Chr6
Chr6

18208232
21190113
23075358
23075756
25293034
30507952
30539817
32498885
33123489
34000873
36187171
14643725
17069758
17072179
17284208
19543152
21470973
21473335
21475478
21475739
21478564
21482644
24220760
24841188
28652731
28687978
32183563
34251706
34746766
35104592
8862077

15838704
26212571
26248616
28917291
1560790

10052973
13901553
20887634
24617624
26553831
27237193
27294911
28080022

18208363
21190232
23075467
23075879
25293178
30508075
30539979
32499022
33123651
34001018
36187440
14643852
17069882
17072302
17284316
19543287
21471151
21473513
21475654
21475914
21478732
21482814
24220893
24841291
28653096
28688083
32183795
34251847
34746897
35104735
8862178

15838812
26212703
26248721
28917432
1561075

10053127
13901742
20887750
24617726
26553931
27237296
27295038
28080160
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358
335
78

476
&9

475
142
356
481
438
63

75

121
134
116
439
54

179
136
453
314
483
479
79

419
50

501
153
378
188
180
71

370
130
22

168
136
125
24

319
314
30

515
239



osa-MIR166b
osa-MIR160e
osa-MIR167d
osa-MIR5518
osa-MIR&809d
osa-MIR 1424
osa-MIR&19i
osa-MIR164a
osa-MIR1861j
osa-MIRS812j
osa-MIR 1691
osa-MIR169h
0sa-MIR806f
osa-MIR5491
osa-MIR156g
osa-MIR 1661
osa-MIR 1875
osa-MIR169;
osa-MIR1846a
osa-MIR398a
osa-MIR167f
osa-MIR166a
osa-MIR171d
0sa-MIR806g
osa-MIR2872
osa-MIR2118p
osa-MIR2118q
osa-MIR440
osa-MIR 1880
osa-MIR 1846b
osa-MIR419
osa-MIR413
osa-MIR5520
osa-MIR5074
osa-MIR5505
o0sa-MIR5506
osa-MIR5488
osa-MIR166g
osa-MIR1441
osa-MIR167a
osa-MIR167h

Chr6
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr8
Chr8
Chr8
Chr8
Chr8
Chr9
Chr9
Chr9
Chr9
Chr9
Chrl0
Chr10
Chrl0
Chr10
Chrl0
Chr10
Chrl1
Chrl1
Chrll
Chrl1
Chrl1
Chrl1
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2
Chrl2

30326086
2215762
4165296
9525310
14712001
26661361
27792077
28522349
15130013
19803620
26800402
26804635
27962767
6895342
15064252
16950816
17566946
19788380
528250
9145071
14651810
19915634
21165791
22846562
2520898
7803178
7806454
9159384
13496198
27244208
8234925
10133792
10267043
12671855
13386344
15162073
18010567
18300803
19457211
25443203
25447013

30326291
2215875
4165405
9525472
14712167
26661660
27792274
28522504
15130122
19803916
26800577
26804756
27963007
6895458
15064367
16950932
17567197
19788504
528361
9145185
14651922
19915778
21165925
22846801
2521257
7803351
7806630
9159503
13496326
27244319
8235027
10133904
10267373
12671990
13386551
15162183
18010779
18300947
19457390
25443343
25447132
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117
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Chapter 4

Comparative Analysis of Regulatory Elements of microRNAs in Cereal

Genomes

4.1 Abstract

Studies concerning microRNA transcription regulation in plants have mostly
focused on locating the miRNA gene promoters. Little is known about the regulatory
elements that control miRNA gene expression. Identification of these elements helps us
to have a better understanding of the role of miRNAs in the regulatory networks. Here we
have studied the existence and abundance of putative miRNA specific regulatory motifs
that are conserved in cereal genomes. We initially found the orthologous miRNA genes
among maize, sorghum and rice using both sequence homology and synteny data. Next
we searched for motifs occurrence in the area 1000 bp upstream of the maize, sorghum
and rice orthologous miRNA precursors. We showed that generally when the copy
number of motifs is high in maize (>10), it is present in the upstream region of sorghum
or rice miRNA genes while low copy number motifs are mostly species specific. We
demonstrate that the most significant motif found by MEME, is also the most conserved
one with highest copy number in the three species miRNA upstream region. This motif
matches significantly to E2F-variant in AGRIS motif database. E2F-variant motifs have
been reported before to play a major role in animal miRNAs and also their corresponding

transcription factor is regulated by miRNAs. To conclude, our results show that some
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miRNA regulatory elements are conserved in different cereal genomes and might have a
critical role in miRNA regulatory networks. Also these data provides several good motif

candidates for experimental verification.
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4.2  Introduction

MicroRNAs (miRNAs) are endogenous, noncoding 20-24 nt RNA molecules that
act as regulators of gene expression. They are generated from one arm of hairpin
precursors that are derived from pri-miRNA transcripts produced by RNA polymerase 11
(Lee et al., 2004).

MRNAss are play a major role in regulation of the expression of protein-coding
genes (Bartel, 2004; Lim et al., 2005) and are thus important for development, stress
response and other biological processes in plants (Shukla et al., 2008; Voinnet, 2009).
One miRNA can repress several different mRNAs (Lim et al., 2005) and sometimes they
are compared with transcription factors in terms of the effect that they can impose on
gene regulation (Hobert, 2004). They operate by binding to mRNA sequences with base
pairing and cleave the target mRNAs or repressing the translation of mRNAs or attaching
to DNA (Voinnet, 2009). For example, Li et al. found 160 experimentally confirmed
target genes that are cleaved by 53 rice miRNA families using the degradome sequencing
approach (Li et al., 2010).

The expression regulation of miRNA genes is not fully understood and little is
known about the possible regulatory elements in the upstream region of these genes. It
has been shown that most miRNA genes are transcribed from their own promoters
(Bartel, 2004). Some miRNAs are also organized into clusters and transcribed as
multicistronic units (Lau et al., 2001). One major approach to study the miRNA

transcription is to inspect the upstream regions of these genes to find regulatory motifs
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(Ohler et al., 2004; Zhou et al., 2007). Identification and analyzing the promoters of
different miRNA genes could provide clues to understanding regulatory networks.

A few studies have used the alignment of the miRNA upstream sequences of
orthologous genes to identify miRNA-specific regulatory elements (Inouchi et al., 2007;
Zhou et al., 2007; Heikkinen et al., 2008). For example, the alignment of the upstream
regions of the orthologous miRNAs in two nematode worms revealed a significant
conserved regulatory motif around 500bp upstream of the miRNA hairpin start site
(Heikkinen et al., 2008). This motif was conserved in phylogenetically distant species
including human and mouse. In another study, the authors compared the upstream
sequences of 242 human and 290 mouse miRNAs and found some significantly
conserved motifs that are good candidates for experimentally testing of miRNA
expression as well as possible interaction with regulatory factors (Inouchi et al., 2007).
Several attempts have been made to study the regulatory motifs of miRNA genes in
plants. A recent study investigated the flanking regions of four plant miRNA genes and
several conserved and non-conserved motif elements were discovered (Zhou et al., 2011).
They characterized the core promoters and regulatory elements of miRNA genes in four
species and found that most miRNAs have the same type of promoters as protein-coding
genes (Zhou et al., 2007). In another study, Cui et al. detected the promoters of 212 rice
miRNAs and studied their clustering patterns (Cui et al., 2009).

Several motif-finding programs are available for transcriptional regulatory
element analysis. These programs employ different algorithms such as exhaustive search

and bootstrapping (Kankainen and Holm, 2005), exhaustive enumeration (Pavesi et al.,
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2001), probabilistic local alignment based method (Bailey et al., 2006) and Gibbs
sampler (Lawrence et al., 1993). One approach to reduce the false positive rate of motif
finding is to focus on those motifs that are conserved in several species. Some
comparative studies have been performed to identify the phylogenetically conserved
sequence motifs in animals (Ohler et al., 2004; Inouchi et al., 2007; Heikkinen et al.,
2008) but little is known in plants (Zhou et al., 2007).

Here we set to study the miRNA-specific regulatory elements and their
conservation in three cereal genomes (maize, sorghum and rice). We find that some
motifs are frequently found in the miRNA upstream regions in different species while

others are either species-or miRNA-specific.

4.3  Results
Clusters of microRNAs in cereal genomes

Vast majority of microRNA genes are located in intergenic regions in plant
genomes (Cui et al., 2009; Zhou et al., 2011). Whereas the majority of microRNAs exist
as single copy on the chromosomes, some miRNAs are close to each other to form
miRNA clusters, presumably originated through tandem duplications (Zhou et al., 2011).
MiRNAs from a single cluster are usually transcribed together and their expression is
regulated by the same regulatory elements in the upstream region of the first miRNA
(Lau et al., 2001). In order to correctly identify miRNA regulatory motifs, it is necessary
to first find miRNA clusters in the genomes. As described in methods, for miRNA

clustering, both upstream and downstream pre-miRNAs with pair wise distance less than

87



1 kb were considered as clustered miRNAs. When the clustered were organized, we only
used the 5’-end sequence of the first miRNAs in the upstream region of the cluster for
motif analysis. Based on this strategy, we removed 41, 14 & 28 of maize, sorghum and
rice miRNAs (those that were organized in downstream regions of the clusters) from the
miRNA lists. Only the upstream regions of the first miRNA in each cluster were used for

discovery of regulatory motifs.

Finding the orthologous miRNA precursors in maize, sorghum and rice

We first found orthologous miRNA gene pairs between maize and sorghum using
sequence homology and synteny data. We started with 543, 373, and 447 miRNA in rice,
maize, and sorghum, respectively, that were either deposited in miRBase or identified in
our lab after redundancy has been removed. We found 68 orthologous miRNA pairs

between maize and sorghum, and 74 orthologous miRNA pairs between maize and rice.

Motif analysis and conservation study in maize, sorghum and rice

The overall process flowchart of our motif discovery method is displayed in
Figure 4.1. We used MEME program (Bailey et al., 2009) to find a set of 20 most
overrepresented motifs in maize miRNA upstream region which have orthologs in
sorghum. Then we searched for these motifs in the upstream region of the otrhologous
sorghum miRNA. Next we used rice orthologous miRNAs as the out-group for motif
conservation study. The reason that we chose maize among these three species to start

our work is first we have the genome data of a closely related species to it which is
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sorghum, and this helps us to do the motif comparative analysis more precisely and
second we were able to extend 84 maize miRNA upstream region in last chapter and can
evaluate the effect of that in motif discovery. We ran the motif enrichment analysis test
(adj.P.Val<0.01) and found that eleven of the motifs are not miRNA specific and are
found frequently in upstream region of protein-coding genes (we searched the upstream
region of 1000 random prompter of maize protein coding genes). These include a motif
that matches the T-box, which is a common regulatory element in protein coding genes,
and participate in cell development. Excluding these non-significant motifs, we searched
for the existence and copy number of the other motifs in sorghum and rice. Significance
and sequence of these motifs have been summarized in Table 4.1.

First we counted the overall copy number of the significant motifs in maize,
sorghum and rice upstream regions of the orthologous miRNA list to study their
conservation (Figure 4.2). Interestingly, the motif copy numbers in not similar even in
maize and sorghum, which are evolutionarily close. There is only one motif with a high
copy number (> 50) in all the three species (motifs 1), which is the most significant one,
as well. There is another motif (motif d), which was present in rice and maize but not
sorghum. So we can conclude that this motif (or the related miRNA ortholog) has been
removed from sorghum genome. Also 5 of the motifs are maize specific and haven’t been
detected in the other two species therefore they are good candidates to study how miRNA
get specialized in a particular organism.

Second, we studied which percentages of the total conserved miRNAs in the three

plant species possess the significant motifs (Figure 4.3). As it is shown in this figure,
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there are some motifs which present in the upstream region of the majority of miRNAs
while some others are present in only few ones most of which belong to the same family.
We also see that some of motifs are limited to specific miRNA families in different
species.

At the end, based on these figures we decided to analyze some of the motifs with

particular characteristics in more details.

4.4  Discussion
Characteristics of the interesting MEME motifs in the three species

-Motif a (the most significant MEME motif).

The most interesting and significant MEME motif found, motif a, is also the most
conserved one with highest copy number in the three species miRNA upstream region.
The logo of this motif is presented in Figure 4.4. It is present in the majority of miRNAs
in sorghum and rice with a very high copy number (>350). Interestingly, in most of the
cases this motif has either a very high or very low copy number in different miRNA
genes in the three species. This explains how different miRNAs family members can get
specialized independently (Figure 4.4). This motif is not limited to one or few miRNA
families and exists in several of them. It matches well to the E2F-variant, which is known
to participate in cell cycle, transcription, stress and defense or signaling (Ramirez-Parra et
al., 2003). Entry into the S phase of the cell cycle is controlled by E2F transcription
factors that induce the transcription of genes required for cell cycle progression and DNA

replication. Although the E2F pathway is highly conserved in higher eukaryotes, only a
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few E2F target genes have been experimentally validated in plants. They found more 200
E2F target genes in Arabidopsis and rice, which were expressed almost exclusively
during G1 and S phases (Vandepoele et al., 2005). In mammals it has been shown that
E2F-induced miRNAs play some role in response to mitogenic signaling (Bueno et al.,
2010). It has also been shown that E2F activity can be regulated by micro-RNAs
(miRNAs) and in turn, miRNAs themselves are targets of E2F family proteins
establishing negative feedback loops (Emmrich and Putzer, 2010). Just recently it has
been revealed that there is crosstalk between E2Fs and microRNAs participate in the
regulation hypoxia response in animals (Biyashev and Qin, 2011). Similar crosstalk could
probably exist in plants. This motif also has a significant match to and Sorlips,
“Sequences Over-Represented in Light-Induced Promoters”. They have been reported to
be present in promoters that are induced by phytochrome A in Arabidopsis (Hudson and

Quail, 2003).

-Motif b (absent in rice)

This motif is not present in rice but is frequent in maize and sorghum miRNA
genes upstream region (Figure 4.5). It has a good match to RY-repeat, which is conserved
in the promoters of seed-specific genes in both monocot and dicot species and has been
reported before in the miRNA core promoters of four model species including rice and

Arabidopsis (Zhou et al., 2007).

-Motf d (absent in sorghum)
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This motif is the only case that is absent in all sorghum miRNA upstreams but
present in several rice and maize miRNA upstream sequences. It is also the only motif
that showed up exclusively in the maize refined miRNA upstream regions. It matches
significantly to CArG3 (Figure 4.6). It has been shown that CArG3 is the binding site for

a negatively acting factor during early floral stages in Arabidopsis (Tilly et al., 1998).

-Motif f (maize specific)

This motif (along with 4 more motifs) is only present in maize miRNA upstream
region. One characteristic of all of them is that they have a low copy number and present
in just few miRNAs (Figure 4.7). It is significantly similar to OBF4 5binding site, which

has been reported to participate in flowering regulation (Song et al., 2008).

Study the changes in maize miRNAs motif content after refining the gene
boundaries using RNAseq

We had tried to refine the maize miRNA gene boundaries and getting closer to
transcript Start Site by RNAseq mapping before (See chapter 2). Here we compared the
significant motif list before and after refining. Using the improved gene boundaries
coordinates, in most of the cases only changed the significance level of the identified
motifs and also the significance level of their matches to the known motifs. However in
one case, one motif (motif d which matches significantly to CArG3 which is a known
motif in AGRIS database) was identified in the refined miRNA upstream set which didn’t

have any counterpart in the non-refined upstream set (we didn’t see any opposite pattern).
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This shows the importance of refining the miRNA boundaries as much as we can to get a
more accurate list of significant motifs.

In conclusion, we have identified over-represented and conserved motifs in the
upstream regions of three monocots miRNA stem-loop sequences. By applying the
conservation analysis on the identified motifs, we found several motifs that most
probably are true positive and are good candidate for experimental verification of
possible regulatory functions. Also by studying the existence of maize miRNA motifs in
the closely related genomes, we report five explicit maize-specific miRNA regulatory

elements.

4.5 Materials and Methods
Sequence data

Genome sequences and annotation data were downloaded from the following
websites: for rice, the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu,
version 6.1) (Goff et al., 2002); for maize, http://www.maizesequence.org (version 5a)
(Schnable et al., 2009), and for Sorghum Bicolor, www.phytozome.net (Paterson et al.,

2009).

Annotated miRNAs in three cereals
Rice miRNAs were downloaded from the miRBase (version 18). Maize miRNAs

included the miRNAs from the miRBase (version 18) and unpublished miRNAs that were
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identified in our lab after removing redundancy. Sorghum miRNAs were identified in our

lab.

MiRNA precursor clustering and extraction of their upstream region

To identify miRNA clusters in the studied genomes, we defined 1 kb as the
maximum inter-miRNA distance for two miRNA genes to be considered as clustered.
Then we only extracted the 1 kb upstream regions of the miRNAs that were located at the
5’ end of the clusters and other single miRNAs. We also removed those miRNAs which
are overlapping with protein-coding genes or too close to the upstream protein-coding

genes (<1 kb if both are on the same strand and <2 kb if they are on opposite strands).

Identification of the maize orthologous miRNAs in sorghum and rice

Maize collinear regions in sorghum and rice genomes were identified using
DAGchainer (Haas 2004), requiring at least five anchor genes with no more than ten
intervening genes between neighboring anchor genes. MiRNA precursors that were
flanked by the same anchor genes and had the lowest alignment e-value using blastall

were considered orthologous miRNAs.

Motif extraction and analysis
The summary of our methodology has been demonstrated in Figure 4.1. After
finding miRNA orthologs, we searched for the motifs occurring in the area 1000 bp

upstream from maize miRNA using MEME (used parameters: -mod anr -minw 5 -maxw
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15 —nmotifs 20). To test the statistical significance of the found motifs, we used the
promoter region of 1000 randomly chosen maize protein coding genes as the background.
We ran motif enrichment test using Bioconductor Biostrings library to find
enrichment/depletion of motifs in our sample sequence set relative to the background set.
To do so, we started with PFM (positional frequency matrix) in MEME output, convert it
to PWM (positional weight matrix) using a Biostrings function. We chose these
parameters for enrichment test: revcomp=TRUE, cutoff=0.9, occurrence=1. The cutoff
(minimum score of matching) is the percentage of the maximum possible score, here.
Next we mapped the significant maize miRNA motifs to the 1000 bp upstream
region of sorghum miRNA precursor which are orthologs of the corresponding miRNAs
in maize using FIMO in MEME Suite package (q-value<0.01). Then we did the same
thing in rice. The idea here is to find whether the enriched miRNA motifs in maize are
conserved in sorghum and rice or not. We calculated the frequency of each motif in the
orthologous miRNAs in maize, sorghum and rice. In the last step we mapped the
identified motifs against AGRIS database which contains Arabidopsis known gene

regulator elements using STAMP (Mahony and Benos, 2007).
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4.6  Figures & Tables

Figure Legends

Figure 4.1. The workflow of the discovery and study of conserved miRNA motifs in

maize, sorghum and rice.

Figure 4.2. Comparison of the total number of identified miRNA motifs in the three

genomes.

Figure 4.3. Comparison of the number of conserved miRNA which have the specific

motifs

Figure 4.4. Motif a frequency in orthologous miRNAs in the three cereals and its logo.

Figure 4.5. Motif b frequency in orthologous miRNAs in the three cereals.

Figure 4.6. Motif d frequency in orthologous miRNAs in the three cereals.

Figure 4.7. Motif f frequency in orthologous miRNAs in the three cereals.

Figure 4.1.
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Table 4.1. The identified sequence motifs in the upstream regions of maize miRNA stem-loop sequences which
have orthologs in sorghum and rice

Motif adj-P-Val Motifs regular expression E-val of matches Known
names (enrichment to known AGRIS  motifs

test) motifs
a 7.40E-04 [GA]GAGI[AG][GA][AG]GA[GAJ[AG]GAGA 9.40E-05 E2F-varian/Solis
b 2.10E-04 [CTIA[GCT]ATGCATGCATG[CGA] 1.20E-11 PY-repeat
c 1.40E-07 [AG]TG[AG][ATIJA[CT]A[TA][CG][CT]ATTG 5.10E-04 Evening Element
d 1.40E-03 [TAC][AG]AA[GA]JA[TA][GA]JAAA[CTAJ[AC]A  5.80E-05 CArG3

[AT]

e 0 [GCI[CT][TAG][GT]CTGCTGCTG[GAC][TC] 4.30E-02 RAVI-A
f 7.10E-07 AC[TAJ[AC]IT[GT][AC][TACJATATCA[TA] 1.40E-05 OBF4 5
g 0 AA[TG]A[GA]TG[AT][ATC][GC]TGA[AC]A 4.20E-04 SORLIP3
h 9.70E-07 GAGT[AT][GT]CATG[GT]GA[AT]G 6.8E-06 AtMYC2
i 3.50E-04 GC[GCT][AG][ACT][TAG]GGCAGGCAG 6.60E-03 CBF1
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Chapter 5

Conclusions

5-1 Summary of our findings and how they relate to other works

In the last few years, many large-scale studies and technological advances have
helped to pave the way toward greater understanding of the genome organization and
function in different organisms. One of the first steps that has been done to a great
amount recently is the generation of large scale sequencing data. There are two major
challenges dealing with this huge amount of data: (1) handling and managing these data
using the available computational processing power, and (2) developing innovative
genomic informatics to process the raw data and extract meaningful information.

This thesis has tried to address the second challenge. Utilizing publicly available
genome and NGS data, comparative genomics approach, and common and also novel
computational methodologies, we were able to develop and test some biological
hypothesis and improve the annotation of current data for further use.

The overall purpose of the current study was to assess three genomic features in
cereal genomes - genomic source of two different types of small RNAs (nat-siRNAs and
miRNAs) and miRNA-specific regulatory elements- and also determine how they have
evolved. This can provide a foundation for the community to study small RNA
expression and function more precisely in plants. Also the bioinformatic predictions that

we made about the sources of nat-siRNA and miRNA regulatory elements could generate
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a number of candidates for experimental analysis and save the initial testing of thousands
of potential genomic fragments.

To be more specific, one of the most significant outcomes emerged from the first
part of this thesis is providing a genome-wide and also a comparative view of
overlapping gene content and orientations in several plant genomes for the first time. We
showed that like other eukaryotic genomes, overlapping genes are frequent in cereals (3%
to 10% of cereal protein-coding genes have this arrangement in different species), which
is more common than previously thought. The frequencies of cereal overlaps are close to
what we see in vertebrates (Makalowska et al., 2007) but are much less than the amount
of overlaps in microbial genomes (Johnson and Chisholm, 2004). There is no positive or
negative correlation between the percentages of overlaps in the genome and either
number of genes or genome size. Therefore saving genome space and increasing the
information density is not a major force in creation of overlaps. In terms of their
orientation, the majority of overlaps belong to different-strand pairs, which is in
agreement to what we see in other eukaryotes like human and mouse.

The second major finding of the first part is that the majority of overlapping genes
are recent and species-specific. There is not much conservation of overlapping pattern in
closely related cereal genomes. This suggests a fast rate of gain and loss of overlaps in
these species. Our results also show that maize has more species-specific overlaps than
rice and Brachypodium. The same species-specificity have been observed in mammals
(Sanna et al., 2008; Solda et al., 2008) but they proposed that this little number of shared

overlap relationship among mammals might be due to wrong assignment of orthologs. To
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test this hypothesis in plants we examined the overlapping relationship not only between
orthologs but also between homologs in different species. Still we found high frequency
of species-specific overlaps, so this specificity should not be the result of wrong ortholog
assignment. Also we showed that maize has a unique pattern of overlapping genes. Like
what exists in the human genome it has lots of nested genes. The major formation
mechanism for these nested genes could be retroposition in which a retro-gene has been
inserted in the large introns of maize genes. These introns might provide an open
chromatin environment for the insertion of the external genes.

The third major finding of the second chapter is that gene creation and translocation
are major evolutionary forces that cause overlaps. Same mechanisms have been identified
in birth of overlaps in vertebrates (Makalowska et al, 2007). In the three species
considered we found 390 clear cases of overlap’s birth and 96 clear cases of overlap’s
death. Similar to what has been found in mammals, the birth rate of overlaps is higher
than their death rate but both of these rates are higher in plants compared to mammals
(Sanna et al. 2008).

The last finding of the first part of our study shows that overlapping genes can be a
rich source of nat-siRNAs. The expression levels of the genes involved in overlapping
pairs have been shown to have negative correlation in Arabidopsis (Henz et al., 2007)
which can be explained through the regulation of nat-siRNAs though the RNA
interference pathway . This shows that overlapping pattern could impose a great
regulatory effect on the gene expression and probably enable the fine-tuning of gene

expression. Our comparative analysis of nat-siRNAs in cereals showed that the
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generation of nat-siRNAs are not well conserved, suggesting that the fine tuning of
expression by nat-siRNAs is species-specific and may be a cause for the unique
phenotypes of each species.

In the third chapter we showed for the first time that by adopting a novel
computational methodology, publicly available NGS data could be used to improve the
annotation of miRNA genes. This is particularly useful for those model organisms with a
plenty of NGS data. Our analysis is also one of the first ones in its type, which uses this
number of public NGS data to help the improvement of the biological information in
plants. The other very helpful piece of information that we had was two sets of miRNA
genes with known gene boundaries. They were used as the training set to optimize the
parameters of our methodology. The procedure we developed here was encouraging. It
could be a reliable predictor of the upstream regions of the poorly annotated miRNA
genes although there is still room for improvement. Accurate identification of miRNA
transcription start site is useful because it helps to analyze the promoter and regulatory
element more precisely and provides some foundations about the regulation of miRNA
genes and their role in regulatory modules. By getting closer to the real TSS location it is
possible to look at a narrower range for different motifs and regulatory elements. Also
knowing the full sequence of miRNA transcripts gives us the opportunity to do a more

accurate evolutionary analysis on them in closely related species.

And finally in the last chapter, we have identified over-represented and conserved
motifs in the upstream regions of three cereals miRNA stem-loop sequences. By applying

the conservation analysis on the identified motifs, we found several motifs that most
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probably are true positive regulators of miRNAs and are good candidates for
experimental verification. Also by studying the existence of maize miRNA motifs in the
closely related genomes, we provide an explicit list of maize-specific miRNA regulatory
elements. We not only studied the presence and absence of the motifs but also we
compared their copy numbers in the three genomes. It was shown that a few motifs have
a very high copy number in the studied miRNAs and species but this is not true for the
majority of them. . Moreover, we showed that refine the upstream boundaries of miRNA
genes changed the significance level of the identified motifs and the level of their

matches to the known ones.

5.2 Evaluation

Now if we stand back and do a self-analysis, we can see some limitations in our study,

which could have affected the results. These limitations include the following.

In the study of overlapping gene content we might have over- or underestimated the
number of overlaps and therefore conserved ones due to imperfect gene annotation. We
tried to resolve this issue by mapping the RNAseq reads to the gaps between
neighbouring genes to examine whether they are actual overlapping or not, but we are not

able to significantly improve the annotation of overlapping genes.

When we investigated the causes of birth and death of overlaps, we were unable to
determine the mechanisms in many cases since we didn’t have the appropriate out-group.

Once we have additional genomes being sequenced and annotated from cereals species
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that are more closely related to the species we have studied, this situation will be

improved.

We didn’t see high rate of conservation of nat-siRNAs among the conserved overlaps
that might be due to not having enough small RNA data available yet. The expression of
overlapped genes is dependent on plant tissues and growth conditions from which total
RNA was extracted. As a consequence, nat-siRNAs might be generated from one sample,
but not another. More small RNA data from various tissues and growth conditions will

provide more evidence for the generation of nat-siRNAs.

We used small training sets to optimize the parameters of our methodology in refining
the miRNA gene boundaries. If there were more experimentally confirmed pri-miRNAs,
we had a larger dataset to train the computational procedure and also we could have kept
some of the known data to test the performance of the procedure. Also known dataset
might help us to find some sequence signatures in specific locations around TSSs that
could be used to predict unknown TSSs more precisely. Furthermore, pri-miRNAs are
processed into pre-miRNAs and mature miRNAs very soon after they are transcribed.
RNAseq data from miRNA biogenesis pathway should significantly increase the chance
of obtaining reads from intact pri-miRNAs and improve our ability to refine pri-miRNA

boundaries.

Choosing of the1000 bp upstream region of miRNA precursors was an almost
arbitrary decision. Probably we could have picked a more precise upstream range for
each organisms based on the average length of known gene upstream regions that are

enriched for regulatory elements.
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5.3 Future Works

It is recommended that further research be undertaken in the following areas.

For the second chapter, further detailed studies with more lineages and better gene
structure annotations are needed to confirm the mechanisms of overlapping emergence
and loss. This gives us an idea how genomes evolve in this aspect. Also analyzing more
lineages helps us to find those patterns that have been conserved throughout evolution

and might have an important functional role.

Enrichment of overlaps for small RNA reads shows that overlapping pattern can impose a
great regulatory effect on the gene expression. We provided some conserved and non-
conserved enriched overlapping genes candidates and believe that they could be a good
start for experimental functional analysis of their probable small RNA product in
different species.

Not being able to predict 100% of miRNA gene boundaries does not suggest that our
method for refining gene boundaries is not efficient or cannot be generalized. What it
does highlight is that without enough transcriptome data (particularly RN Aseq) at
different developmental stages and sections, finding miRNA gene start sites can be very
challenging. In theory, if we had enough RNAseq data, we should be able to exactly
predict all the TSSs (enough sequencing depth will result in full coverage). At the time of
conducting this research, we did our best to use as many public RNAseq libraries as
possible. Our methodology could be optimized more whenever more RNAseq data and

also pri-miRNA annotation become available. The next step for improving our method is
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to integrate promoter motif location data with RNAseq read mapping data to predict TSS
more accurately. We tried TATA-box but it didn’t help the prediction that much since its
location varies in different miRNA genes and sometimes it is absent. It is also helpful to
study the performance of our methodology in animal miRNA genes with a known TSS

and optimize it if possible.
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