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ABSTRACT
In plants, microRNAs (miRNAs) and small interfering RNAs (siRNAs) account for
the majority of the small RNA population. They play critical roles in multiple cellular
processes through post-transcriptional regulation of RNA targets. Some miRNAs are well
conserved among different plant lineages, while others are less conserved. It is not clear
whether less-conserved miRNAs have the same functionality as the well conserved
ones. Heterochromatic siRNAs are broadly produced in the Arabidopsis thaliana
genome, sometimes from active “hotspot” loci. It is unknown whether individual
heterochromatic siRNA hotspots are retained as hotspots between plant species. In
Chapter 2, we compare small RNAs in two closely related species (Arabidopsis thaliana
and Arabidopsis lyrata) and find that less-conserved miRNAs have high rates of
divergence in MIRNA hairpin structures, mature miRNA sequences, and target
complementary sites in the other species. The fidelity of miRNA biogenesis from many
less-conserved MIRNA hairpins frequently deteriorates in the sister species relative to
the species of first discovery. We also observe that heterochromatic siRNA occupied loci
have a slight tendency to be retained as heterochromatic siRNA loci between species,
but the most active A. lyrata heterochromatic siRNA hotspots are generally not syntenic
to the most active heterochromatic siRNA hotspots of A. thaliana. Altogether, our findings
indicate that many MIRNAs and most heterochromatic siRNA hotspots are rapidly
changing and evolutionarily transient within the Arabidopsis genus.
Small RNAs are broadly present in all known plant species, many of which play
important regulatory roles. In Chapter 3, we surveyed the small RNA populations from
three plants: the tree crop Theobroma cacao, oil palm Elaeis guineensis Jacq., and the
model moss Physcomitrella patens. In Theobroma cacao, we computationally identified
83 conserved miRNAs and 91 miRNA targets using sequence similarity and secondary
structure information. In oil palm (Elaeis guineensis Jacq.), we identified 28 expressed
miRNA families during flower development by analyzing smallRNAseq data. In
Physcomitrella patens, we identified a novel family of trans-acting siRNA (ta-siRNA) loci
associated with miR156- and miR529-directed slicing by scanning the genome for tasiRNA-like sRNA accumulation patterns in different genetic background. These studies
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as a whole demonstrate that many small RNA species are deeply conserved in the plant
kingdom. On the other hand, novel classes of small RNAs can evolve in specific
lineages.
Conserved plant microRNAs (miRNAs) modulate important biological processes
but little is known about conserved cis-regulatory elements (CREs) surrounding MIRNA
genes. In Chapter 4, we developed a solution-based targeted genomic enrichment
methodology to capture, enrich and sequence flanking genomic regions surrounding
conserved MIRNA genes with a locked-nucleic acid (LNA)-modified, biotinylated probe
complementary to the mature miRNA sequence. Genomic DNA bound by the probe is
captured by streptavidin-coated magnetic beads, amplified, sequenced and assembled
de novo to obtain genomic DNA sequences flanking MIRNA locus of interest. We
demonstrate the effectiveness of this method in Arabidopsis thaliana. We demonstrate
the sensitivity and specificity of this enrichment methodology to enrich targeted regions
spanning 10-20 kb surrounding known MIR166 and MIR165 loci. Assembly of the
sequencing reads successfully recovered all targeted loci. While further optimization for
larger, more complex genomes is needed, this method may enable determination of
flanking genomic DNA sequence surrounding a known core (like a conserved mature
miRNA) from multiple species that currently don't have a full genome assembly
available.
Altogether, by sequencing data analysis and comparative genomics, these
studies contribute to the understanding of the function and evolution of plant small
RNAs.
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Chapter 1
Introduction

1.1 Functions and evolution of plant small RNAs
1.1.1 Overview of small RNAs
Small RNAs are ~20-30 nucleotide (nt) non-coding RNAs that are prevalently present in
metazoans (Kim et al., 2009; Carthew and Sontheimer, 2009) plants (Axtell, 2013a) and unicellular
eukaryotes (Zhao et al., 2007; Molnár et al., 2007; Drinnenberg et al., 2009). To date, three major
classes of small RNAs have been well characterized: microRNAs (miRNAs), short interfering RNAs
(siRNAs) and Piwi-interacting RNAs (piRNAs). The three classes of small RNAs have distinctive their
sizes, which are typically 21-22 nts for miRNAs, 21-24 nts for siRNAs and 24-30 nts for piRNAs
(Stefani and Slack, 2008; Axtell, 2013a). miRNAs and siRNAs are processed from helical regions of
RNA precursors by Dicer or Dicer-like proteins (DCLs) into 20-24-nt-long double-stranded duplexes,
whose size range is a signature of Dicer slicing. In contrast, piRNAs derive from single-stranded,
presumably non-helical RNA precursors without the requirement of Dicer (Juliano et al., 2011). Unlike
the nearly ubiquitous presence of miRNAs and siRNAs in eukaryotes, piRNAs have only been
observed in animals (Brennecke et al., 2007; Aravin et al., 2007; Czech et al., 2008; Gan et al., 2011).
Despite the foregoing distinctions, miRNAs, siRNAs and piRNAs function in a similar way: associated
with Piwi/Argonaute (AGO) family proteins, they recognize target transcripts in a sequence-specific
manner, and subsequently regulate gene expression transcriptionally or post-transcriptionally. SmallRNA-directed gene regulation involves repressive chromatin modifications, mRNA destabilization, and
translational inhibition, therefore small RNAs function as negative regulators of gene expression (Kim
et al., 2009; Carthew and Sontheimer, 2009; Axtell, 2013a).
In plants, miRNAs and siRNAs account for the majority of the small RNA population. They are
distinct in the form of their corresponding RNA precursors: miRNAs derive from single-stranded
precursors with a hairpin structure, while siRNAs derive from double-stranded RNA (dsRNA)
precursors (Axtell, 2013a). The core protein families responsible for small RNA biogenesis and
function in plants are RNA-dependent RNA polymerases (RDRs), Dicer-like proteins (DCLs) and
Argonautes (AGOs). RDRs produce dsRNAs by synthesizing the second strand from an RNA
template, which is an essential step in the siRNA biogenesis pathway (Zong et al., 2009). DCLs, which
are RNAse III endonucleases, slice RNA precursors into short double-stranded duplexes, typically 20-
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24 nt long with a 3'-2 nt overhang (Margis et al., 2006). AGOs are the downstream effectors of the
small RNA pathway. They bind one strand of the double-stranded duplexes and identify target RNAs
based on sequence complementarity between the small RNA and the target RNA, directing repressive
activities at the target RNA (Vaucheret, 2008; Wee et al., 2012). RDR, DCL, and AGO family proteins,
each encoded by multiple paralogous loci in plants, have either redundant or specialized functions in
small RNA pathways (Margis et al., 2006; Vaucheret, 2008; Zong et al., 2009). Despite similarities in
the their biogenesis and function, miRNAs and siRNAs require distinct set of DCLs and AGOs for their
biogenesis and downstream effects on their targets.
1.1.2 microRNAs (miRNAs)
miRNAs are a major class of small RNAs broadly present in metazoans and plants. The first
miRNA lin-4 was discovered two decades ago in the roundworm Caenorhabditis elegans (Wightman
et al., 1993; Lee et al., 1993). lin-4 is 22 nt long non-coding RNA deeply conserved in metazoans, and
it silences its target genes post-transcriptionally. Later more miRNAs were discovered in the fruit fly
Drsophila melanogaster, C. elegans and Homo sapiens (Lagos-Quintana et al., 2001; Lau et al., 2001;
Lee and Ambros, 2001; Aravin et al., 2003). In 2002, plant miRNAs were first found in Arabiodopsis
thaliana and Oryza sativa (rice) (Reinhart et al., 2002). Most plant miRNAs found to date are 21 nt in
length, require DCL1 for their biogenesis, and require AGO1 for function(Axtell, 2013a).
1.1.2.1 Biogenesis of plant miRNAs
Primary transcripts of miRNA precursors (pri-miRNAs) are transcribed by RNA polymerase II
(Pol II) mostly from un-clustered intergenic MIRNA loci, capped and polyadenylated (Lee et al., 2004).
Part of the pri-miRNA forms a imperfect fold-back structure, which is processed into a hairpin-like
stem-loop precursor (pre-miRNA) and further excised into the miRNA/miRNA* duplex by a DCL family
protein (mainly DCL1) in nuclear processing centers called D-bodies (Kurihara and Watanabe, 2004;
Fang and Spector, 2007). This process is facilitated by proteins including the RNA-binding protein
DAWDLE (DDL), C2H2-zinc ﬁnger protein SERRATE (SE), the double-stranded RNA-binding protein
HYPONASTIC LEAVES1 (HYL1) and nuclear cap-binding complex (CBC) (Kurihara et al., 2006;
Gregory et al., 2008; Laubinger et al., 2008; Yu et al., 2008). The miRNA/miRNA* duplexes are
methylated at the 3'-ends by the methyltransferase HEN1 to be protected from degradation by the
SDN class of exonucleases (Park et al., 2002; Yu et al., 2005) and exported to the cytoplasm by
HASTY, the exportin 5 ortholog of plants (Park et al., 2005). The guide strand of the miRNA/miRNA*
duplex, i.e. the mature miRNA, is then incorporated into AGO proteins (mainly AGO1) to repress target
genes, while the passenger strand called miRNA* is degraded (Voinnet, 2009).
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1.1.2.2 Functions of plant miRNAs
miRNA-mediated target gene regulation involves both AGO-catalyzed slicing of the target
mRNA and translational repression. Early discoveries revealed that target mRNAs were cleaved by
AGO in the center of the regions of near-perfect sequence complementarity to the corresponding
miRNAs, resulting in decreased level of the intact target mRNA (Llave et al., 2002; Souret et al.,
2004). However, in other studies where protein levels of the miRNA targets were measured together
with mRNA levels, a discrepancy was observed that protein levels were affected more strongly than
mRNA levels (Aukerman and Sakai, 2003; Chen, 2004; Bari et al., 2006; Gandikota et al., 2007).
These studies suggest that plant miRNAs repress targets genes by destabilizing mRNAs as well as
inhibiting protein production. Since most miRNAs are incorporated into AGO1, two studies of ago1
mutants further elucidate the essential role of AGO1 in both miRNA-mediated mRNA slicing and
translational repression. Hypomorphic ago1-27 mutants accumulate near normal levels of target
mRNA but higher levels of protein, yet displays similar phenotype as dcl1 mutants which broadly
affects miRNA biogenesis (Brodersen et al., 2008). This indicates that defects in translation repression
alone, despite intact slicing activity, causes morphological defects. Slicer-defective mutants of AGO1
cannot complement loss-of-function ago1 mutants, indicating the essential role of AGO-catalyzed
slicing (Carbonell et al., 2012). Taken together, plant miRNAs repress target genes by a blend of both
mRNA destabilization and translational inhibition.
1.1.2.3 Complementarity requirements for miRNA targeting
Plant miRNAs exhibit extensive base-pairing to their cognate targets, as is evident in all
verified miRNA-target pairs to date (Axtell, 2013a). Mismatches are better tolerated at the first
nucleotide of complementarity counting from the 5' of the miRNA, as well as near the 3' end (Mallory
et al., 2004; Schwab et al., 2005). The region between the 2nd and 13th nucleotide in the alignment is
critical for function, where no more than one mismatches are tolerated. Upon recognition by an
miRNA, target mRNA is sliced by AGO between 10th and 11th nucleotide in the alignment (Figure 1.1).
In an alternative scenario where a central bulge or mismatches prevent AGO-catalyzed slicing, the
target serves as a mimicry or decoy to sequester AGO-bound miRNAs and positively regulates the
canonical miRNA targets (Figure 1.1; Franco-Zorrilla et al., 2007).
In animals, seed pairing is used for canonical miRNA/target recognition instead, where base
pairing between nucleotides 2-7 of the miRNA is the sole requirement, with optional pairing between
nucleotides 1 and 8 (Figure 1.1; Bartel, 2004). In a few cases, 3'-compensatory pairing and centered
pairing are also functional in animals (Bartel, 2009; Shin et al., 2010). However, none of the animallike complementarity patterns are reported in plants (Axtell, 2013a).
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Figure 1.1 Patterns of functional microRNA (miRNA) / target complementarity in plants and animals.
Adapted from (Axtell, 2013a).
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1.1.2.4 Evolution of plant miRNAs
The first miRNAs discovered in plants were found to be conserved between Arabidopsis
thaliana and Oryza sativa and abundantly expressed (Reinhart et al., 2002; Mette et al., 2002; Park et
al., 2002; Llave et al., 2002). Later studies revealed that quite a few MIRNA families are deeply
conserved in plants, which are characterized with abundant expression levels, multiple paralogous loci
and easily identifiable targets (Rajagopalan et al., 2006; Fahlgren et al., 2007; Axtell et al., 2007).
Well-conserved miRNAs preferentially target transcription factors that regulate development and
patterning (Garcia, 2008). Eight families were conserved in all embryophytes (informally, land plants)
and ten families are present in all angiosperm (flowering plant) lineages (Cuperus et al., 2011). No
shared MIRNA families have been identified between embryophytes and the unicellular green alga
Chlamydomonas reinhardtii (Zhao et al., 2007; Molnár et al., 2007) nor between plants and animals,
indicating that MIRNA genes may have arisen independently multiple times in eukaryote diversification
(Axtell and Bowman, 2008; Cuperus et al., 2011).
Evidence has accumulated that many MIRNA families are species-specific or non-conserved
(Griffiths-Jones et al., 2008; Cuperus et al., 2011), suggesting that large numbers of MIRNA loci are
recently spawned. These relatively young miRNAs are lowly expressed, often encoded by a single
locus and have few targets (Rajagopalan et al., 2006; Zhang et al., 2006; Fahlgren et al., 2007). How
are these new MIRNA gens formed? Early studies found that both arms of the fold-back region of athMIR161, ath-MIR163 and ath-MIR822 share extensive sequence similarity to their target genes
outside the mature miRNA complementarity sites, likely a result of inverted gene duplication (Allen et
al., 2004; Fahlgren et al., 2007). Initial duplication events would generate loci with perfect selfcomplementarity and produce siRNAs, which is supported by the observations that fold-back regions
of young MIRNAs are processed not by DCL1 but by DCL4, the Dicer responsible for siRNA
production (Rajagopalan et al., 2006; Vazquez et al., 2008; Amor et al., 2009). These loci may
accumulate drift mutations, and subsequently are picked up by DCL1-dependent machinery to
produce miRNAs. Some may be selected if advantageous, while others will drift further without
selection (Voinnet, 2009). An alternative possibility of MIRNA origin is spontaneous evolution from
small random inverted repeats, which are abundantly present in plant genomes (Jones-Rhoades and
Bartel, 2004). This is evident that over half of the young Arabidopsis MIRNAs have no sequence
identity to other loci (Felippes et al., 2008; Fahlgren et al., 2010).
1.1.3 Small interfering RNAs (siRNAs)
The discovery of siRNAs was preceded by the observations that antisense RNAs expressed in
transgenic plants induced gene siliencing (Ecker and Davis, 1986; Napoli et al., 1990). Later it was
observed that non-coding regions of viral RNA sequences could enhance the resistance of plants to
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viral infection (Covey et al., 1997), indicating a link between viral defense and post transcriptional
gene silencing. In 1998, double-stranded RNA (dsRNA) was identified as the causative agent for post
transcriptional gene silencing (PTGS), a phenomenon also known as RNA interference (RNAi) (Fire et
al., 1998). RNAi is ubiquitous in eukaryotes including plants, metazoans and fungi (Fagard et al.,
2000), the only exceptions being Saccharomyces cerevisiae (Aravind et al., 2000) and a few known
trypanosome pathogens (Smith et al., 2007), likely due to lineage-specific loss. RNAi can be initiated
both by exogenous dsRNAs (coming from virus infection or laboratory manipulations) and by
endogenous dsRNAs known as small interfering RNAs (siRNAs).
In plants, endogenous siRNAs can be divided into three sub-categories based on their distinct
biogenesis and function: heterochromatic siRNAs, secondary siRNAs, and natural antisense transcript
siRNAs (NAT-siRNAs).
1.1.3.1 Heterochromatic siRNAs
Heterochromatic siRNAs are derived from intergenic or repetitive genomic regions. They are
typically 24 nt in length, require RDR2 and DCL3 for their biogenesis and AGO4-clade AGOs (AGO4,
AGO6 and AGO9 in Arabidopsis) for their function (Axtell, 2013a). The biogenesis of heterochromatic
siRNAs are not fully elucidated. The current understanding is that repetitive intergenic regions are
transcribed by RNA polymerase IV (Pol IV), a plant-specific RNA polymerase. The Pol IV transcript
serves as a template for RDR2 to produce a dsRNA. DCL3 cleaves the resulting dsRNA into 24-nt
siRNA products, and one strand of the siRNA is loaded into AGO4. RNA polymerase V (Pol V),
another plant-specific RNA polymerase, produces transcripts that serve as scaffolds for the binding of
siRNA-loaded AGO4. Pol V transcription is facilitated by the DDR complex comprising a putative
chromatin-interacting ATPase (DRD1), a hinge-domain protein (DMS3), and a single-stranded DNAbinding protein (RDM1) and is independent of siRNA biogenesis. Upon binding to the Pol V
transcripts, heterochromatic siRNAs function to trigger the de novo deposition of repressive chromatin
modifications at nearby regions, including cytosine methylation at asymmetric CHH (where H=A, C or
T) sites and H3K9 histone methylation (Zhong et al., 2012; Wierzbicki et al., 2012).
Heterochromatic siRNA pathways are deeply conserved in plants. 24-nt small RNAs are the
most abundant small RNA population in numerous plant species, such as maize and rice, and their
accumulation depends on the respective homologous DCL3 proteins (Nobuta et al., 2008; Wu et al.,
2010). In the moss Physcomitrella patens, 23-24-nt siRNAs accumulate at repetitive intergenic
regions, which is dependent on PpDCL3, the P. patens DCL3 homolog (Cho et al., 2008). However, in
conifers, no 24-nt small RNA population has been identified, nor has a DCL3 homolog, suggesting that
heterochromatic siRNAs may be lost or replaced by shorter RNAs (Morin et al., 2008; Dolgosheina et
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al., 2008).
1.1.3.2 Secondary siRNAs and trans-acting siRNAs (ta-siRNAs)
Secondary siRNAs derive from RDR-sythesized double-stranded RNA precursors whose
production is initiated by miRNAs or other secondary siRNAs. The resulting dsRNA is diced by a DCL
into secondary siRNAs. Most secondary siRNAs are 21-nt long, requiring RDR6 and DCL4 for their
biogenesis (Allen et al., 2005; Yoshikawa et al., 2005; Talmor-Neiman et al., 2006).
Some secondary siRNAs can act in trans to silence genes that are distinct from the loci of their
origin, thus the name trans-acting siRNAs (ta-siRNAs). The loci where the ta-siRNAs derive are called
TAS genes. Non-coding transcripts from TAS loci are recognized by an AGO-bound miRNA and AGOslicing defines one end of the siRNA production. One fragment of the sliced transcript is converted into
dsRNA by RDR6 and subsequently diced into ~ nt ta-siRNAs by DCL4. Many of them are phased, a
result of successive DCL cleavage from a determined end of the dsRNA precursor (Allen et al., 2005;
Yoshikawa et al., 2005; Talmor-Neiman et al., 2006).
A few ta-siRNAs regulate distinct targets. One well studied example is the miR390-triggered
TAS3-produced ta-siRNAs that target Auxin Response Factor 3 (ARF3) and ARF4. The miR390-TAS3
pathway is ancient and conversed between Arabidopsis and Physcomitrella (Axtell et al., 2006). In
Arabidospsis, miR828-triggered TAS4 ta-siRNAs target MYB transcription factor mRNAs (Luo et al.,
2012). In some cases, secondary siRNAs can form a cascade to coordinate the repression of a large
gene family. In Arabidopsis, secondary siRNAs are produced preferentially from a clade of the
pentatricopeptide repeat (PPR) family that has recently undergone expansion. The secondary
production at these loci are triggered by miR161 and TAS2-derived ta-siRNAs (Chen et al., 2007;
Howell et al., 2007a). In multiple species, miR482/miR2118 triggers secondary siRNA biogenesis of
the nucleotide-binding site--leucine-rich repeat (NBS-LRR) superfamily genes (Zhai et al., 2011; Li et
al., 2012b; Shivaprasad et al., 2012). NBS-LRR disease-resistance genes are up-regulated when viral
infections impair small RNA biogenesis and decrease miR482 and secondary siRNA accumulation at
the NBS-LRR loci in tomato (Shivaprasad et al., 2012).
1.1.3.3 Natural antisense transcript siRNAs (NAT-siRNAs)
NAT-siRNAs are thought to derive from the double-stranded RNA formed by the hybridization
of separately transcribed complementary RNAs. The two complementary RNAs are transcribed from
opposite stranded of the same locus, and they produce cis-NAT-siRNAs (Borsani et al., 2005; KatiyarAgarwal et al., 2006; Henz et al., 2007; Ron et al., 2010; Zhang et al., 2012). Hypothetically, the
hybridizing RNAs can come from different locus to produce trans-NAT-siRNAs, but no trans-NAT-
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siRNAs have been described in plants.
As NAT-siRNAs arise from hybridized RNAs, their production should not reply on RDR to
synthesize the dsRNA precursor. However, in the several cases described to date, cis-NAT-siRNAs
require either RDR2 or RDR6 for their biogenesis. They also have heterogeneous requirements for
DCLs and other factors (Borsani et al., 2005; Katiyar-Agarwal et al., 2006; Ron et al., 2010). Genomewide analyses shows that cis-NAT gene pairs correlated with lower small RNA densities, compared
with non-overlapping gene pairs (Henz et al., 2007). In line with the above observation, only 6% and
16% of Arabidopsis and rice cis-NAT gene pairs were associated with substantial small RNA
accumulation (Zhang et al., 2012). Thus, the trigger and machinery of cis-NAT-siRNA biogenesis
remains elusive.
1.1.4 Interplay between the miRNA and siRNA pathway
The miRNA and siRNA pathway are intertwined in the regulatory networks. Biogenesis of tasiRNAs, for example, require the interplay of both pathways (Allen et al., 2005; Yoshikawa et al., 2005;
Talmor-Neiman et al., 2006). Moreover, the distinction between the miRNA and siRNA pathway is
being blurred with the accumulating knowledge of the small RNA population in plants. One example is
the discovery of long miRNAs in Arabidopsis and rice (Vazquez et al., 2008; Wu et al., 2010;
Chellappan et al., 2010). These miRNAs are 24-nt long, require DCL3 for their biogenesis and AGO4
for their function to direct chromatin modifications at their target genes, all of which are signatures of
the heterochromatic siRNA pathway. Most of the long miRNAs are evolutionarily young, implying that
young MIRNA loci may be reprogrammed to enter the siRNA pathway. On the other hand,
heterochromatic siRNA loci may also evolve into novel miRNA genes, as is observed in Arabidopsis
and rice that a number of short nonautonomous DNA-type TEs known as MITEs encode both siRNAs
and miRNAs (Piriyapongsa and Jordan, 2008).

1.2 Applications of next-generation sequencing technologies to small RNA research
1.2.1 Overview of next-generation sequencing technologies
The “first-generation” sequencing method, known as Sanger sequencing, was developed by
Frederick Sanger using chain-terminating inhibitor dideoxynucleotides to terminate the chain
amplification (Sanger et al., 1977). Sanger sequencing technology was extensively used in the human
genome project (Collins et al., 2003), but it has high cost and low throughput. The advent of “nextgeneration” DNA sequencing technologies in the past decade enables rapid production of large
amounts of sequence information at low cost (Mardis, 2008a; Simon et al., 2009; Lister et al., 2009).
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Early next-generation sequencing technologies include Massively parallel signature sequencing
(MPSS) (Brenner et al., 2000) and Polony sequencing (Mitra et al., 2003; Shendure et al., 2005),
which pioneered the development of commercially successful next generation sequencing platforms.
Generally, next generation sequencing methods initiate by attaching fragmented DNA to
platform-specific adaptors, fixing single DNA fragments to a solid support like a bead or a planar solid
surface, then amplifying by emulsion PCR. The colonies are then sequenced in situ and bases are
detected using fluorescence scanning or chemiluminescence (Simon et al., 2009; Lister et al., 2009).
Three widely adopted next-generation sequencing platforms are Roche 454 System, AB SOLiD
system and Illumina Genome Analyzer (GA) / HiSeq System.
1.2.1.1 Roche 454 System
Roche 454 was the earliest next generation system. It uses pyrosequencing technology
(Margulies et al., 2005), which detects pyrophosphate released during nucleotide incorporation. DNA
libraries are attached to 454-specific adapters, denatured into single-strand, captured by amplification
beads and amplified by emulsion PCR. One of dNTP (dATP, dCTP, dGTP, dTTP) is added to the
reaction, if complement to the bases of the template strand, equal amount of pyrophosphate (PPi) will
be released and induces a serious of reactions that generates visible light (Mardis, 2008b; Liu et al.,
2012).
Roche 454 initially could produce 200,000 reads of 100-150 bp in length per run in 2005, giving
an output of 20 Mb data. In 2009 its read length could reach 700 bp and output 14 G data per run (Liu
et al., 2012). Roche 454 has a competitive speed relative to other platforms: it takes only 10 hours for
the sequencing process. However, it has relatively high cost mainly for the reagents (Liu et al., 2012).
1.2.1.2 AB SOLiD System
SOLiD, which stands for Sequencing by Oligo Ligation Detection, uses sequencing-by-ligation
method. DNA fragments linked to a universal P1 adapter are attached to the magnetic beads. The
ligation step is performed using 8-mer probes fluorescently labeled at the 5' end with a cleavage site
between the 5th and 6th nucleotide. In each cycle, a fluorescent signal is emitted when the first two
bases from the 3' end of the probe complement the template strand and vanished when the bases 6-8
are cleaved. In the next cycle, new probes will be paired at positions 6 and 7. The entire sequencing
step is composed of five rounds, each consisting of 5-7 cycles. The start position in each round will
shift by one nucleotide (McKernan et al., 2009).
Unlike most other next-generation sequencing techniques, SOLiD produces sequencing data
in colorspace. The colorspace sequence can be decoded to get the nucleotide sequence if the type of
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any one nucleotide in the sequence is known. Because each base is read twice in SOLiD sequencing,
it has the advantage to reduce the single nucleotide polymorphism (SNP) miscalling. To miscall a SNP,
to adjacent colors must be miscalled at the same time. On the other hand, it has the disadvantage that
a single color miscall will propagate to the remaining portion of the read when decoded into the
nucleotide sequence (McKernan et al., 2009).
SOLiD initially produced 35 bp reads and 3 G data per run. In late 2010, read length was
improved to 85 bp and output was 30 G per run. A complete run takes within 7 days. SOLiD has lower
cost per base than 454 with a comparable accuracy, but the short read length limits its applications
(Mardis, 2008b; Liu et al., 2012).
1.2.1.3 Illumina Genome Analyzer (GA) / HiSeq System
Genome Analyzer (GA) was initially released by Solexa in 2006, which was acquired by
Illumina in 2007. The sequencer uses the technology of sequencing by synthesis (SBS). DNA
fragments are amplified by primers attached to the surface of the flowcell, a process called bridge
amplification. In the sequencing step, four nucleotides (ddATP, ddCTP, ddGTP, ddTTP) with cleavable
fluorescent labeling and removable 3' blocking group are added, the nucleotide that complements the
template is incorporated, releasing a signal captured by a charge-coupled device (Mardis, 2008b; Liu
et al., 2012).
Solexa GA initially produced 35 bp reads with an output of 1 G per run. The latest GAIIx series
can output 85 G per run. In 2010, HiSeq 2000 was launched, whose output was 200 G per run initially
and improved to 600 G per run. Each run takes within 8 days. HiSeq 2000 has the lowest cost with
$0.02 / million bases, compared to 454 and SOLiD (Liu et al., 2012).
1.2.1.4 Other sequencing platforms
Recently, sequencers feature fast turnover and small size were launched, targeting clinical
applications and individual labs, including Ion Personal Genome Machine (PGM) by Ion Torrent and
MiSeq by Illumina (Liu et al., 2012; Quail et al., 2012).
Third generation sequencing, featuring no PCR and real time signal capture, has recently been
developed. Single-molecule real-time (SMRT) by Pacific Bioscience uses modified enzyme to observe
in real time the fluorescent signal released by the enzymatic reaction (Flusberg et al., 2010).
Nanopore sequencing uses a tiny biopore with diameter in nanoscale. When a single stranded DNA is
moved across the nanopore, voltage across the channel is disrupted. The scale of the disruption
depends on the size difference of the different deoxyribonucleoside monophosphate (dNMP), and can
be measured by standard electrophysiological technique (Branton et al., 2008; Timp et al., 2010).
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Third generation sequencing has the advantages of long read length and fast speed, which will enable
the sequencing of a whole genome within a day at low cost (Branton et al., 2008).

1.2.2 Small RNA sequencing (small RNA-seq)
1.2.2.1 Traditional small RNA detection method
In the early studies, miRNAs were detected by forward screening (Wightman et al., 1993; Lee
et al., 1993) or low-depth cloning (Reinhart et al., 2002; Park et al., 2002; Llave et al., 2002). These
techniques are biased to detect abundantly expressed and ancient miRNAs (Axtell and Bartel, 2005).
1.2.2.2 Computational prediction method
Preceding the era of next generating sequencing, computational annotation of small RNAs
(mainly miRNAs) was based on comparative genomics to identify conserved sequences in multiple
genomes. Twenty-three miRNA candidates, predicted by the conserved presence of both the miRNA
candidates and corresponding targets in Arabidopsis thaliana and Oryza sativa, were experimentally
verified (Jones-Rhoades and Bartel, 2004). This homology-based computational prediction method
has several limitations. First, the discovered candidates are only predictions, which require
experimental confirmation. Second, only conserved small RNAs can be detected in this manner.
1.2.2.3 Small RNA sequencing (small RNA-seq)
In recent years, small RNA discovery and annotation has been empowered by small RNA
sequencing (small RNA-seq), which directly takes advantage of the high throughput parallel DNA
sequencing technologies. In small RNA-seq experiments, size-fractionated total RNAs are attached to
adapters on both ends using RNA ligase, after reverse-transcription and PCR amplification, the
resulting cDNA library is sequenced by next generation sequencing technologies. If a reference
genome is available, the resulting reads will be mapped to the reference to either discover and
annotate novel small RNAs or identify and quantify expressed small RNAs (Fahlgren et al., 2009;
Axtell, 2013b). On the other hand, reads can be searched against known small RNAs in other species
to identify conserved small RNAs without a reference genome.
1.2.2.4 Applications of small RNA-seq
Small RNA-seq has revealed the complex composition of the small RNA population in plants
(Lu et al., 2005; Axtell, 2013a). One notable achievement is the identification and characterization of a
class of younger miRNAs, which evaded detection by traditional methods due to their low abundance.
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These species-specific or nonconserved MIRNA genes have been observed in Arabidopsis thalina
(Rajagopalan et al., 2006; Lu et al., 2006), Physcomitrella patens and Selaginella moellendorffii (Axtell
et al., 2007), rice (Sunkar et al., 2008; Lu et al., 2008; Heisel et al., 2008; Zhu et al., 2008), Medicago
truncatula (Szittya et al., 2008; Lelandais-Brière et al., 2009), and Glycine max (Subramanian et al.,
2008). Small RNA-seq was also used in the study presented in Chapter 2 to detect and quantify
expressed miRNAs in two species of the Arabidopsis genus (Ma et al., 2010).
Combined with genetics, small RNA-seq is a powerful tool to annotate specific classes of small
RNAs based on molecular mechanisms of their biogenesis. For example, 24-nt heterochromatic
siRNA population is eliminated in dcl3 knockout backgrounds in Arabidopsis, while in P. patens, 22-24
nt small RNAs from repetitive regions fail to accumulate in Ppdcl3 mutants (Cho et al., 2008),
indicating that heterochromatic siRNAs are a conserved class of small RNAs in land plants. In the
study presented in Chapter 3.4, small RNAseq data from Physcomitrella patens wild type, dcl3, rdr6
and dcl4 mutants were used to identify novel small RNA loci that exhibit TAS-like small RNA
accumulation patterns (Arif et al., 2012). Small RNAseq also plays a key role in the identification of
secondary siRNAs. As secondary siRNAs derive from successive DCL cleavage from a defined
terminus of an RNA precursor, the phasing pattern of small RNA accumulation at a given locus is a
distinct signature of secondary siRNAs (Chen et al., 2007; Howell et al., 2007a; Zhai et al., 2011).
Another application of small RNAseq is the profiling of AGO-bound small RNAs by sequencing
the small RNAs co-immunoprecipitated with AGO protein complexes. This approach can elucidate
preferential association of different types of small RNAs with specific AGO paralogs. Studies using this
method found that the 5' nucleotide of small RNA guide strands partially determine the recruited AGO
proteins (Takeda et al., 2008; Mi et al., 2008; Montgomery et al., 2008; Czech and Hannon, 2011). In
Arabidopsis, small RNAs with a 5' uridine (mostly miRNAs) are preferentially loaded by AGO1, while
Small RNAs with a 5' adenosine preferentially associate with AGO2 and AGO4. The sorting
mechanism likely determines the small RNA functions, as is evidenced that changing the 5' uridine to
adenosine of an miRNA resulted in a switch from AGO1 to AGO2 loading that abolished the silencing
activity of the miRNA (Mi et al., 2008).
1.2.3 miRNA target detection and degradome sequencing
1.2.3.1 Traditional experimental target detection method
Plant miRNAs direct negative regulation on their target genes by either cleaving the target
mRNA or repressing translation. Target mRNA levels are often down-regulated with overexpressed
miRNAs. Early studies used microarray experiments to detect down-regulated mRNAs correlated with
the overexpression of certain miRNAs (Palatnik et al., 2003; Schwab et al., 2005), and identified
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targets of miR156, 159, 164 and 319 in Arabidopsis. However, down-regulated mRNAs detected by
this method may not be the direct miRNA targets but rather indirectly affected.
AGO-mediated cleavage of the target mRNA produces a stable, uncapped 3' fragments with a
5' monophosphate. A modified 5' RACE (Rapid amplification of 5′ complementary DNA ends (5′
RACE), 2005) is used to directly detect the end product of AGO-cleaved mRNA in order to confirm the
predicted miRNA targets (Llave et al., 2002). Since the 3' fragments of the cleaved mRNA contains a
ligation-competent 5' monophosphate rather than a conventional 5' cap, the modified 5' RACE
reaction involves ligation of an adapter directly to the 5' end without enzymatic pretreatment (Llave et
al., 2002). Microarray experiments following 5' RACE amplified mRNA fragments has been used to
detect of cleaved miRNA targets in Arabidopsis on the whole transcriptome scale (Jiao et al., 2008;
Franco-Zorrilla et al., 2009).
1.2.3.2 Computational prediction of miRNA targets
Plant miRNAs have near perfect complementarity to their target mRNAs, facilitating the
computational prediction of putative miRNA targets. The first method implemented to predict targets
uses the Patscan patten-finding program (Dsouza et al., 1997) to identify mRNA sequences with fewer
than four mismatches to the miRNA (Jones-Rhoades et al., 2002). This method regards GU wobbles
as mismatches and disallows gaps, which is stringent and may miss bona fide miRNA targets which
have gaps and bulges in the pairing region. A refined method allows for gaps and bulges and
comprises a scoring method which gives a 0.5 penalty to GU mismatch, 1.0 penalty to non-GU
mismatch and 2.0 penalty to bulges. The final score is the sum of all penalties. To correct for higher
probabilities of having more mismatches in longer miRNAs, miRNA is scored by a sliding 20-nt
window and the minimum score is kept (Jones-Rhoades and Bartel, 2004). The most widely used
prediction method was later developed, which has a slightly different scoring scheme, inspired by the
profiling of an extensive set of miRNA-mRNA target pairs (Allen et al., 2005). A GU mismatch incurs a
penalty of 0.5, all other mismatches, gaps and bulges has a penalty of 1. It was observed that the
positions 2-13 of the miRNA is the critical region where mismatches were rare. As a result, the penalty
is doubled in the regions of positions 2-13 of the miRNA. This prediction method is implemented as
the TargetFinder program (http://carringtonlab.org/resources/targetfinder).
1.2.3.3 Degradome sequencing method
Degradome sequencing method combines the idea of 5' RACE and next generation
sequencing to detect sliced miRNA targets. The experimental procedure for degradome sequencing is
as follows: total RNA is isolated and polyA+ RNA fraction are purified with oligo-dT agarose beads.
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The polyA- fraction can be reserved for small RNA-seq. Next, polyA+ RNAs are ligated to an RNA
adapter with a 5' Mmel restriction site using T4 RNA ligase. T4 ligation specifically ligates substrates
with a 3' OH and a 5' monophosphate, retaining uncapped polyA+ RNAs. After purification, reverse
transcription and second-strand synthesis, a 20-21 nt tag linked to the 5' adapter is produced by Mmel
digestion, and is attached to a 3' dsDNA adapter. The resulting “degradome” tags are then sequenced
by next generating sequencing technologies (Addo-Quaye et al., 2008; German et al., 2008a).
The sequenced reads require extensive computational analysis. Adapter sequences in the
reads are first removed, resulting in ~20 nt long degradome tags. These tags are mapped to the
transcriptome. The ~20 nt tag is extended by 15 nt upstream for any matched positions to define a 35
nt query sequence. The query sequences represent the miRNA complementary site. The query
sequence is searched against known miRNAs to identify matches at the 5' of the cleavage tag and the
10th nucleotide of the candidate miRNA, which is indicative of an miRNA-target pair. Finally, statistical
analysis distinguishes the set of believable sliced targets from false positives (Addo-Quaye et al.,
2009a). This computational method is implemented as the CleaveLand software (Addo-Quaye et al.,
2009a).
1.2.3.4 Applications of degradome sequencing method
Degradome sequencing was first applied in Arabidopsis thaliana (Addo-Quaye et al., 2008;
German et al., 2008a), which confirmed many previously known miRNA targets and discovered a few
novel ones. Subsequently, degradome sequencing were widely used in multiple plant genomes,
including but not limited to rice (Li et al., 2010; Zhou et al., 2010), P. patens (Addo-Quaye et al.,
2009b), the grapevine Vitis vinifera (Pantaleo et al., 2010), cucumber (Mao et al., 2012), Glycine Max
(Shamimuzzaman and Vodkin, 2012; Hu et al., 2013), wheat (Li et al., 2013), and Brassica napus (Xu
et al., 2012). In the study presented in Chapter 2, sliced miRNA targets in Arabidopsis lyrata were also
detected with degradome sequencing (Ma et al., 2010).
1.2.4 Comparative genomics as a powerful tool to study small RNA evolution
With the accumulation of massive genomic data, comparative genomics thrives as a powerful
tool to study the relationship of functional genomic elements across different species. The principle is
to identify conserved DNA sequences which encode proteins and RNAs responsible for the conserved
functions among the species under comparison (Hardison, 2003).
Comparative genomic method has been widely applied to study plant small RNAs. In a pioneer
study to computationally identify plant miRNAs, Arabidopsis miRNAs were predicted based on the
conservation of both the miRNA candidates and corresponding targets in Arabidopsis thaliana and
Oryza sativa, many of which were experimentally verified (Jones-Rhoades and Bartel, 2004).
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Comparative analysis of flooding-responsive MIRNA genes in maize, Arabidopsis and pine reveals
that maize MIRNA genes display single-nucleotide polymorphisms which expand the set of predicted
targets, providing an adaptation mechanism to environmental stresses (Zhang et al., 2008). This study
sheds light on the evolutionary fluidity of deeply-conserved miRNAs.
Comparative genomics can be applied to genomes at different phylogenetic distances to
address different questions. The aforementioned examples examined relatively large evolutionary
distances on the scale of 100 Myr (Chaw et al., 2004) and examined evolution of deeply-conserved
miRNAs. On the other hand, comparative genomic studies of species separated by a short
evolutionary distance are informative of rapidly evolving small RNA populations, as is evident in the
comparative analysis of species-specific miRNAs in the Drosophila genus (Berezikov et al., 2010).
This study indicates that evolutionarily transient miRNA genes are frequently born and lost, with only a
subset being fixed by integration into regulatory networks across drosophilid radiation. Chapter 2 of
this dissertation presents a study between two Arabidopsis species and reveals similar evolutionary
fluidity of less-conserved miRNAs in plants (Ma et al., 2010).
Comparative genomics has broad applications not limited to small RNA research. The idea of
finding conserved sequences across multiple species is particularly powerful for the identification of
conserved cis-regulatory elements (CREs). For instance, functional elements were discovered by
identifying evolutionary signatures in the 12 completely sequenced Drosophila genomes (Stark et al.,
2007). Conserved CREs were identified first by comparing human and other mammals (Xie et al.,
2005a) and later by 28-way alignments of sequenced vertebrate genomes (Miller et al., 2007).
Inspired by the resolving power of sequencing multiple species followed by comparative genomics for
conserved regulatory elements discovery, Chapter 4 proposes a novel targeted genomic enrichment
methodology which can rapidly capture, enrich and sequence unknown genomic sequences flanking a
conserved core sequence in multiple species, thus facilitating conserved CRE discovery near the
targeted loci.

1.3 Objectives
I aim to apply sequencing data analysis and comparative genomics to study the function and
evolution of small RNAs. This theme runs through the five projects presented in this dissertation:
Chapter 2 compares small RNAs in two closely related species (Arabidopsis thaliana and
Arabidopsis lyrata), in order to characterize the sequence divergence, targeting and processing
precision of less-conserved miRNAs relative to more-conserved ones. Heterochromatic siRNA loci are
compared between species to estimate the conservation pattern of the global small RNA occupancy
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as well as siRNA hotspots.
Chapter 3 presents three separate projects in diverse plant species, all with the objective to
identify small RNAs based on conservation patterns. In Theobroma cacao, conserved miRNAs are
computationally identified. In oil palm (Elaeis guineensis Jacq.), expressed miRNA families are
identified with small RNA-seq data. In Physcomitrella patens, a novel family of ta-siRNA loci is
discovered by examining small RNA accumulation patterns similar to known TAS loci.
Chapter 4 describes a novel targeted genomic enrichment method that aims to rapidly capture,
enrich and sequence flanking genomic DNA surrounding short conserved regions such as mature
miRNAs, thus accelerating discovery of cis-regulatory elements surrounding such loci.
Chapter 5 summarizes the conclusions of previous chapters and discusses the prospects of
small RNA research.

17

Chapter 2
Arabidopsis lyrata small RNAs: Transient MIRNA and siRNA
loci within the Arabidopsis genus
2.1 Summary
Plant small RNAs play critical roles in multiple cellular processes through transcriptional
and/orpost-transcriptional regulation of RNA targets. 21nt microRNAs (miRNAs) and 24nt Pol IVdependent siRNAs (p4-siRNAs) are the most abundant types of small RNAs in angiosperms. Some
miRNAs are well conserved among different plant lineages, while others are less conserved. It is not
clear whether less-conserved miRNAs have the same functionality as the well conserved ones. p4siRNAs are broadly produced in the Arabidopsis thaliana genome, sometimes from active “hotspot”
loci. It is unknown whether individual p4-siRNA hotspots are retained as hotspots between plant
species. In this study, we compare small RNAs in two closely related species (Arabidopsis thaliana
and Arabidopsis lyrata) and find that less-conserved miRNAs have high rates of divergence in MIRNA
hairpin structures, mature miRNA sequences, and target complementary sites in the other species.
The fidelity of miRNA biogenesis from many less-conserved MIRNA hairpins frequently deteriorates in
the sister species relative to the species of first discovery. We also observe that p4-siRNA occupied
loci have a slight tendency to be retained as p4-siRNA loci between species, but the most active A.
lyrata p4-siRNA hotspots are generally not syntenic to the most active p4-siRNA hotspots of A.
thaliana. Altogether, our findings indicate that many MIRNAs and most p4-siRNA hotspots are rapidly
changing and evolutionarily transient within the Arabidopsis genus.

2.2 Introduction
Plant transcriptomes include a multitude of small RNAs produced by the action of Dicer-Like
(DCL) proteins. These endogenous small RNAs function as specificity determinants bound to
Argonaute (AGO) proteins within complexes which effect transcriptional and/or post-transcriptional
regulation of RNA targets. microRNAs (miRNAs) are an abundant subset of the plant small RNA
population. They are defined by precise, DCL-catalyzed excision from the helical stems of hairpinforming single-stranded precursor RNAs (Meyers et al., 2008; Voinnet, 2009). Many plant miRNAs
negatively regulate multiple target mRNAs at the post-transcriptional level, promote the formation of
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short interfering RNAs (siRNAs) from their RNA targets, and/or interact with naturally occurring target
mimics (Mallory and Bouché, 2008). Through these regulatory mechanisms, plant miRNAs are critical
for multiple processes, including diverse developmental events, meristem identity, abiotic stress
responses, nutrient homeostasis, and pathogen responses.
Plant MIRNA loci are most often independent RNA Polymerase II (Pol II)-transcribed units whose
expression patterns are individually regulated, and consequently display tissue- or condition-specific
accumulation patterns (Xie et al., 2005b; Válóczi et al., 2006; Sieber et al., 2007). Identical or nearly
identical mature miRNAs can be encoded by large families of paralogous MIRNA loci. The evolution of
individual MIRNA loci (Warthmann et al., 2008) and patterns of MIRNA family expansion and
contraction (Maher et al., 2006) can be tracked using comparative genomics. Some plant MIRNA
families are quite conserved: Over 20 families are expressed in both monocots and eudicots, and at
least seven of these families are also expressed in bryophytes (Axtell and Bowman, 2008). Compared
to less-conserved miRNAs, well-conserved miRNAs tend to have higher expression levels, more
paralogous loci per family, and RNA targets which are easier to computationally predict (using
currently understood parameters for miRNA/target interactions in plants) and experimentally verify
(chiefly by detecting remnants of AGO-catalyzed target cleavage) (Rajagopalan et al., 2006; Fahlgren
et al., 2007; Axtell et al., 2007). These observations have led to the hypothesis that many lessconserved miRNA families may be non-functional and evolutionarily transient (Rajagopalan et al.,
2006; Fahlgren et al., 2007; Axtell, 2008; Felippes et al., 2008). A second hypothesis, which explains
the difficulty of predicting and validating targets of less conserved miRNAs, suggests that less
conserved miRNAs are indeed often functional as target regulators but tend to interact with targets in
configurations generally not captured by current target prediction methods and with molecular
outcomes which don’t often include readily detectable cleavage remnants (Brodersen and Voinnet,
2009). The less conserved miR834 partially conforms to this hypothesis because target regulation
occurs without easily detected RNA cleavage (Brodersen et al., 2008). However, in this case, the
target site itself was readily predicted by existing methods. A third hypothesis, which explains the lack
of conservation and generally low expression levels, posits that less conserved miRNAs often perform
regulatory tasks in restricted numbers of cells within a single family or genus. The regulation of AGL16
transcripts by the less conserved miR824 specifically within the stomatal precursor cells of the
Brassicaceae provides an example conforming to this idea (Kutter et al., 2007).
In most angiosperm tissues which have been analyzed, the majority of small RNAs are not
miRNAs, but instead are 24nt Pol IV-dependent siRNAs (p4-siRNAs) which arise from DCL processing
of long, perfectly double-stranded RNA templated by genomic sequences. In A. thaliana, most 24nt
siRNAs are p4-siRNAs produced and utilized by the Pol IV/Pol V system, which uses them to direct
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RNA-directed DNA methylation (RdDM) and repressive histone modifications to target chromatin
(Matzke et al., 2009). Production of p4-siRNAs is broadly distributed throughout the A. thaliana
genome, with concentrations in pericentromeric regions, avoidance of protein-coding loci, and a
tendency toward repetitive sequences (Lu et al., 2005; Rajagopalan et al., 2006; Kasschau et al.,
2007). Nonetheless, there are clearly “hotspots” of p4-siRNA production from certain loci (Rajagopalan
et al., 2006; Kasschau et al., 2007; Zhang et al., 2007; Mosher et al., 2008). Some A. thaliana p4siRNA loci are active in all developmental stages (type II loci) while many others produce p4-siRNAs
specifically in floral and reproductive tissues (type I loci; Mosher et al., 2009). Loci marked by cytosine
methylation, some of which is likely directed by p4-siRNAs, can vary among A. thaliana ecotypes
(Vaughn et al., 2007) as do the activities of some p4-siRNA loci (Vaughn et al., 2007; Zhai et al.,
2008). However, it is not known if individual p4-siRNA hotspots are frequently retained as hotspots
between species.
In this study, we exploit the recent production of a draft nuclear genome sequence for
Arabidopsis lyrata to examine evolution of plant MIRNA and p4-siRNA loci between two congenic
Brassicaceae species. We find that many less-conserved miRNA families have high rates of sequence
divergence in MIRNA hairpin structures, mature miRNA sequences, and in the complementary sites of
predicted targets between the two species. High throughput identification of sliced miRNA targets in
both A. lyrata and A. thaliana was generally unsuccessful for targets of less conserved miRNAs. We
also observe that the most active p4-siRNA hotspots expressed within A. lyrata leaves are not
syntenic to the p4-siRNA hotspots in multiple tissues of A. thaliana.

2.3 Methods
2.3.1 Small RNA sequencing and data analysis
Total RNA was extracted using Tri-Reagent (Sigma, St. Louis, MO, USA). Illumina sequencing
of the A. lyrata leaf sample was as follows: Small RNA-enriched fractions were purified from 20%
PAGE gel by recovering the 20-30 nucleotide area from total RNA sample. A pre-adenylated 3’ adapter
(IDT, Coralville, IA) linker 1 (5’-AppCTGTAGGCACCATCAATddC-3’) was added using T4 RNA ligase
without exogenous ATP. 3’-ligated products were gel eluted and then ligated to a 5’ adapter composed
of RNA (5’-GUUCAGAGUUCUACAGUCCGACGAUC-3’) using T4 RNA ligase with ATP. Gel
purification of the ligated product was followed by reverse transcription using an oligo (5’ATTGATGGTGCCTACAG-3’) specific to the 3’ linker. The cDNA library was then amplified using a 5’
adapter oligo (5’- AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA-3’) and a 3’
adapter oligo (5’-CAAGCAGAAGACGGCATACGAATTGATGGTGCCTACAG-3’). The amplified library
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was then gel-purified and sequenced using an Illumina genome analyzer by Fasteris, Inc. (Geneva,
Switzerland). The A. lyrata data (described here) and another library embedded within the raw data
were computationally separated by parsing the 3' adapter sequences. Reads between 19 and 26 nts
in length were retained for analysis. Construction of A. lyrata inflorescence-derived small RNAs was
performed using the SOLiD Small RNA Expression Kit per the manufacturer’s instructions, followed by
sequencing on the SOLiD 2 instrument at the Penn State / Huck Institutes Genomics Core Facility.
2.3.2 Identification of MIRNAs in A. thaliana and A. lyrata
A. thaliana small RNA reads combined from nine publicly available sRNAseq datasets (Table
1) were mapped to the TAIR9 genome, and reads mapped to genome less than 15 times were used to
align to 190 annotated A. thaliana MIRNA loci retrieved from miRBase 14.0 (Griffiths-Jones et al.,
2008). Loci were then filtered based on a conservative interpretation of the updated criteria for plant
MIRNA annotation (Meyers et al., 2008), which required at least ten raw small RNA sequencing reads
matching the hairpin, and a miRNA/miRNA* duplex processing precision greater than 0.25 (calculated
as the proportion of the raw read abundance mapping exactly to the mature miRNA and miRNA* out
of the total abundance of reads mapping anywhere on the hairpin). A. lyrata MIRNA homologs of
those A. thaliana MIRNA loci that passed the filtering were computationally identified using a
microsynteny-based method. For each A. thaliana MIRNA considered, the two flanking protein coding
loci were retrieved from the TAIR9 annotation set. The top five hits in the A. lyrata filtered gene models
generated by JGI (http://genome.jgi-psf.org/Araly1/Araly1.home.html) of the A. thaliana MIRNA and
the flanking loci were identified using BLASTn. Flanking loci and MIRNA hits were compared to
identify microsyntenic regions. The MIRNA hit with maximally preserved synteny (i.e. between two hits
to the respective A. thaliana flanking loci) was identified as the predicted A. lyrata MIRNA hairpin
homolog. If none of the top five hits of the MIRNA maintained the same synteny of MIRNA and two
flanking genes in A. lyrata, a MIRNA hit that maintained the synteny with only one of the flanking
genes was identified as the predicted A. lyrata MIRNA homolog. Meanwhile, A. lyrata MIRNA loci
were identified de novo from the three sRNAseq datasets produced in this study (Table 1). Reads from
each dataset were mapped to the A. lyrata genome assembly generated by JGI (http://genome.jgipsf.org/Araly1/Araly1.home.html) and each 300nt flanking genomic region was pre-filtered based on
polarity of small RNA accumulation (>=75% from the dominant strand), 21-22mer abundance relative
to other size classes (amount of 21-22mers more than double the amount of non 21-22mers), and
number of hits for individual small RNAs in the genome (no greater than 15 genome matches) and
examined by MIRcheck (Jones-Rhoades and Bartel, 2004). Candidates which survived this prescreening were then subject to the following additional filters: The most abundant small RNA on the
hairpin had to have more than 15 reads in at least one of the three libraries; the processing precision

21
had to be greater than 0.25; the hairpin had to pass MIRcheck (Jones-Rhoades and Bartel, 2004, -)
with the parameters "-mir_bulge",3, "-ass", 2,"-unpair"; miRNA* is expressed, or the mature miRNA
had to be the most abundant small RNA in two or more libraries. A. thaliana genomic loci syntenic to
novel A. lyrata MIRNAs were identified as described above.
2.3.3 MIRNA divergence analysis
Syntenic A. thaliana and A. lyrata MIRNA hairpins were divided into five regions: The
loop/upper stem, mature miRNA, miRNA*, 5' and 3' regions. Each region was further divided into
seven equal-length bins (rounded to the closest integer). Divergence was calculated as the pairwise
difference per nucleotide of each bin for each MIRNA based on the pairwise alignment using MUSCLE
between the MIRNA hairpins in both species. Mature miRNAs in both species are identified as the
small RNA in the most precisely processed miRNA/miRNA* duplexes in a family calculated from the
aforementioned sRNAseq datasets. Thus the mature miRNA sequences were not necessarily the
same as annotated miRNAs in miRBase 14.0.
2.3.4 miRNA target prediction and validation
All mature miRNAs derived from hairpins which passed our expression criteria were used to
predict targets from the TAIR9 transcriptome (for A. thaliana) or from the JGI FM3 transcriptome (A.
lyrata). Predictions were accomplished with the PERL script “axtell_targetfinder.pl”. This program first
uses rmapper-ls (from the SHRiMP package; Rumble et al., 2009) to find a large set of alignments
with very low stringency. These initial alignments are then parsed into RNA-RNA alignments, and
scored using the scheme of Allen et al. (2005), retaining only those alignments scoring seven or
better. Target prediction with this method also includes annotation of the predicted cleavage site as
well as randomizations. This program is available as part of the CleaveLand 2.0 package on our lab’s
website (http://axtell-lab-psu.weebly.com/cleaveland.html).
Construction of degradome libraries differed considerably from our past efforts (Addo-Quaye et
al., 2008, 2009a). Approximately 150ng of polyA+ RNA was used as input to the SOLiD whole
transcriptome analysis kit, following the manufacturer’s instruction except that 1) The initial RNAseIIIcatalyzed RNA fragmentation was omitted and 2) a large size range was gel-isolated after the RTPCR. Omitting the RNAseIII fragmentation step restricts the initial adapter ligation to only those RNAs
containing 5’-monophosphates. Libraries were sequenced using the P1 (5’) adapter only, resulting in
the sequencing of the first 35nts of the inserts which represented the 5’ ends of the original RNAs.
Raw degradome data, in colorspace format, was mapped to the appropriate transcriptomes
using rmapper-cs (part of the SHRiMP package, version 1.3.1; Rumble et al., 2009) using the nondefault settings: M 35bp,fast -o 10000 -F. Initial mappings were then filtered to retain only the best
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scoring alignment(s) for each read with less than six mismatches total, and which had perfect
alignments to nucleotides one through six (to allow confident detection of 5’ ends) and whose
alignments extended at least to position 29 (to exclude any potential miRNAs or siRNAs which might
have contaminated the libraries). The filtered map data were compacted into a standard degradome
format which gives the number of 5’ ends observed at each position in the transcriptome, along with a
“peak categorization” score between zero and four. For each miRNA query, axtell_targetfinder.pl was
used to predict all targets with alignment scores of seven or less, along with 1,000 identical target
predictions for randomly permuted versions of the query miRNA. The significance of any degradome
signatures which matched the cleavage sites of a predicted miRNA target assessed by examining the
frequencies with which the randomized queries also matched degradome information. Specifically, for
each peak category, a cumulative distribution representing the frequency with which the random
queries had one or matches at a given miRNA alignment score was calculated. The likelihood that a
given cleavage fragment was observed by chance was estimated by retrieving the frequency with
which the random queries gave hits of the given peak category at the given alignment score or better;
we interpreted this frequency as a p-value. The cutoff for confident target identification was p <= 0.05
in both biological replicates. A series of PERL scripts which accomplish these calculations is available
from our lab website as the CleaveLand 2.0 package. (http://axtell-labpsu.weebly.com/cleaveland.html).
2.3.5 Small RNA occupancy calculation and hotspot identification
A whole genome alignment between A. thaliana and A. lyrata was performed using lastz
(http://www.bx.psu.edu/miller_lab/dist/README.lastz-1.01.50/README.lastz-1.01.50.html, Bob Harris
and Cathy Riemer, unpublished), and further processed to retain a one-to-one best alignment using
chainnet (Kent et al., 2003). The A. thaliana genome (TAIR9 release) was divided into 119,184 1kb
bins and the A. lyrata syntenic regions to 98,357 of the bins were confidently obtained via the wholegenome alignment. Small RNAs from 12 datasets (AT-F1, AT-F2, AT-F3, AT-F4, AT-Sq1, AT-Se1, ATSe2, AT-L1, AT-L2, AL-L1, AL-F1, and AL-F2; Table 2.1) were mapped to their respective genomes,
and repeat-normalized small RNA abundances were tabulated for each confidently aligned bin (98,357
bins). All bins with abundance greater than 10 reads per million calculated by the small RNA
abundance of a certain length (21nt or 24nt) minus the abundance of small RNAs of all other lengths
were considered “occupied”. The overlap of the occupied bins between each pair of the datasets was
analyzed, and the normalized overlap (calculated by log2-transformation of the observed overlap
divided by the expected overlap) was reported. Expected overlap was the product of the fractions
occupied in the two datasets being compared. For example, given a dataset with 2,000/98,357
(2.03%) bins occupied and a second dataset with 10,000/98,357 (10.17%) bins occupied, the
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percentage of bins occupied in both datasets expected by random chance is 0.0203 x 0.1017 =
0.00206 (0.206%; ~203 bins). For hotspot identification, the bins in each dataset were ranked by the
abundance of small RNAs of a certain length (21nt or 24nt) minus the abundance of small RNAs of all
other lengths. The top 100 ranking bins were considered hotspots. The number of overlapping bins out
of the 100 top-ranking bins from every pair of the datasets was calculated.

2.4 Results
2.4.1 Identification and annotation of A. lyrata miRNAs
A. lyrata MIRNAs were identified using two complementary methods: Identification of A. lyrata
genomic regions syntenic to annotated A. thaliana MIRNAs and by analysis of sequenced A. lyrata
small RNA populations. For synteny-based identification, A. thaliana MIRNAs annotated in miRBase
14.0 were filtered according to updated criteria for annotation of plant MIRNAs (Meyers et al., 2008) in
combination with ~1.6 x 107 sequenced small RNAs from nine publically available small RNA seq
(sRNAseq) datasets from various wild-type tissues (Table 2.1). A. thaliana loci which lacked clear
evidence for precise excision of an authentic miRNA/miRNA* duplex from a qualifying hairpin structure
were discarded, leaving a total of 157 loci. Syntenic A. lyrata loci were identified for 144 out of the 157
queries using a micro-synteny based method (Appendix: Supplemental Dataset 2.1). This procedure
identified regions of similarity to the MIRNA queries which were flanked by upstream and downstream
protein-coding loci which were highly similar to the upstream and downstream genes in A. thaliana
(See Methods). In parallel, three sRNAseq libraries from A. lyrata were obtained and randomly
sequenced: A library prepared from rosette leaf tissue yielded ~5.8 x 105 reads while two biological
replicate sRNAseq samples from inflorescences yielded ~2.6 x 107 and ~2.2 x 107 reads, respectively
(Table 2.1). A. lyrata MIRNA were identified de novo from these small RNA data using a combination
of MIRcheck (Jones-Rhoades and Bartel, 2004) and expression-based filters to ensure conformity to
current criteria of plant MIRNA annotation (Meyers et al., 2008). A total of 155 A. lyrata MIRNA loci
were identified based on the sRNAseq data (Appendix: Supplemental Dataset 2.1). Many of these loci
(107) were identical to the A. lyrata loci found by the synteny-based approach. Two of the A. lyrata loci
were found to be syntenic to annotated A. thaliana MIRNA loci which had been missed in the initial
homology search because the corresponding A. thaliana loci had not met our expression-based
criteria for inclusion as queries. Five of the A. lyrata MIRNA loci found based on expression were
members of known A. thaliana miRNA families but which seemed to lack syntenic homologs in A.
thaliana. Interestingly, these five A. lyrata loci were found in two genomic clusters: Two clustered
miR395 loci and three clustered miR399 loci. The remaining 41 A. lyrata MIRNA loci all produced
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mature miRNAs lacking appreciable similarity to previously annotated miRNAs in any species (based
on miRBase 14). The micro-synteny method found syntenic A. thaliana loci for about half (22) of these
41 new A. lyrata MIRNA loci. Four of these 22 A. thaliana syntenic regions passed the Meyers et al.
(2008) expression criteria for confident annotation as a MIRNA based on our reference A. thaliana
small RNA dataset, but had not been previously noticed in A. thaliana. Details on all A. thaliana and A.
lyrata MIRNAs may be found in Appendix: Supplemental Datasets 2.1-2.3.
Our MIRNA annotation efforts led to a list of 205 MIRNA loci which, using the sRNAseq
datasets referenced above, met the Meyers et al. (2008) criteria for annotation of plant MIRNAs in
either A. thaliana, A. lyrata, or both (Appendix: Supplemental Dataset 2.1). These loci were classified
based on the apparent conservation level of the mature miRNA families: The 26 families (encoded by
99 loci) that were also annotated in one or more non-Brassicaceae species in miRBase 14 were
termed “MC” (for “more conserved”). The 104 families (encoded by 106 loci) that were not annotated
as present in any non-Brassicaceae species in miRBase 14 were termed “LC” (for “less conserved”).
2.4.2 Less conserved MIRNAs are often species-specific, weakly expressed, encoded by single
loci, and are more likely to produce 22nt RNAs
For most MIRNA loci corresponding to MC families, syntenic homologs were identified in both
species which, with reference to our sRNAseq data, expressed microRNAs conforming to the Meyers
et al. (2008) expression criteria (Figure 2.1A). In contrast, this situation was rare for LC families
(Figure 2.1A). Instead, many homologs of LC miRNAs expressed in one species were not found to be
expressed in the other species; only a minority of these homologs retained a putative hairpin structure
capable of passing MIRcheck (which assesses secondary structures but does not incorporate
expression criteria; Figure 2.1A). Most MC miRNA families were encoded by two or more loci, while
nearly all LC miRNA families were encoded by just a single locus (Figure 2.1B). As inferred by
sRNAseq read coverage, accumulation levels of both MC and LC miRNAs spanned several orders of
magnitude in both A. thaliana and A. lyrata (Figures 2.1C-D). However, as a group, MC miRNA
accumulation levels were clearly higher than those for LC miRNA families (Figures 2.1C-D).
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Figure 2.1 Less conserved MIRNAs are often species-specific, weakly expressed, and encoded by
single loci.
(A) Identification of homologous MIRNA loci (left panel) and families (right panel) in A. thaliana and A.
lyrata. Only loci / families which passed the expression criteria in at least one species were
considered. MC: More conserved, LC: Less conserved.
(B) Cumulative distributions of the number of paralogous loci per miRNA family.
(C) Cumulative distributions of the number of sequencing reads per A. thaliana miRNA family (based
on nine sRNAseq datasets totaling ~1.6 x 107 reads; Table 1).
(D) As in C for A. lyrata miRNA families (based on ~ 4.8 x 107 reads; Table 1).
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We next analyzed properties of the observed MIRNA hairpin-derived small RNAs themselves
(which included annotated mature miRNAs, miRNA*’s, as well as any length and positional variants).
Most MC families were dominated by expression of 21nt small RNAs in both A. thaliana and A. lyrata
(Figure 2.2A). However, some MC families were dominated by expression of either 20nt small RNAs
or by 22nt small RNAs. The proportion of LC families dominated by 22nt small RNA expression was
higher than in MC families in both A. thaliana and A. lyrata, although 21nt dominant families still
accounted for the majority of LC families (Figure 2.2B). Small RNAs with a 5’-U accounted for most
small RNAs produced by both MC and LC families in both species (Figures 2.2C-D). However, we
noted that the number of families where small RNA expression was not dominated by 5’-U RNAs was
higher for A. lyrata miRNAs than for A. thaliana miRNAs. We do not understand the reason for this
result, but we suspect it might be due to differential biases caused the different library construction
and sequencing methods used for the different sRNAseq datasets (Table 2.1).
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Figure 2.2 Predominant lengths and 5’ nucleotides produced by A. thaliana and A. lyrata MIRNA
hairpins.
(A) Proportions of sRNAseq reads of the indicated lengths from more conserved (MC) families.
Families are grouped according to the most abundant small RNA length, as indicated below the chart.
(B) As in A for less conserved (LC) families.
(C) As in A for 5’ nucleotides of reads from MC families.
(D) As in A for 5’ nucleotides of reads from LC families.

28
Table 2.1 sRNAseq and degradome datasets.
Name

Species /
Tissue

Type

Sequencing
Instrument

Number of
Reads

Unique reads References

Accessions
[NCBI GEO]

AL-L1-sRNA

A. lyrata /
rosette leaves

sRNAseq

Illumina /
SBS

583,895a

382,520a

This study

GSM451894

AL-F1-sRNA

A. lyrata /
inflorescences

sRNAseq

SOLiD

26,192,231a

61,287,122d

This study

GSM512644

AL-F2-sRNA

A. lyrata /
inflorescences

sRNAseq

SOLiD

21,620,398a

52,184,197d

This study

GSM512645

AT-deg1

A. thaliana /
inflorescences

Degradome

SOLiD

9,031,213b

671,981e

This study

GSM512878

AT-deg2

A. thaliana /
inflorescences

Degradome

SOLiD

9,612,258b

878,714e

This study

GSM512879

AL-deg1

A. lyrata /
inflorescences

Degradome

SOLiD

7,087,227b

739,992e

This study

GSM512880

AL-deg2

A. lyrata /
inflorescences

Degradome

SOLiD

15,665,420b

743,889e

This study

GSM512881

AT-F1-sRNA

A. thaliana /
inflorescences

sRNAseq

Roche/454

205,649c

100,658c

Rajagopalan GSM118372
et al. (2006)

AT-F2-sRNA

A. thaliana /
inflorescences

sRNAseq

Roche/454

78,596c

57,966c

Kasschau et GSM154336
al. (2007)

AT-F3-sRNA

A. thaliana /
inflorescences

sRNAseq

Illumina /
SBS

7,686,781c

2,841,896c

Lister et al.
(2008)

AT-F4-sRNA

A. thaliana /
inflorescences

sRNAseq

Illumina /
SBS

7,576,080c

1,482,150c

Montgomery GSM342999,
et al. (2008) GSM343000,
GSM343001

AT-Sq1-sRNA A. thaliana /
siliques

sRNAseq

Roche/454

305,764c

141,539c

Rajagopalan GSM118375
et al. (2006)

AT-Se1-sRNA A. thaliana /
seedlings

sRNAseq

Roche/454

188,954c

77,937c

Rajagopalan GSM118374
et al. (2006)

AT-Se2-sRNA A. thaliana /
seedlings

sRNAseq

Roche/454

22,467c

12,718c

Kasschau et GSM154375
al. (2007)

AT-L1-sRNA

A. thaliana /
rosette leaves

sRNAseq

Roche/454

186,899c

67,663c

Rajagopalan GSM118373
et al. (2006)

AT-L2-sRNA

A. thaliana /
rosette leaves

sRNAseq

Roche/454

15,833c

8,112c

Kasschau et GSM154370
al. (2007)

GSM227608

a. Mapped to genome
b. Mapped to the sense strand of the transcriptome
c. Present within accession
d. Number of distinct genomic positions matched by one or more reads. Because SOLiD data were
mapped allowing for errors, it is not possible to tally the number of unique reads that were mapped.
e. Number of distinct 5' ends matched by one or more reads. Because SOLiD data were mapped
allowing for errors, it is not possible to tally the number of unique reads that were mapped.

29
2.4.3 High levels of MIRNA hairpin and mature miRNA sequence divergence between A.
thaliana and A. lyrata
We next compared the sequences of syntenic A. thaliana and A. lyrata MIRNA hairpins.
Analysis of sequence divergence was limited only to syntenic pairs for which both members passed
the Meyers et al. (2008) expression criteria or pairs in which one member failed the expression criteria
but still had a putative hairpin capable of passing MIRcheck in the expression-negative species (e.g.
the green and yellow regions of Figure 2.1A). Sequence divergence between these 129 syntenic A.
thaliana and A. lyrata loci (89 from MC families and 40 from LC families) was calculated by scoring
each position of all pair-wise alignments. Hairpins were divided into five regions (Figure 2.3A); regions
were scaled and divided into seven bins each to account for variations in length among the loci. As
expected for conserved, functional MIRNA hairpins (Ehrenreich and Purugganan, 2008; Warthmann et
al., 2008), divergence was lowest within the mature miRNA itself for both the MC and the LC groups
(Figures 2.3B-C); this likely reflects purifying selection on the mature miRNA sequences to maintain
complementarity with target mRNAs. The miRNA*’s also showed low levels of divergence, most likely
reflecting the requirement to maintain base pairs with the constrained miRNAs in the context of the
stem-loop secondary structure. In contrast, the 5’, loop, and 3’ regions were relatively unconstrained
(Figures 2.3B-C). Although the divergence profiles of MC and LC MIRNAs were qualitatively similar,
there was clearly more divergence in mature miRNA sequences among the LC families, even after
discarding loci whose predicted secondary structures were highly aberrant in one of the two species
(Figures 2.3B-C). This indicates that the mature miRNA sequences of LC families often have less
constraint in mature miRNA and miRNA* sequences over short evolutionary distances. The mature
MC miRNAs had a slight tendency towards higher divergence at their 3’ ends, although diversity was
low throughout the MC miRNAs (Figure 2.3D). In contrast, mature LC miRNAs showed high levels of
divergence at all sequence positions (Figure 2.3E).
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Figure 2.3 Less conserved miRNAs diverge more between A. thaliana and A. lyrata than do more
conserved miRNAs.
(A) A sketch showing the five regions of MIRNA hairpins which were analyzed. For convenience, the
mature miRNA is shown on the 5’ arm although in reality it can be either on the 5’ arm or 3’ arm.
(B) Average sequence divergence between more conserved A. thaliana and A. lyrata MIRNA hairpins.
Both 5’-arm and 3’-arm mature miRNAs were tallied and displayed together. Bars indicate the
standard errors of the means (SEMs).
(C) As in B for less conserved MIRNAs.
(D) As in B for each nucleotide position within mature miRNAs from more conserved families.
(E) As in D for less conserved families.
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2.4.4 Imprecise and inconsistent processing of less conserved MIRNAs
Plant MIRNAs are defined by precise processing of a single-stranded stem-loop precursor
RNA to release one or more specific miRNA/miRNA* duplexes (Ambros et al., 2003; Meyers et al.,
2008). In practice, stem-loop derived small RNAs fall into a continuous spectrum of processing
precisions, from very imprecisely processed inverted repeats (whose products are often classified as a
form of endogenous siRNA; Lu et al., 2006; Zhang et al., 2007) to canonical MIRNAs producing
almost exclusively a single miRNA/miRNA* duplex. Some less conserved MIRNAs are imprecisely
processed in A. thaliana, and this inaccuracy is sometimes correlated with their reliance upon DicerLike 4 (DCL4) instead of DCL1 for processing (Rajagopalan et al., 2006). To examine MIRNA
processing precision, the ~4.8 x 107 A. lyrata sRNAseq reads from our three libraries (Table 2.1) were
mapped to the A. lyrata MIRNA hairpins. In parallel, the ~1.6 x 107 publicly available A. thaliana
sRNAseq reads (all nine A. thaliana sRNAseq libraries in Table 2.1) from several wild-type tissues
were mapped to the A. thaliana MIRNA hairpins. We defined processing precision at each locus as the
abundance of reads corresponding exactly to the mature miRNA or miRNA* divided by the total
abundance of all reads mapping to the hairpin. Thus, values close to one indicate very high precision,
while values close to zero indicate processing which produces only small amounts of any given
miRNA/miRNA* duplex. To compare how MIRNA processing precision differed between A. thaliana
and A. lyrata homologs, we considered only those syntenic pairs for which both members passed the
Meyers et al. (2008) expression criteria or pairs in which one member failed the expression criteria but
still had a putative hairpin which both passed MIRcheck and expressed at least ten sRNAseq reads.
The processing precisions of hairpins from MC miRNA families were typically high in both species
(Figure 2.4A). Some processing precisions from LC hairpins also had similar precisions in both
species (Figure 2.4B). However, several of the LC hairpins were processed quite imprecisely in A.
lyrata; some of these were also imprecisely processed in A. thaliana, where most of them were first
described, while others had higher precisions in A. thaliana (Figure 2.4B). We conclude that many LC
MIRNAs are processed very imprecisely, especially outside of the species in which they were first
observed.
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Figure 2.4 Less conserved MIRNAs tend to be processed imprecisely.
(A) Scatterplot of A. lyrata vs. A. thaliana MIRNA processing precisions for more conserved MIRNAs.
Green lines show the precision value of 0.25 which we used as a cutoff for determining miRNA-like
expression patterns (Meyers et al., 2008).
(B) As in A for less conserved MIRNAs.
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2.4.5 High levels of miRNA target divergence between A. thaliana and A. lyrata
We next examined predicted targets of A. thaliana and A. lyrata miRNAs. Targets were
predicted only for miRNAs whose precursors passed the Meyers et al. (2008) expression criteria.
Potential miRNA target sites were scored according to the criteria of Allen et al. (2005); higher scores
indicated less confidence in the predictions. In both species, lower-scoring (and thus higher
confidence) targets were more frequently predicted for MC families, and less frequently predicted for
LC families (Figure 2.5A). Based on previous results (Allen et al., 2005, 2; Rajagopalan et al., 2006),
we used a score of three as the upper limit for confident target prediction (Figure 2.5A). All target
predictions meeting this cutoff for A. lyrata miRNAs are given in Appendix: Supplemental Dataset 2.4.
The overlap in confident target predictions (score <= 3) between A. thaliana and A. lyrata was
examined. Importantly, this analysis was limited to the subset of miRNA families which had at least
one hairpin which passed the Meyers et al. (2008) expression criteria in both species; in other words,
we examined miRNA target overlap only for miRNA families that actually existed in both species.
Syntenic homologs were frequently predicted targets of MC miRNA families, while this was rarely the
case for the predicted targets of LC miRNA families (Figure 2.5B). We conclude that target predictions
using standard criteria are more unreliable and more inconsistent between species for LC miRNA
families than for MC families.
In order to experimentally determine miRNA targets, four “degradome” libraries were prepared:
Two biological replicates from A. thaliana inflorescences and two biological replicates from A. lyrata
inflorescences; each library consisted of ~1 x 107 reads which mapped to the sense strand of one or
more annotated transcripts (Table 2.1). Degradome sequencing (synonymous with Parallel Analysis of
RNA Ends [PARE] and Genome-wide Mapping of Uncapped and Cleaved Transcripts [GMUCT])
determines the 5’ ends of RNAs with a 5’-monophospate (German et al., 2008b; Addo-Quaye et al.,
2008; Gregory et al., 2008). This RNA population includes the sliced remnants of many miRNAtargeted transcripts. Sliced miRNA targets were identified from these data using an updated version of
the CleaveLand software (Addo-Quaye et al., 2009a) which calculates empirically estimated p-values
for each possible sliced miRNA target (See Methods). Targets with a p-value <= 0.05 in both biological
replicates were considered verified; all verified targets along with supporting information are found in
Appendix: Supplemental Datasets 5-8. Nearly all verified targets in both species were those of MC
miRNA families (Figure 2.5C), and many of these were syntenic homologs which were validated in
both species (Figure 2.5D). Taken together, these observations suggested that many of the putative
targets of LC miRNA families were inconsistent between A. thaliana and A. lyrata, and difficult to verify
by looking for evidence of slicing.

34

Figure 2.5 Targets of less conserved miRNAs are difficult to identify and inconsistent between A.
thaliana and A. lyrata.
(A) Cumulative distributions of the number of miRNA families with the indicated target prediction
scores. The lowest scoring prediction for each family was used. MC: More conserved, LC: Less
conserved. Shaded region indicates low confidence predictions (score > 3).
(B) miRNA target predictions by family. The number of predicted targets found only in A. thaliana
(Ath), only in A. lyrata (Aly), or syntenic homologs predicted in both species are shown. Families
without any predicted targets in either species are omitted, as are families which were only expressed
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in a single species.
(C) Sliced targets confidently found by degradome sequencing. Sliced targets were those which were
found in both biological replicate degradome libraries for the given species.
(D) As in B for degradome-confirmed targets.
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2.4.6 PoI IV siRNA occupancy and hotspots differ between A. thaliana and A. lyrata
We next turned our attention to comparisons between A. thaliana and A. lyrata 24nt siRNAs,
most of which are likely due to the action of the Pol IV/Pol V pathway. A whole genome alignment
between A. thaliana and A. lyrata was performed. The A. thaliana genome was divided into 1,000nt
bins (119,184 in total) and A. lyrata genomic regions aligned to each of the bins were identified. In
total, 82.5% of the bins (98,357) were confidently paired with an A. lyrata syntenic region; the rest
were ambiguous, largely due to small-scale inversions (data not shown).
Repeat-normalized small RNA abundances from nine publicly available A. thaliana sRNAseq
datasets (Table 2.1) were tabulated for all A. thaliana bins. Importantly, these datasets represented
diverse wild-type tissues (inflorescences, leaves, seedlings, and siliques) and were produced with
multiple technologies (Roche/454 pyrosequencing and Illumina sequencing-by synthesis) by different
investigators. Abundances derived from our three A. lyrata sRNAseq samples were also calculated for
all aligned A. lyrata bins. Occupancies of small RNAs of a given size were determined by applying a
minimum threshold which corrects for loci that produce multiple sizes of small RNAs (See Methods).
Only bins confidently aligned between A. thaliana and A. lyrata were used for analysis. The number of
bins occupied by 24nt RNAs varied from 1,378 to 11,431 (1.4% to 11.6% of 98,357 bins); variations in
occupancy were directly correlated with the sequencing depths of the samples. The number of bins
which were co-occupied in each pairwise combination of all datasets was calculated (O: Observed
overlap). Additionally, the number of co-occupied bins expected by random chance (E: Expected
overlap) was also calculated for each pairwise combination. In this scheme, positive values of O/E
indicate more co-occupancy than would be expected by chance. Importantly, this metric can be
compared across samples of differing sequencing depths. The observed co-occupancies for 24nt
RNAs between different A. thaliana samples was always greater than expected by chance alone,
typically between four- and eight-fold higher (Figure 2.6A). These data indicate that 24nt RNA
producing loci are somewhat consistent across different tissues of A. thaliana whose small RNAs were
sampled at different depths and using different sequencing methodologies. Comparisons to the 24nt
RNA accumulation pattern of A. lyrata also showed that co-occupancy of syntenic bins occurred more
often than expected by chance. However, the enrichments relative to chance alone were very modest,
with all O/E ratios less than two-fold for all interspecies comparisons (Figure 2.6A). As a control, the
same analysis was performed for 21nt-occupied bins from each sample, with the expectation that
because many of these bins contain conserved MIRNAs or TAS loci, they would be consistently
occupied both in the various A. thaliana samples and in A. lyrata. Indeed, the number of 21nt RNA cooccupied bins in A. thaliana intraspecies comparisons and in the A. lyrata-A. thaliana interspecies
comparisons greatly exceeded the values expected by chance alone, and also exceeded the values
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seen for 24nt RNA co-occupancy (Figures 2.6A-B). We conclude that only a small percentage of the
genomic regions producing 24nt small RNAs in one species also produce 24nt RNAs from the
syntenic region in a closely related species. This contrasts with 21nt RNA expressing loci, which are
more consistently found to be 21nt expressers in both two species.
Next we examined whether the most active “hotspots” of small RNA expression behaved
similarly to the global patterns for all occupied loci. The top 100 24nt-expressing 1kb bins, ranked in
order of the abundance of mapped 24mers, were obtained for each A. thaliana and A. lyrata dataset
within the 98,357 confidently aligned 1kb regions. The raw observed overlap between all of the
datasets was analyzed. The top 100 21nt-expressing bins from each sample were analyzed in the
same way as a control. Similar to the global patterns of occupancy, the consistency of 24nt RNA
hotspots between different A. thaliana samples was generally lower than that for 21nt hotspots
(Figures 2.6C-D). In all A. thaliana-only pair-wise combinations, between one and 63 24nt hotspots
were in the top 100 in both samples, with a mean of 19.0, while values for 21nt hotspot overlap
between A. thaliana samples ranged from 32 to 76 with a mean of 54.4. Some of the variation in A.
thaliana 24nt RNA hotspots was due to tissue specific expression patterns. Particularly striking were
the highly consistent 24nt RNA hotspots from the inflorescence and silique samples (Figure 2.6C).
These are likely to be type I p4-siRNA loci, defined by their specific expression in reproductive tissues
(Mosher et al., 2009). In contrast, 24nt siRNA hotspots from A. thaliana leaves were not as consistent,
with 14 out of 100 overlapping between the two A. thaliana leaf samples examined (Figure 2.6C). The
leaf hotspots are likely type II p4-siRNA loci, which are defined by their broad expression patterns,
particularly in non-reproductive tissues (Mosher et al., 2009). Other probable sources of the withinspecies variation in small RNA hotspots include sampling error due to non-saturating sequencing
depths, variations in small RNA library construction and particularly in the level of contamination by
degraded RNA fragments, and artifacts arising from differing sequencing technologies. Pair-wise
comparisons of all nine A. thaliana hotspot lists to all three A. lyrata hotspot lists revealed very low
overlap in the top 100 24nt RNA hotspots; with between zero and two shared syntenic bins (mean =
0.52; Figure 2.6C). This low to non-existent overlap in 24nt RNA hotspots was much lower than the 14
out of 100 overlap seen when comparing two A. thaliana leaf samples, but higher than the values
expected from random chance (~1E-6). In contrast, many more of the top 100 21nt hotspots
overlapped between A. thaliana and A. lyrata; values ranged from 21 to 34 with a mean of 28.3
(Figure 2.6D). Most of these shared 21nt hotspots were abundant miRNAs or trans-acting siRNAs
(data not shown).
It is possible that the failure to identify more 24nt RNA hotspots shared between A. thaliana
and A. lyrata was because syntenic hotspots disproportionately fell into genomic regions which were
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not confidently aligned. To test this, we examined both co-occupancy and the top 100 small RNA
hotspots from all 119,184 1kb bins, including the ambiguously aligned bins, for the nine A. thaliana
datasets. Both for global occupancy, and for hotspots, 24nt expressing regions were indeed more
likely to fall into non-aligned bins than were the control 21nt hotspots (Figure 2.6E-F). In all cases, the
percentages of 24nt occupied bins or hotspots exceeded the genome-wide percentage of all nonalignable bins. In contrast, the 21nt occupied bins or hotspots fell into ambiguously aligned bins with
consistently lower frequencies that were roughly centered upon the genome-wide value (Figures 2.6EF). Thus, A. thaliana 24nt RNA hotspots are indeed more likely to arise from genomic regions difficult
to align with A. lyrata. However, it should be noted that this effect is modest; most A. thaliana 24nt
RNA hotspots and occupied loci were in confidently aligned bins but almost none of these were also
24nt RNA hotspots in A. lyrata. Like their A. thaliana counterparts, A. lyrata 24nt small RNAs tended to
emanate from regions of the genome devoid of annotated protein-coding capacity (Figure 2.6G).
Altogether, we observe a slight tendency of 24nt RNA expressing loci to be retained as 24nt
expressers between species, but our data provide little evidence for retention of individual 24nt RNA
hotspots between A. thaliana and A. lyrata. This contrasts strongly with the most active 21nt
expressing loci, which are often highly expressed in both species.
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Figure 2.6 24nt RNA expression and hotspots frequently differ between A. thaliana and A. lyrata.
(A) Log2 ratios of observed to expected overlaps between 24nt small RNA occupied 1kb bins for all
pairwise comparisons between various A. thaliana and A. lyrata small RNA samples. F1-F4: floral,
Sq1: silique, Se1-Se2: seedlings, L1-L2: rosette leaves.
(B) As in A for 21nt small RNA occupied bins.
(C) Overlaps between the top 100 24nt small RNA expressing 1kb bins for all pairwise comparisons
between various A. thaliana and A. lyrata small RNA samples.
(D) As in C for the top 100 21nt small RNA expressing loci.
(E) Percentages of A. thaliana 21nt and 24nt small RNA occupied bins which were ambiguously
aligned in the A. thaliana-A. lyrata whole genome alignment.
(F) As in E for the top 100 A. thaliana 21nt and 24nt small RNA hotspots.
(G) Fraction of 24nt small RNAs which mapped to annotated genes in A. thaliana and A. lyrata. A.
thaliana sRNAseq data was the combination of all nine sRNAseq libraries, and A. lyrata sRNAseq
data was the combination of all three sRNAseq libraries (Table 1).
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2.5 Discussion
2.5.1 Emergence or degeneration of MIRNAs at the species level
The notion that many plant MIRNAs are lineage-specific has been clearly supported by
comparisons of MIRNA inventories between different plant families (Rajagopalan et al., 2006;
Fahlgren et al., 2007). MIRNA emergence must be fairly rapid, as there are several examples of
MIRNAs which probably arose specifically in the species A. thaliana, as judged by their absence in the
closest relative A. lyrata (Felippes et al., 2008). Our sampling of A. lyrata small RNA expression also
indicated that there are many A. lyrata-specific MIRNAs which arose after the divergence of the A.
thaliana lineage. We found that, as a group, homologs of “young” A. thaliana or A. lyrata MIRNA loci
frequently do not conform to classical ideas of MIRNA biogenesis and function. Specifically, syntenic
homologs of young MIRNAs in the closest related species 1) frequently lack the capacity to form a
MIRNA-like stem-loop, 2) have high divergence rates in mature miRNA sequences, 3) tend to lose
complementarity with homologs of the known/predicted targets, and 4) are processed with diminished
accuracy in the sister species. Mis-annotations of MIRNA loci were unlikely to have confounded these
results, as we restricted our analyses to a subset of annotated MIRNAs for which there is
unambiguous experimental evidence for miRNA biogenesis in at least one of the two species being
analyzed. Thus, we conclude that many of the less conserved MIRNAs either degenerated in one
species from a functional common ancestor or were specifically refined from a non-functional ancestor
in a given lineage. Either option entails relatively rapid changes in MIRNA sequences, processing
accuracies, and target repertoires.
At least two hypotheses are consistent with the differences in properties between young
MIRNA loci and their syntenic homologs in closely related species. The first is that these homologs are
performing biologically meaningful regulatory roles in both species. Because of the non-canonical
sequence conservation, diminished target-site conservation, and reduced processing accuracies, this
hypothesis necessitates that the young MIRNAs exert biological effects in a manner which is quite
different than for canonical MIRNAs. For instance, it could be that these young miRNAs interact with
targets with pairing geometries not captured by commonly used prediction methods (Brodersen and
Voinnet, 2009). Such pairing configurations could potentially be more tolerant of positional and
sequence heterogeneity (although this is not the case for the “seed” targeting which has been
extensively documented in animals). Another possibility is that some of these young MIRNAs could
exert regulatory roles on host transcripts in cis simply by being processed by DCL proteins, similar to
the suspected functions of A. thaliana MIR838 and Physcomitrella patens MIR1047 (Rajagopalan et
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al., 2006; Axtell et al., 2007). A second hypothesis which cannot be excluded with currently available
data is that many homologs of young MIRNAs are simply degenerate and do not function in any
biologically relevant role in the sister species. This would in turn imply that these young MIRNAs are
truly species-specific, in that they exist and function only in a single species but not in its closest
relative.
Our analysis highlighted broad trends which differentiated more conserved and less conserved
MIRNAs between A. thaliana and A. lyrata. However, it is important to point out that not all less
conserved MIRNAs followed the overall trends. Some homologs of less conserved MIRNAs had
conserved mature miRNA sequences within MIRNA-like hairpins, maintained high levels of
complementarity to their targets, and were processed accurately in both species. Thus, there are
certainly some MIRNAs which are restricted to the Brassicaceae but also have the properties of more
conserved, canonical MIRNA loci.
2.5.2 Pol IV siRNA hotspots can be evolutionarily transient
P4-siRNAs, which are 24nt in length, are hypothesized to counteract productive Pol II
transcription of intergenic regions by directing chromatin modifications to Pol V transcribed areas
(Wierzbicki et al., 2009). Much of the genome is involved in p4-siRNA production at low levels, and
there are clear “hotspots” of production which account for a disproportionate amount of p4-siRNA
production (Zhang et al., 2007). We find that global expression patterns of 24nt RNAs, which we
presume to be p4-siRNA loci, are relatively consistent across different tissue samples derived from A.
thaliana, with pair-wise overlaps between different samples consistently four- to eight-fold higher than
expected by chance alone. In contrast, 24nt RNA hotspots are consistent between different
inflorescence and silique samples of A. thaliana, but often differ between vegetative (leaves and
seedlings) and reproductive (inflorescences and siliques) tissues of A. thaliana. These data imply that
type I p4-siRNAs (defined by their absence from vegetative tissues) have more reproducible hotspots
than do type II p4-siRNAs (defined by their presence in vegetative tissues). Despite the higher intraspecies variability in the vegetative p4-siRNA hotspots, there are a significant number which are
reproducibly active in different samples: For instance, 14 out of the top 100 p4-siRNA hotspots are
shared between two independently derived A. thaliana leaf samples (Figure 2.5C). However, there is
essentially no significant overlap between the top 100 p4-siRNA loci expressed in A. lyrata leaves or
inflorescences and the top 100 p4-siRNA loci from any A. thaliana tissue. Similarly, there is only a
slight trend toward overlap in the global patterns of p4-siRNA accumulation between A. lyrata and A.
thaliana regardless of expression level. Thus, the loci which produce p4-siRNAs often differ between
A. thaliana and A. lyrata.
The significance of most individual p4-siRNA hotspots within plant genomes is unknown. In
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Drosophila melanogaster, Piwi-interacting RNAs (piRNAs) have some functional analogies to plant p4siRNAs. Like plant p4-siRNAs, fly piRNAs also function to silence transposable element expression by
the use of Watson-Crick interactions between the small RNA and target (Aravin et al., 2007). In
germline cells and surrounding somatic support cells, piRNA expression disproportionately emanates
from just a few master regulator loci, the most prominent of which is flamenco (Brennecke et al., 2007;
Lau et al., 2009; Malone et al., 2009). The flamenco locus is an ~180kb region dominated by
transposon fragments which are arranged almost exclusively in a single orientation (Brennecke et al.,
2007). The abundant piRNAs produced from the flamenco locus function to initiate post-transcriptional
silencing of active transposon copies elsewhere in the genome. The flamenco piRNA hotspot is critical
for suppression of gypsy retroelements in the female germline (Prud’homme et al., 1995). Importantly,
flamenco is conserved with respect to high production of piRNAs and single-stranded transposon
orientation in both D. yakuba and D. erecta (Malone et al., 2009). By analogy with flamenco, one
potential function for plant p4-siRNA hotspots could be as master loci which produce siRNAs with the
capacity to silence expression of many unlinked transposons with sequence similarity in trans.
However, unlike the flamenco analogy, we did not find evidence for maintenance of high expression
for any p4-siRNA hotspots between two closely related plant species. This implies that highly active
individual p4-siRNA loci can, like less-conserved MIRNAs, be evolutionarily transient in plants.
Accession Numbers
Newly generated A. lyrata small RNA data has been deposited at NCBI GEO (GSE18077 and
GSE20442). A. lyrata and A. thaliana degradome data have also been deposited at NCBI GEO
(GSE20451). Accession numbers for all datasets used in this study are listed in Table 2.1.
*The work in Chapter 2 is published (Ma et al., 2010) and is reproduced here with minor modifications.
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Chapter 3
Small RNAs in other plants
3.1 Summary
Small RNAs are broadly present in all known plant species, many of which play important
regulatory roles. Here we surveyed the small RNA populations from three plants: the tree crop
Theobroma cacao, oil palm Elaeis guineensis Jacq., and the model moss Physcomitrella patens. In
Theobroma cacao, we computationally identified 83 conserved miRNAs and 91 miRNA targets using
sequence similarity and secondary structure information. In oil palm (Elaeis guineensis Jacq.), we
identified 28 expressed miRNA families during flower development by analyzing smallRNAseq data. In
Physcomitrella patens, we identified a novel family of trans-acting siRNA (ta-siRNA) loci associated
with miR156- and miR529-directed slicing by scanning the genome for ta-siRNA-like sRNA
accumulation patterns in different genetic background. These studies as a whole demonstrate that
many small RNA species are deeply conserved in the plant kingdom. On the other hand, novel
classes of small RNAs can evolve in specific lineages.

3.2 Theobroma cacao miRNAs
3.2.1 Introduction
The cocoa tree Theobroma cacao is an important tree crop native to the South American
rainforests, which is the source of the main ingredients of chocolate. The Criollo cocoa variety was
cultivated by the Maya over 1500 years ago (Motamayor et al., 2002), and is now one of the two
varieties that provide fine flavor chocolate. The Criollo variety is highly homozygous for its diploid
genome (2n = 20), thus suitable for a high-quality genome assembly. As part of the international effort
that sequenced and analyzed the genome of Theobroma cacao, we annotated the conserved miRNAs
in the genome and predicted the conserved miRNA targets.
3.2.2 Methods
3.2.2.1 Theobroma cacao miRNA annotation
Sequences of mature plant miRNAs were retrieved from miRBase release 14 (Griffiths-Jones
et al., 2008) and used as queries to search the T. cacao genome assembly using BLASTN. Hits with
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no more than one mismatch from a query were expanded to 150 nt upstream and 150 nt downstream
and examined by MIRcheck (Jones-Rhoades and Bartel, 2004). miRNA candidates that were on the
same arm of the hairpin as the known family members and passed MIRcheck with the parameters "mir_bulge",3, "-ass", 2,"-unpair" were collapsed to retain a single miRNA for a given hairpin if length
variants or position variants are present. The decision of which variant to retain was made as follows:
for length variants, if the miRNA family was expressed in A. thaliana (Ma et al., 2010), then the miRNA
variant with the length of the most abundantly expressed miRNA was kept; if not, a 21-mer was
favored. For positional variants, the miRNA variant with the greatest number of similar miRNA
sequences in miRBase was retained.
3.2.2.2 Theobroma cacao microRNA target prediction
miRNA targets were predicted with the PERL script “axtell_targetfinder.pl” from the
CleaveLand 2 package (http://axtell-lab-psu.weebly.com/cleaveland.html). Randomization using 8300
randomly-shuffled miRNAs (100 times of the total number of real miRNAs) was also done using the
same script. An average of 0.7 targets were predicted at a complementarity score of three for each
randomized miRNA; this noise estimation increased to over two at a score of four. Therefore, a cutoff
score of three was used for target prediction (higher target prediction scores indicate less
complementarity).
Predicted targets were used as queries to search A. thaliana (TAIR9) and Oryza sativa
mRNAs, and the gene annotation of top BLASTX hit with an E value <= 10E-4 in either species (if
available) was used to indicate the potential function of the predicted targets in T. cacao. GO
annotation was performed with homologous A. thaliana genes of the predicted targets to search for
GO term enrichment (Berardini et al., 2004). P values are calculated based on hypergeometric tests.
3.2.3 Results
A total of 83 T. cacao microRNAs (miRNAs) from 25 families were computationally
predicted based on sequence similarity with known miRNAs in miRBase release 14
(Table 3.1, Appendix: Supplemental Dataset 3.1 & 3.2). The miRNA population size is reasonable
compared to the number of miRNAs in other plant genomes in miRBase (Figure 3.1), although our
tally of T. cacao miRNAs is certainly an underestimate, as we were limited to identification by
homology.
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Table 3.1 miRNA families found in Theobroma cacao.
miRNA
family

Number of
paralogous loci

Number of plant species
where also found

List of species

156

7

17

aqc, ath, bdi, bna, ghr, gma, mtr, osa, ppt, pta,
ptc, sbi, sly, smo, sof, vvi, zma

160

3

15

aqc, ath, bdi, bra, gma, mtr, osa, ppt, ptc, sbi,
sly, smo, tae, vvi, zma

162

1

10

ath, cpa, ghr, gma, mtr, osa, ptc, sly, vvi, zma

164

3

11

ath, bna, bra, gma, mtr, osa, ptc, sbi, tae, vvi,
zma

166

4

17

aqc, ath, bdi, bna, ghr, gma, mtr, osa, ppt, pta,
ptc, pvu, sbi, sly, smo, vvi, zma

167

3

17

aqc, ath, bdi, bna, bra, gma, lja, mtr, osa, ppt,
ptc, sbi, sly, sof, tae, vvi, zma

168

1

11

aqc, ath, bna, gma, mtr, osa, ptc, sbi, sof, vvi,
zma

169

14

13

aqc, ath, bdi, bna, ghb, gma, mtr, osa, ptc, sbi,
sly, vvi, zma

171

8

18

aqc, ath, bdi, bna, bol, bra, gma, mtr, osa, ppt,
pta, ptc, sbi, sly, smo, tae, vvi, zma

172

5

13

aqc, ath, bdi, bol, bra, gma, mtr, osa, ptc, sbi,
sly, vvi, zma

319

1

14

aqc, ath, gma, mtr, osa, ppt, pta, ptc, pvu, sbi,
sly, smo, vvi, zma

390

2

11

ath, bna, ghr, gma, mtr, osa, ppt, pta, ptc, sbi, vvi

393

2

9

ath, bna, gma, mtr, osa, ptc, sbi, vvi, zma

394

2

6

ath, osa, ptc, sbi, vvi, zma

395

2

10

aqc, ath, mtr, osa, ppt, ptc, sbi, sly, vvi, zma

396

5

15

aqc, ath, bna, ghr, gma, lja, mtr, osa, pta, ptc,
sbi, smo, sof, vvi, zma

397

1

8

ath, bdi, bna, osa, ptc, sbi, sly, vvi

398

2

9

aqc, ath, bol, gma, mtr, osa, pta, ptc, vvi

399

9

14

aqc, ath, bdi, bna, ghr, mtr, osa, ptc, pvu, sbi, sly,
tae, vvi, zma

403

2

3

ath, ptc, vvi

529

1

4

aqc, osa, ppt, sbi

530

2

3

aqc, osa, ptc

535

1

4

aqc, osa, ppt, vvi

827

1

3

ath, osa, ptc

2111

1

2

ath, bna

aqc: Aquilegia coerulea, ath: Arabidopsis thaliana, bdi: Brachypodium distachyon, bna: Brassica napus, bol: Brassica
oleracea, bra: Brassica rapa, cpa: Carica papaya, ghb: Gossypium herbecium, ghr: Gossypium hirsutum, gma:
Glycine max, lja: Lotus japonicus, mtr: Medicago truncatula, osa: Oryza sativa, ppt: Physcomitrella patens, pta: Pinus
taeda, ptc: Populus trichocarpa, pvu: Phaseolus vulgaris, sbi: Sorghum bicolor, sly: Solanum lycopersicum, smo:
Selaginella moellendorffii, sof: Saccharum officinarum, tae: Triticum aestivum, vvi: Vitis vinifera, zma: Zea mays
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Figure 3.1 Number of miRNAs in each plant species in miRBase 14 and Theobroma Cacao with the
corresponding genome size. All plant species with more than 45 miRNAs in miRBase 14 and a known
genome size (NCBI http://www.ncbi.nlm.nih.gov/genomeprj/?term=txid33090[Organism%3Aexp]) are
plotted. No obvious correlation of miRNA population and genome size is observed. The high variation
in the number of miRNAs in different species are mostly due to different discovering methods
(prediction only versus experimental confirmation) or different level of stringency of the prediction.
ath: Arabidopsis thaliana, bna: Brassica napus, cre: Chlamydomonas reinhardtii, gma: Glycine max,
mtr: Medicago truncatula, osa: Oryza sativa, ppt: Physcomitrella patens, ptc: Populus trichocarpa, sbi:
Sorghum bicolor, smo: Selaginella moellendorffii, tcc: Theobroma Cacao, vvi: Vitis vinifera, zma: Zea
mays
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Because 25 T. cacao miRNA families were encoded by 83 loci, the number of paralogous loci
per family was examined. Compared with A. thaliana, the cumulative distribution of T. cacao miRNAs
was similar to the more-conserved (MC) subset of the A. thaliana miRNAs (annotated outside of the
Brassicaceae family in miRBase release 14), but quite different from the miRNA population in A.
thaliana (Figure 3.2). This is expected, because the miRNA prediction method finds only miRNAs
conserved between T. cacao and another species.
89 targets of 19 miRNA families were predicted (Appendix: Supplemental Dataset 3.3), and 85
top hits (68 unique proteins) in A. thaliana and 83 top hits (66 unique) in O. sativa were identified by
BLASTX search above the cutoff of E value <= 10E-4. Because GO annotation was not yet available
for T. cacao, GO annotation for the 68 unique A. thaliana genes homologous to the predicted T. cacao
targets was used to search for GO term enrichment (Berardini et al., 2004). The terms “nucleus”,
“transcription factor activity” and “developmental processes” were the most significantly enriched
terms in each GO category (Table 3.2) for T. cacao miRNA target homologs in A. thaliana compared to
the entire A. thaliana genome. These results are consistent with previous findings (Axtell and
Bowman, 2008) that many conserved miRNA targets are transcription factors involved in
developmental processes.
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Figure 3.2 Cumulative distributions of the number of loci per miRNA family in T. cacao and A. thaliana.
tcc: T. cacao, ath: A. thaliana, athMC: A. thaliana more conserved families.
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Table 3.2 Gene ontology (GO) annotation of cacao miRNA target homologs in A. thaliana. Terms in
bold indicates the most significant enrichment in each GO category
Term

Ontology
category

Gene number of cacao
Gene number in A.
miRNA target homologs in thaliana genome
A. thaliana (total 67)
(total 34278)

P-value

Nucleus

Cellular
component

24

2609

6.97E-12

Extracellular

Cellular
component

7

441

2.37E-06

Transcription
factor activity

Molecular
function

23

1679

3.93E-15

Other enzyme
activity

Molecular
function

17

3345

5.30E-05

DNA or RNA
binding

Molecular
function

14

2714

1.93E-04

Transporter
activity

Molecular
function

7

1242

2.85E-03

Developmental
processes

Biological
process

24

2006

2.01E-14

Transcription

Biological
process

20

1709

5.67E-12

Other cellular
processes

Biological
process

43

10140

1.08E-09

Other metabolic
processes

Biological
process

41

9410

1.77E-09

Other biological
processes

Biological
process

12

1913

7.32E-005
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3.2.4 Conclusions
MicroRNAs (miRNAs) are short noncoding RNAs that regulate target genes transcriptionally or
post-transcriptionally. Many of them play important roles in development and stress responses. A total
of 83 T. cacao miRNAs from 25 families were computationally predicted based on sequence similarity
to known plant miRNAs in miRBase 14. Ninety-one T. cacao miRNA targets were predicted. Most
predicted targets were homologous to known miRNA targets in other plant species, but there was a
profound bias toward putative transcription factors compared to the other species (Table 3.2),
suggesting that miRNAs are major regulators of gene expression in T. cacao.
* The work presented in Chapter 3.2 has been published (Argout et al., 2011) and is reproduced with
minor modifications.
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3.3 Expressed miRNAs in oil palm (Elaeis guineensis Jacq.) during flower development
3.3.1 Introduction
Oil palm (Elaeis guineensis Jacq.) is a perennial monocot and an important economic crop
(Price et al., 2007). Because of unavailable genomic data, long life cycle and inaccessibility of the
floral meristems of the oil palm plant, it is difficult to study miRNAs that are expressed during oil palm
flower development. In this study, we analyzed smallRNAseq data from inflorescence, emerging flower
and mature flower of oil palm, and identified 28 families of conserved miRNAs are expressed during
flower development.
3.3.2 Methods
SmallRNAseq data from inflorescence (IF), emerging flower (EF) and mature flower (F) of oil
palm were kindly provided by J. A. Harikrishna from the University of Malaya. A detailed description of
the three developmental stages is presented in (Mehrpooyan et al., 2012). Sequencing reads were
pre-processed by BGI to remove adapters and remove low quality reads. A previously curated list of
highly confident microRNAs (miRNAs) from Arabidpsis thaliana, rice and Physcomitrella patens ( by
examining processing precision using small RNA seq data in respective genomes) were combined into
a non-redundant fasta file (Appendix: Supplemental Dataset 3.4) to serve as the reference to map the
sequencing reads. The reason for not using all plant miRNAs in miRBase (as was done in Chapter
3.2) is that we do not have a reference genome in this study, therefore no secondary structure
information can be used to distinguish authentic miRNAs from bogus ones. Thus we started with a
highly confident set of real miRNAs for oil palm miRNA identification.
Sequencing reads were mapped to the high-confidence miRNA reference by Bowtie 0.12.7
(Langmead et al., 2009) allowing one mismatch (the parameter was set as “-v 1”). Mapped reads were
then examined for sizes and only sizes in the range of 20-24 nt were retained. Each mapped read was
assigned to a single miRNA family based on the top matching reference miRNA. In the occasional
cases where the read was mapped to two families with equal quality (namely, miR156/157,
miR165/166 and miR159/319), it was arbitrarily assigned to the miRNA family with smaller numbers
(namely, miR156, miR165 and miR159). As a result, multiple sequence variants can be assigned to a
given miRNA family, therefore, the most abundant variant in each of the three datasets were
examined. If at least two datasets agree on the most abundant variant, the specific variant is
considered the real miRNA. It should be noted that other variants are likely real miRNAs too, maybe
from paralogous loci in the genome. However, without a reference genome, we prefer to tolerate more
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false negatives rather than increasing false positives.
3.3.3 Results and Discussion
We found that 28 miRNA families were expressed in oil palm flowers (Table 3.3). Most of the
cases (19 out of 28), all three datasets agree on the most abundant miRNA variant, indicating that
these 19 miRNAs are consistently expressed through flower development. Despite the consistent
expression, the raw abundances of these 19 miRNAs vary greatly in the three datasets. However, the
raw abundance cannot be applied to quantify the expression levels, because without replicates,
normalization between the datasets is difficult. In 9 cases, not all datasets agree on the most abundant
variant. Two possible explanations exist. One is that other paralogous miRNAs are also expressed
and the expression varies during flower development. The other explanation is that the miRNA variant
abundantly expressed in two stages of the flower development is down-regulated in the third
development stage. With the limitation of the data available, unfortunately we cannot distinguish the
two.
It is worth noting that our method to identify expressed miRNAs will intrinsically miss miRNAs
that are only expressed in one stage during flower development. With the available data, we cannot
assume a read from a single dataset matching a known miRNA is originated from an MIRNA locus.
Doing so will incur many false positives. This limitation can be resolved if replicates of each
development stage are performed.
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Table 3.3 Expressed miRNA families and the most abundant miRNA variant in each family during oil
palm flower development.
miRNA
family

Most abundant miRNA variant

# datasets
present*

Raw
abundance
IF**

Raw
abundance
EF**

Raw
abundance
F**

156

UGACAGAAGAGAGUGAGCAC

3

10716

437

8534

157

UUGACAGAAGAUAGAGAGCAC

3

4517

652

4448

159

UUUGGAUUGAAGGGAGCUCUA

3

3425

481

3083

160

UGCCUGGCUCCCUGUAUGCCA

3

527

133

10

162

UCGAUAAACCUCUGCAUCCGG

3

951

978

1787

165

UCGGACCAGGCUUCAUUCCCC

3

2111

46689

16062

166

UCGGACCAGGCUUCAUUCCUC

3

164

2733

1061

168

UCGCUUGGUGCAGGUCGGGAA

3

9088

11133

56093

170

UGAUUGAGCCGUGCCAAUAUC

3

501

321

314

171

UUGAGCCGCGCCAAUAUCACU

3

40

3

2

172

AGAAUCUUGAUGAUGCUGCAU

3

4141

2170

13784

390

AAGCUCAGGAGGGAUAGCGCC

3

421

525

64

396

UUCCACAGCUUUCUUGAACUU

3

87

48

323

444

UGCAGUUGCUGCCUCAAGCUU

3

13

100

25

529

AGAAGAGAGAGAGUACAGCCU

3

919

141

1319

535

UGACAACGAGAGAGAGCACGC

3

32376

27909

141276

827

UUAGAUGACCAUCAGCAAACG

3

2938

132

664

894

CGUUUCACGUCGGGUUCACC

3

2

13

94

2118

UUGCCGAUGCCUCCCAUUCCA

3

708

185

273

158

UCCCAAAUGUAGACAAAGCA

2 (EF= F)

0

73

2

164

UGGAGAAGCAGGGCACGUGCA

2 (IF= F)

5014

513

2650

167

UGAAGCUGCCAGCAUGAUCUA

2 (IF=EF)

4815

26186

7

169

CAGCCAAGGAUGACUUGCCGG

2 (IF=EF)

301

696

66

319

UUGGACUGAAGGGAGCUCCCU

2 (EF= F)

23

232

34

393

UCCAAAGGGAUCGCAUUGAU

2 (IF= F)

3

5

7

394

UUGGCAUUCUGUCCACCUCC

2 (IF=EF)

118

20

0

395

CUGAAGUGUUUGGGGGAACUC

2 (EF= F)

2

1

1

397

UCAUCGAGUGCAGCGUUGAUG

2 (IF=EF)

8

90

143

* Number of datasets in which the miRNA variant is the most abundant
** IF: inflorescence; EF: emerging flower; F: mature flower
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3.4 Identification of additional DCL4/RDR6 dependent TAS loci in Physcomitrella patens
3.4.1 Introduction
Trans-acting siRNAs (ta-siRNAs) silence genes that are distinct from the loci of their own
production (thus the name trans-acting). Biogenesis of ta-siRNAs relies on both the miRNA and siRNA
pathways (Allen et al., 2005; Talmor-Neiman et al., 2006). Non-coding transcripts produced from loci
known as TAS genes are first cleaved by an miRNA which defines one end of the siRNA production,
then converted into dsRNAs by the RNA-dependent RNA polymerase RDR6, and subsequently diced
into ~ 21 nt ta-siRNAs by DCL4, a functionally conserved Dicer-like enzyme between Arabidopsis and
Physcomitrella (Allen et al., 2005; Talmor-Neiman et al., 2006).
Four TAS gene families have been identified (TAS1-4) in Arabidopsis. TAS1 and TAS2
transcripts are cleaved by miR173, TAS3 by miR390 and TAS4 by miR828 (Allen et al., 2005;
Rajagopalan et al., 2006). Recently, a fifth TAS family (TAS5), cleaved by miR482, was identified in
tomato (Li et al., 2012a). In Physcomitrella, four loci of the TAS3 family TAS3a-d have been identified
previously, all of which are cleaved at two distinct sites by miR390 spanning the region of tasiRNA
production (Talmor-Neiman et al., 2006; Axtell et al., 2006). ta-siRNAs produced from these loci
negatively regulate transcription factors with an N-terminal AP2 domain, and also Auxin Response
Factors (ARFs) by slicing their mRNAs (Talmor-Neiman et al., 2006; Axtell et al., 2007).
In dcl4 mutants, the size profile of the siRNAs produced at the TAS loci shift from 21ntdominance to 23-24nt dominance (Howell et al., 2007b; Liu et al., 2007), while in rdr6 mutants, nearly
all siRNA accumulation at the TAS loci is lost (Talmor-Neiman et al., 2006). In this study, we used
available Physcomitrella small RNA-seq data to search for additional small RNA loci showing similar
changes in siRNA accumulation in ∆PpDCL4 and ∆PpRDR6 plants.
3.4.2 Methods
Small RNA-seq data from Physcomitrella wild type (GSM115095, GSM115096, GSM115097,
GSM313212, and GSM313213), dcl3 (GSM313214, GSM313215) and rdr6 (GSM313216,
GSM313217) was previously described (Axtell et al., 2006; Cho et al., 2008) and a small RNA-seq
library from Physcomitrella dcl4 mutant was created (GSM459911) and used in the analysis. 20-24nt
small RNAs from each of the ten libraries were mapped to the Physcomitrella genome (v1.1) using
Bowtie (Langmead et al., 2009), v0.12.7, with settings "-v 1 -a --best --strata -f -p 7 -k 100" as well as
"-C" for color space data. Therefore, mappings with either zero or one mismatch were accepted, and
for reads that had more than 100 optimal mapping positions, only the first 100 were reported. Reads
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mapping to rRNA, tRNA, or MIRNA hairpin positions were then discarded. The total small RNA
abundance in 200nt non-overlapping bins was calculated genome-wide, and scaled to reads per
million to facilitate comparisons between different datasets. The top 1000 most abundant bins in the
wild type datasets were then screened to find bins meeting the following criteria: 1) Symmetry (defined
as the proportion of small RNAs mapped to one or the other strand) of 0.25-0.75, 2) rdr6 total < 0.2 x
wild type total, 3) Percentage 21-22nt RNAs in wild type and dcl3 > 70%, and 4) Percentage 23-24nt
RNAs in dcl4 > 50%. These parameters were inferred from the characteristics of the previously known
PpTAS3a-d loci. The three novel bins which passed this filter were then further examined by search
for miRNA complementary sites (based on BLASTN) within a centered 1000nt window. The final
annotations of these three novel loci, PpTAS3e, PpTAS3f, and PpTAS6a were based on manual
curation and the positions of the miRNA complementary sites. PpTAS6b did not pass the initial
computational filter but was identified serendipitously based upon its proximity to PpTAS3f. Similarly,
PpTAS6c lacked corresponding siRNAs in our dataset but was identified based on proximity to
PpTAS3d and the presence of a miR156 target sites. The siRNA population may be generated from
PpTAS6c under different physiological conditions or different tissue types. Degradome sequencing
data from Physcomitrella has been previously described (Addo-Quaye et al., 2009b). CleaveLand 2
(Ma et al., 2010) was used for degradome analysis. For siRNA target predictions we used
axtell_targetfinder.pl (Ma et al., 2010). Phylogenetic analysis of PpTAS3a-f utilized a MUSCLE
alignment (Edgar, 2004) of the regions between the miR390 complementary sites as input to the
Maximum Likelihood method in MEGA5 based on the Tamura-Nei model (Tamura and Nei, 1993). The
bootstrap consensus tree, based on 500 replicates, was shown (Figure 3.9). A .bed file has been
created (Appendix: Supplemental Dataset 3.6) which indicates genomic locations of Physcomitrella
TAS loci (genome assembly version 1.1) as well as important features within the TAS loci.
3.4.3 Results
The four previously known PpTAS3 loci were discovered based upon phased patterns of
siRNA accumulation and the presence of miR390 complementary sites (Axtell et al., 2006; TalmorNeiman et al., 2006). As described above, siRNA accumulation patterns at these four loci change in
distinctive patterns in ∆PpDCL4 and ∆PpRDR6 plants; ∆PpDCL4 mutants shift the size profile of the
siRNAs from a 21nt-dominated pattern to a 23-24nt dominated pattern, while nearly all siRNA
accumulation is lost in ∆PpRDR6 mutants. We therefore used existing Physcomitrella smallRNAseq
data to search for additional small RNA loci showing similar changes in siRNA accumulation in
∆PpDCL4 and ∆PpRDR6 plants. Initially, seven loci were identified, four of which overlapped the
previously described PpTAS3a-d (Figure 3.3-3.6, Table 3.4). Two of the three novel loci overlapped
previously described hotspots of non-miRNA 21nt-dominated small RNA expression (Pp21SR6 and

56
Pp21SR39; Cho et al., 2008). The third novel locus as well as Pp21SR6 possessed dual miR390
complementary regions and thus we named them PpTAS3e and PpTAS3f, respectively. Degradome
data (Addo-Quaye et al., 2009b) demonstrated that the four miR390 sites within PpTAS3e and
PpTAS3f were sliced (Table 3.4, Figure 3.7-3.8). Two distinct PpTAS3 ta-siRNA populations have
previously been shown to be capable of directing the slicing of targets in trans: One population targets
AP2-domain transcripts, while the other directs slicing of ARF-domain transcript (Talmor-Neiman et al.,
2006; Axtell et al., 2007; Khraiwesh et al., 2010). PpTAS3e could produce a ta-siARF with reasonable
base-pairing to one of the known ta-siARF target sites, while PpTAS3f could produce both ta-siAP2
and ta-siARF (Table 3.4, Figure 3.7-3.8, Appendix: Supplemental Dataset 3.5). The PpTAS3e siRNA
population was typical in that it was largely contained between, and in phase with the two miR390
complementary regions (Figure 3.7). In contrast, the PpTAS3f siRNA population extended beyond the
region bounded by the dual miR390 complementary sites, and was not well-phased (Figure 3.8).
The final novel DCL4/RDR6-dependent siRNA locus that we found in our initial computational
screen produced siRNAs from a region bounded by upstream miR156 and miR529 complementary
sites and a downstream miR156 site (Figure 3.3A). Degradome data support slicing at all three
complementary sites and the siRNA population is largely in a 21nt phase with the 3’ miR156 cleavage
site (Figure 3.3A). This locus, previously described as Pp21SR39 but heretofore unrecognized as a
TAS locus (Cho et al., 2008), did not share detectable similarity with any previously described families
of plant TAS loci. Therefore we renamed it PpTAS6a. Curiously, PpTAS6a is located within ~0.7kb of
PpTAS3a, and their respective miRNA complementary sites are located on the same strand (Figure
3.3A). Inspection of the genomic region surrounding PpTAS3f revealed a second nearby cluster of
mainly 21nt siRNAs in the wild type. We found that this region also contained a high confidence
miR156 complementary site downstream of the siRNA generating region which showed degradomebased evidence of slicing (Figure 3.8). In addition, upstream miR156 and miR529 sites could also be
observed, albeit with extensive mismatches and no evidence of slicing. Based on this fact, we named
this locus PpTAS6b, although there was no detectable sequence similarity outside of the pattern of
miR156 and miR529 complementary sites between PpTAS6a and PpTAS6b. Like its neighbor
PpTAS3f, siRNA production from PpTAS6b was atypical in that it was not in phase with the miRNAdirected cleavage site(s) and extended for a long distance beyond the complementary sites (Figure
3.8). Finally, we detected sequence similarity between PpTAS6a and a region neighboring PpTAS3d.
Although we could find no evidence of small RNA production from this region, we did observe a
pattern of miR156 and miR529 complementary sites similar to the other TAS6 loci with some weak
evidence of slicing; therefore, we have provisionally named this locus PpTAS6c (Figure 3.6).
Phylogenetic analysis demonstrated that the six PpTAS3 loci fall into two distinct clades: PpTAS3a, -d,
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and -f form one clade, while PpTAS3b, -c, and -e form the other clade (Figure 3.9). All three members
of the PpTAS3a/d/f clade have upstream flanking regions which produce miR156 and/or miR529sliced RNAs, in at least two cases (PpTAS3a/PpTAS6a and PpTAS3f/PpTAS6b) corresponding with
the production of phased DCL4/RDR6 dependent siRNAs. Despite the fact that PpTAS6a and
PpTAS6b do not share sequence similarity in their siRNA generating regions, their common
arrangement proximal to PpTAS3 loci and their shared presence of sliced miR156 sites strongly
suggests a common ancestry which we believe justifies their classification into the same family. We
have yet to observe siRNA accumulation from PpTAS6c, so this annotation should be regarded as
provisional.
We used all 248 PpTAS6a and PpTAS6b-derived siRNAs from our wild type sequencing data
as queries for ta-siRNA target predictions using a standard scoring matrix (Allen et al., 2005). 150
target sites, from 129 distinct transcripts, were predicted with alignment scores of 3.5 or less
(Appendix: Supplemental Dataset 3.5). At the present time, we have low confidence in these
predictions, as the cohort of transcripts did not seem to have a coherent functional theme, and none of
these predictions were supported by robust evidence of slicing in the available degradome data. We
did identify robust degradome data supporting the slicing of a zinc-finger domain transcript by a
PpTAS6a-derived siRNA with a higher alignment score (5.5; Figure 3.3B). While this alignment score
is relatively high, we note that the siRNA-target mismatches are concentrated on the 3’ end of the
complementary region and that the degradome data strongly support the in vivo accumulation of the
predicted slicing remnant. We conclude that at least one PpTAS6a ta-siRNA, which we name tasiZNF, is functional in slicing a zinc-finger domain transcript in trans, and that other trans targets may
exist for other PpTAS6-derived siRNAs.
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Figure 3.3 Neighboring miR156- and miR390-sliced TAS loci.
(A) An annotated genomic snapshot of PpTAS3a and PpTAS6a. Shaded regions indicate boundaries
of indicated TAS loci, with locations and strand orientations of miRNA complementary sites and known
functional ta-siRNAs shown. Insets above show the small RNA size distribution in the indicated
genotypes, as well as the “phasing” distributions of wild type small RNAs in 21nt bins (numbers on
periphery indicate percentage of siRNAs in each bin). Browser track small RNA data (blue) and
degradome data (magenta) shows the 5’ end positions from wild type samples, with positive values
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indicating Watson-strand mapped reads, and negative values indicating Crick-strand mapped reads.
Insets below show miRNAs aligned with miRNA complementary sites. Numbers above alignments are
the number of degradome-derived 5’ ends mapped to the tenth nucleotide of the alignment. (B)
Evidence for trans-acting slicing directed by the PpTAS6a-derived ta-siZNF. Annotated genomic
snapshot showing protein-coding transcripts (gray), polyA+ RNAseq data (not strand-specific;
(Zemach et al., 2010)), and degradome data. Inset below-left shows ta-siZNF/target alignment, with
the number of degradome reads at the tenth nucleotide of the alignment indicated. Inset below-right
shows schematic of the protein (from Phytozome).
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Figure 3.4 Annotated genomic snapshots of PpTAS3b.
Shaded regions indicate boundaries of indicated TAS loci, with locations and strand orientations of
miRNA complementary sites and known functional tasiRNAs shown. Insets above show the small
RNA size distribution in the indicated genotypes, as well as the 'phasing' distributions of wild-type
small RNAs in 21nt bins (numbers on periphery indicate percentage of siRNAs in each bin). Browser
track small RNA data (blue) and degradome data (magenta) shows the 5' end positions from wild-type
samples, with positive values indicating Watson-strand mapped reads, and negative values indicating
Crick-strand mapped reads. Insets below show miRNAs aligned with miRNA complementary sites.
Asterisks next to degradome data peaks correspond with asterisk-marked positions in the inset
miRNA/target alignments.
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Figure 3.5 Annotated genomic snapshots of PpTAS3c.
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Figure 3.6 Annotated genomic snapshots of PpTAS3d / PpTAS6c.
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Figure 3.7 Annotated genomic snapshots of PpTAS3e.
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Figure 3.8 Annotated genomic snapshots of PpTAS3f / PpTAS6b.
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Figure 3.9 A MUSCLE alignment of the regions between the miR390 complementary sites was input
to the Maximum Likelihood method in MEGA5 based on the Tamura-Nei model. The bootstrap
consensus tree, based on 500 replicates, was shown. Units are substitutions per informative site.
Nodes with bootstrap values less than 100% have bootstrap percentages shown.
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Table 3.4 Summary of Physcomitrella DCL4/RDR6-dependent TAS loci.
Locus

5’ miR390
site

3’ miR390
site

5’ miR529
site

5’ miR156
site

3’ miR156
site

tasiAP2

PpTAS3a /
PpTAS6a

S

S

S

S

S

+

+

+

PpTAS3b

P

P

N/A

N/A

N/A

+

+

N/A

PpTAS3c

S

S

N/A

N/A

N/A

-

+

N/A

PpTAS3d /
PpTAS6c

S

S

P

S

S

+

+

absent

PpTAS3e

S

S

N/A

N/A

N/A

-

+

N/A

PpTAS3f /
PpTAS6b

S

S

P

P

S

+

+

absent

S: Degradome-based evidence of slicing
P: Predicted miRNA target site w/o degradome evidence
+: ta-siRNA pairs well with one or more target
-: ta-siRNA does not pair well (score >=6) with any targets
N/A: Not applicable
absent: site or ta-siRNA not found within locus

ta-siARF ta-siZNF
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3.4.4 Discussion
In the Arabidopsis (Howell et al., 2007b) and Physcomitrella (Axtell et al., 2006) genomes only
a limited number of endogenous DCL4/RDR6-dependent small RNA loci have been identified. In this
study, we analyzed of DCL4/RDR6-dependent loci in Physcomitrella and revealed several interesting
findings. All of the Physcomitrella DCL4/RDR6-dependent siRNAs appear to derive from primary
transcripts sliced at least once, and often several times, by a miRNA. We describe a new family of
TAS loci that are associated with miR156- and miR529-directed slicing. miR156 is an ancient plant
miRNA that has a cohort of conserved, protein-coding targets independent of TAS loci. In all plant
species examined, including Physcomitrella, miR156 targets mRNAs encoding Squamosa Promoter
Binding Like (SBP/SPL) transcription factors (Poethig, 2009). In angiosperms, miR156-mediated
regulation of SBP/SPL targets is critical for many distinct aspects of developmental timing (Wu and
Poethig, 2006; Wu et al., 2009; Nodine and Bartel, 2010). However, miR156-associated TAS loci have
not been previously described in any plant species. miR529 is related in sequence to miR156, and
also widely conserved. At least one PpTAS6-derived siRNA appears to be a true ta-siRNA, in that we
could identify a sliced zinc-finger domain target. The PpTAS6 family is also unique in its very close
proximity to miR390-targeted PpTAS3 loci; the three TAS3/TAS6 pairs are separated by only ~0.7kb,
and their miRNA complementary sites are all on the same strands. This suggests that these
PpTAS6/PpTAS3 pairs could share single common primary transcripts, and that miR156-, miR529-,
and miR390-mediated activities may be inter-related in Physcomitrella.
* The work presented in Chapter 3.4 has been published (Arif et al., 2012) and is reproduced with
minor modifications.
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Chapter 4
A novel targeted genomic enrichment method enables
assembly of unknown genomic regions flanking a known core
sequence

4.1 Summary
Conserved plant microRNAs (miRNAs) modulate important biological processes but little is
known about conserved cis-regulatory elements (CREs) surrounding MIRNA genes. We developed a
solution-based targeted genomic enrichment methodology to capture, enrich and sequence flanking
genomic regions surrounding conserved MIRNA genes with a locked-nucleic acid (LNA)-modified,
biotinylated probe complementary to the mature miRNA sequence. Genomic DNA bound by the probe
is captured by streptavidin-coated magnetic beads, amplified, sequenced and assembled de novo to
obtain genomic DNA sequences flanking MIRNA locus of interest. We demonstrate the effectiveness
of this method in Arabidopsis thaliana. We demonstrate the sensitivity and specificity of this
enrichment methodology to enrich targeted regions spanning 10-20 kb surrounding known MIR166
and MIR165 loci. Assembly of the sequencing reads successfully recovered all targeted loci. While
further optimization for larger, more complex genomes is needed, this method may enable
determination of flanking genomic DNA sequence surrounding a known core (like a conserved mature
miRNA) from multiple species that currently don't have a full genome assembly available.

4.2 Introduction
microRNAs (miRNAs) originate from primary transcripts called pri-miRNAs that are transcribed
by RNA polymerase II. In plants, after two separate cleavage by the Dicer-like 1 (DCL1) protein, primiRNAs are processed into 20-24 nt mature miRNAs and then incorporated into RNA-induced
silencing complexes (RISCs) which serve to negatively regulate target mRNAs (Voinnet, 2009).
Conserved plant miRNAs modulate important biological processes including development, immune
responses, nutrient homeostasis and hormone responses (Axtell and Bowman, 2008; Voinnet, 2009;
Cuperus et al., 2011). The spatial and temporal control of miRNA accumulation needs to be fine tuned
in order for plants to respond to ever-changing environmental and intracellular signals. This fine-tuning
can be done either at the transcriptional level of MIRNA genes or the post-transcriptional level. In
animals, post-transcriptional regulation of miRNA expression functions either via signaling pathways
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centered on the Microprocessor (the protein complex processing pri-miRNAs) or interaction between
RNA-binding proteins and cis-regulatory sequences on the terminal loop of miRNA precursors
(Newman and Hammond, 2010). However, besides the presence of core promoters and an overrepresentation of motifs related to development, stress responses, and hormonal control (Xie et al.,
2005b; Megraw et al., 2006), the regulation at the transcriptional level of MIRNA genes is still mostly
unknown.
Control of gene expression is partly conveyed by specific DNA sequences termed cis-acting
elements or cis-regulatory elements (CREs) recruiting transcription factors (TFs) or repressors
(Barberis et al., 1987; Inostroza, 1992; Lee and Young, 2000). Conserved CREs have been
discovered by sequencing multiple species followed by comparative genomics (Ettwiller et al., 2005;
Eddy, 2005; Xie et al., 2005a; Stark et al., 2007; Miller et al., 2007). However, even with the advances
in next generation sequencing technologies, sequencing and assembling multiple plant genomes is
still beyond the resources of a typical lab. If the flanking genomic sequences of interest can be
captured specifically in multiple species, identification of CREs need not require complete genome
assemblies. To select and enrich the flanking genomic sequences surrounding MIRNA genes, we
could exploit the fact that conserved MIRNAs always have nearly identical sequences in the 20-24 nt
mature miRNA region in multiple plant species (Axtell and Bowman, 2008; Cuperus et al., 2011). A
methodology which captures long, unknown genomic DNA sequences flanking a short known core
sequence, the mature miRNA in this case, could be used to efficiently isolate the flanking DNA of
interest from species that lack a reference genome assembly.
The idea of enriching and sequencing specific genomic regions of interest has been widely
implemented. Earlier strategies for targeted genomic enrichment include polymerase chain reaction
(PCR) (Barnes, 1994), molecular inversion probes (MIPs) (Porreca et al., 2007; Krishnakumar et al.,
2008) and microarray capture (Albert et al., 2007; Okou et al., 2007; Hodges et al., 2007; D’Ascenzo
et al., 2009; Fu et al., 2010). However, PCR requires the knowledge of two primer sequences flanking
the region of interest, thus it is impossible to obtain unknown sequences flanking a single known core
sequence. PCR also tends to lack robustness for sequences longer than 10kb (Mamanova et al.,
2010). MIPs uses a single-stranded oligonucleotide consisting of a common linker flanked by targetspecific sequences to anneal to the target DNA, followed by “gap-filling” between the target-specific
sequences with a DNA polymerase, and finally amplifies by PCR with primers directed at the common
linker (Porreca et al., 2007; Krishnakumar et al., 2008). MIPs also require two known sequences, and
the capture uniformity is relatively poor (Mamanova et al., 2010; Teer et al., 2010). Microarray hybrid
capture, using probes against sequences of interest (Albert et al., 2007; Okou et al., 2007; Hodges et

al., 2007; D’Ascenzo et al., 2009; Fu et al., 2010), is inefficient for capturing extremely long sequences
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flanking a short known sequence (Hodges et al., 2007), and requires a vast excess of samples over
probes, which is laborious to obtain. To overcome many of the above shortcomings, solution-based
target enrichment methods have been developed, which apply similar principles as microarray-based
capture using specific probes designed to the targeted regions of interest. Solution-based target
enrichment uses an excess of probes over genomic DNA, which drives the hybridization further to
completion with a smaller amount of genomic DNA than microarray-based capture (Mamanova et al.,
2010). Also, solution-based capture can be performed in micro-centrifuge tubes or 96-well plates,
which is easily scalable compared to microarray capture. To date, the major application of solutionbased capture is exon targeting followed by SNP finding (Gnirke et al., 2009; Bamshad et al., 2011).
However, the current application of solution-based capture uses long RNA probes of several hundred
bases in length to cover the full lengths of exons, and the design of the probes requires a fully
sequenced reference genome, or at least the exon sequences of interest.
We developed a novel solution-based targeted enrichment methodology to rapidly capture,
enrich and sequence a large, unknown genomic region flanking a small known target of interest. In
this study, we tested the strategy with a 21 nt probe against the miR166 mature sequence in
Arabidopsis thaliana, and found that this methodology was highly specific and sensitive to enrich
regions flanking the targeted loci. de novo assembly of the reads sequenced from the enriched
sample successfully assembled all targeted loci into long contigs. We propose that the successful
development of this method may enable us to easily obtain flanking genomic DNA surrounding short
conserved regions (like mature miRNAs) in multiple plant taxa that lack complete genome assemblies,
and in turn accelerate discovery of CREs surrounding such loci.

4.3 Methods
4.3.1 Targeted genomic enrichment experiment in Arabidopsis
Genomic DNA was extracted from wild-type Arabidopsis thaliana Col-0 leaves using Nucleon
PhytoPure Genomic DNA Extraction Kits (GE Healthcare). 100 ug genomic DNA (100 ul @ 1 ug/ 1ul),
300 ul Hybridization Buffer P5 (Invitrogen) and 1 pmole LNA-biotinylated capture probe (1 ul @ 1uM)
were placed in a 1.7 ml centrifuge tube and boiled for 5 minutes to denature the genomic DNA. The
mix was placed in 45C for 30 minutes for hybridization. 20 ul streptavidin beads from the RiboMinus
Plant Kit (Invitrogen) were prepared per the manufacturer's protocol. After 30 minutes of hybridization,
the hybridization mix was added to the beads and incubated at 45C for 15 minutes with occasional
(every 2-3 minutes) gentle mixing by inversion. Beads were captured with a magnetic stand and were
washed 3 times each for 2 minutes with 500 ul 0.1X SSC incubated at 45C. Captured DNA was eluted
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for one minute with 500 ul nanopure water at 90C twice. DNA was mixed with 1/10 volume 3M sodium
acetate pH 5.2, 20 ug glycogen (1 ul @ 20 ug/ul) and 3 volumes of 95% ethanol, vortexed for 30
seconds, and then placed at -20C overnight for ethanol precipitation. DNA was centrifuged at
maximum speed at 4C for 20 minutes to spin down pellets. Pellets were washed by 75% ethanol and
centrifuged at maximum speed at 4C for 5 minutes and air dried at 4C. DNA was then resuspended in
a minimal volume (4-8 ul) of nanopure water. DNA was linearly amplified with the illustra GenomiPhi
V2 DNA Amplification Kit (GE Healthcare) per the manufacturer's protocol, with the only modification
that the incubation time was increased from 1.5 hours to 2 hours.
4.3.2 Quantitative real-time PCR and data analysis
Real-time PCR was performed using a QuantiTect SYBR Green PCR kit (Qiagen) on a
StepOne Real-Time PCR System (Applied Biosystems). Primers were designed to amplify regions
with varying distances from one of the targeted loci, MIR166a. Actin1 was used as a control, as Actin1
is far from any of the targeted loci, therefore should not be enriched. For each primer set, two samples
of captured and then linear-amplified DNA (captured DNA for short), as well as two samples of the
diluted original genomic DNA were loaded. At the same time, serial dilution of the extracted genomic
DNA was used. The method to calculate the normalized fold of enrichment is as follows. First, Ct
values from the serial dilution experiments were used to calculate the linear relationship between Ct
and log(Dilution) as Ct = A*log(Dilution) + b. Second, average Cts were taken for captured DNA and
genomic DNA samples respectively, and the “pseudo dilution” values were calculated from the
average Cts, A and b. Dividing the “pseudo dilution” value of the captured DNA by that of the genomic
DNA resulted in the relative concentration of the specific targeted region in the captured DNA sample.
Finally, the relative concentration of the targeted region was normalized by that of Actin1 to calculate
the normalized fold of enrichment.
4.3.3 Paired-end sequencing and reference-based mapping and analysis
An Arabidopsis sample prepared with the targeted genomic enrichment methodology was
fragmented into ~ 400 bp and paired-end sequenced on an Illumina GAIIx sequencer. Paired-end
reads were mapped to the Arabidopsis thaliana reference genome (TAIR10) using Bowtie 0.12.7
(Langmead et al., 2009) with parameters “-v2 -X500”. Non-uniquely mapped reads (12.93% of all
mapped reads) were identified and one mapped location was randomly kept. Mapped reads were
assigned to 1kb-sized bins of the nuclear genome based on the midpoint of the mapping positions.
Reads mapping to the chloroplast or mitochondria were discarded for the following analysis. Read
coverage for each bin was defined simply as the number of reads assigned to that bin. Normalized
coverage for each bin was simply the read coverage of that bin divided by the nuclear genome
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average of the read coverage per bin. Enrichment is implied when the normalized coverage is above
1. Threshold of normalized coverage by which a bin was considered “enriched” was determined by
performance analysis, and a normalized coverage of 10 was chosen by balancing sensitivity and
specificity. Enriched bins were merged if within 10 bins apart and extended 10 bins to each side to
define the surrounding regions of enriched bins. The Pearson correlation coefficient r was calculated
to examine the linear dependence between |x| and log(y) where x is the distance to the most highly
enriched bin in the 21 kb region centered on that bin and y is the normalized coverage. To assess the
tolerance of mismatches between the probe and potential targets, the reference genome was scanned
to identify sequences with different mismatch patterns. Then the normalized coverage of the bin where
the sequence fell into was used to evaluate the effect mismatches had on enrichment, assuming the
sequence was responsible for the enrichment.
4.3.4 de novo assembly of the paired-end reads and assembly quality evaluation
Random samples from all the paired-end sequenced reads were generated by accepting each
pair of reads at a given probability. For example, to generate 1% of the total reads, the acceptance
probability is 0.01. Sampled reads were then de novo assembled with the Velvet assembler (Zerbino
and Birney, 2008). Parameters used for velveth were “31 -shortPaired -fastq” and parameters for
velvetg were “exp_cov 20 ins_length 400 ins_length_sd 100”. However, we observed that changing
“exp_cov” to “40” did not affect the assembly result. Assembled contigs were searched for
complementary sequences to miR166 with BLASTn. All contigs harboring a miR166 matching
sequence, together with all contigs long than 1000 bp, were BLASTed against the reference genome
to identify the origin. Assembly quality of contigs from targeted loci were evaluated by first generating
global alignment between the contig and corresponding sequence in the reference genome using
EMBOSS needle (Rice et al., 2000) and then counting the number of mismatches, short gaps (defined
as indels <= 5 bp long) and long gaps (defined as indels > 5 bp long).

4.4 Results
4.4.1 Enrichment of an ~20 kb region flanking Arabidopsis MIR166a
The enrichment methodology is outlined as follows (Figure 4.1A): Genomic DNA is hybridized
with a biotinylated locked nucleic acid (LNA)-modified capture probe. Targeted genomic fragments
paired with the probe are retained by binding to paramagnetic, streptavidin coated-beads while
unbound fragments are washed away. Then the targeted fragments are eluted in hot water, subject to
linear amplification by the DNA polymerase Φ29 and subsequently fragmented, sequenced and
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assembled.
A pilot enrichment experiment was performed with Arabidopsis genomic DNA and a 21 nt,
biotinylated LNA capture probe complementary to the mature miR166 DNA sequence. The relative fold
of enrichment of the targeted loci compared to a control region was determined with quantitative realtime PCR (qPCR) performed on the enriched and Φ29-amplified DNA. The pilot experiment
successfully yielded enrichment in a region of ~20 kb flanking the MIR166a locus, with a peak
enrichment above 1,000-fold (Figure 4.1B).
To optimize the enrichment protocol to increase final DNA yield, input genomic DNA
concentrations, washing conditions, and linear amplification times were varied, and relative fold of
enrichment at MIR166a was determined by qPCR. The optimized protocol is described in Methods.
We find that elongating ϕ29 amplification time to 2 hours or more increases the final quantity of DNA
without affecting enrichment (Supplementary Figure 4.S1) and increasing the input amount of genomic
DNA in the hybridization step of the targeted genomic enrichment by two-fold increases the final yield
of enriched DNA product by four-fold (Figure 4.1D) without lowering enrichment (Figure 4.1C), while
using an even larger amount of the input DNA does not further increase the total DNA yield (Figure
4.1D). Overall, with 100 ug genomic DNA input in the targeted enrichment followed by 2-hour ϕ29
amplification results in over 10 ug enriched DNA, enough for a high-throughput sequencing run which
typically requires ~1 ug DNA.
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Figure 4.1 Pilot targeted enrichment experiment in Arabidopsis shows enrichment near a targeted
locus. (A) Schematic overview of targeted genome enrichment method. b: Biotin, SA: Streptavidin. (B)
Quantitative real-time PCR (qPCR) of enriched DNA with designed primers surrounding the MIR166a
locus. Normalized fold change relative to Act1 (as a control) after enrichment is shown. Shaded box
indicates the region with a normalized fold change above 1. (C) Amount of input genomic DNA (gDNA)
does not affect the fold of the enrichment. Normalized fold change relative to Act1 after enrichment is
shown with varying amount of gDNA. (D) Amount of gDNA affects the yield of the enrichment. Yield
after enrichment is shown, as is measured by Qubit® Fluorometer.
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4.4.2 Successful enrichment at all MIR166 and MIR165 loci
An Arabidopsis genomic DNA sample prepared with the optimized targeted enrichment
protocol was fragmented into ~ 400 bp and sequenced on one lane of an Illumina GAIIx sequencer.
The goal of sequencing the enriched sample was two fold: first, the sequencing reads were mapped
back to the reference genome to evaluate the performance of the targeted enrichment methodology;
second, the reads were de novo assembled with the Velvet assembly software (Zerbino and Birney,
2008) and parameters of the assembler tuned to optimize assembly quality.
We obtained ~25 million pairs of 76-nucleotide (nt) paired-end reads, of which ~18 were
mapped to the Arabidopsis genome (Table 4.1). 65.1% of the mapped reads mapped to the nuclear
genome, 32.4% to the plastid genome and 2.5% to the mitochondrial genome.
Mapped reads were then tallied into 1kb-sized bins and read coverage of each bin was
calculated. The average read coverage per bin for the nuclear genome is 98 reads, while the average
coverage per bin is 36,433 for chloroplast and 748 for mitochondria. The deep coverage of the
organellar genomes is expected based on their high copy numbers relative to the nuclear genome and
their small sizes. To achieve the first goal of evaluating the enrichment methodology, bins from
organellar genomes were discarded, keeping only bins in the nuclear genome. Coverage of each bin
was normalized to the nuclear genome average (termed normalized coverage). Intuitively, enrichment
is implied when the normalized coverage is above 1. There are seven MIR166 loci with perfect
matches to the probe, and two MIR165 loci with a single mismatch to the probe (miR165 and miR166
are highly similar miRNA families; Figure 4.2A). Enrichment was observed in a ~10 kb region flanking
all targeted loci (Figure 4.2B). A peak enrichment of 100-fold or more was evident for the seven
MIR166 loci in the genome with full complementarity to the capture probe, while a slightly lower peak
of enrichment was evident for both MIR165 loci in the genome which have one mismatch to the probe
(Figure 4.2A-B). As a control, three MIR164 loci which have no complementarity to the probe were
analyzed and indeed showed no evidence of enrichment (Figure 4.2C-D).
In order to estimate the size of the enriched regions, Student's t tests are performed to test the
hypothesis that the mean normalized coverage of bins with increasing distances from one target site is
not different from 1. Normalized coverages of bins that are within 9 kb from any one of the target sites
are different from 1 with statistical significance (p < 0.05), indicating that the size of the enriched
regions is about 19 kb on average (totaling 135 kb for the eight targeted loci, MIR166c and MIR166d
considered as a single locus as they are just two bins apart). Bins that are within 5 kb of the targets
have an mean normalized coverage different from 1 with p < 0.01, corresponding to a size of 11 kb
significantly enriched regions (totaling 79 bins for 8 targeted loci; Figure 4.2E).
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Table 4.1 Genome mapping result of sequencing reads.
Genome

Number of mapped
reads

Percentage out of all
mapped reads

Percentage out of all reads
(total: 24,859,558)

All

17,548,544

100

70.59

Nuclear genome

11,426,625

65.11

45.97

Plastid genome

5,676,213

32.35

22.83

2.54

1.79

Mitochondrial genome 445,706
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Figure 4.2 Enrichment in a 10 kb region flanking the targeted MIRNA loci. (A) Sequence alignments
between capture probe and miR166/miR165 respectively. b: Biotin. (B) Normalized coverage at each
1kb-sized bin flanking the indicated MIRNA loci. Red horizontal line indicates the genome average of
the normalized coverage, which equals 1. (C) As in (A) for miR164, which is not targeted by the probe.
(D) As in (B) for miR164, which is not targeted by the probe. (E) Regions of +/- 9 kb flanking the target
sites are enriched. Box plot shows fold of enrichment of bins with increasing distance to the target
sites. This is a tallied view of the nine individual targeted loci shown in (B). Dark shade denotes p <
0.01 with Student's t test against a normalized coverage of 1. Light shade denotes p < 0.05.
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4.4.3 Enrichment is both sensitive and specific
Next, the enrichment pattern was assessed across the genome, focusing on all “enriched”
regions regardless of whether or not they were MIR166 or MIR165 loci. In order to determine the
threshold of normalized coverage above which a bin is defined as “enriched”, the sensitivity and
specificity of the enriched bins at different thresholds were evaluated. The 79 bins within 5 kb away
from any target sites are assumed as positives. All other bins (totaling 119,070 bins) in the nuclear
genome are considered negatives. Thus, a true positive is defined as a bin above the threshold of
normalized coverage and within 5 kb from any target sites, while a false positive is a bin above the
threshold but outside the +/- 5 kb window. A true negative is a bin below the threshold and are outside
the +/- 5kb region, while a false negative is a bin within the +/- 5 kb region but below the threshold. By
decreasing the threshold of normalized coverage of each bin, sensitivity is increased while specificity
is decreased as expected (Table 4.2, Figure 4.3). The same analysis was performed with the 135
within-9kb bins as true positives as well (Table 4.2, Figure 4.3). Sensitivity of the latter is not as high
as the former at each threshold of normalized coverage, which is partly because the set of within-9kb
bins is less stringent (although the mean enrichment of all these bins is statistically significant, many
bins in this set are in fact not enriched). We chose a normalized coverage of ten as the threshold of
enrichment for further analysis, which maintained both sensitivity and specificity at relatively high
levels. It is worth noting that at the chosen threshold, the false discovery rate is quite high (153/221),
however, false positives (i.e. enriched regions not close to the targeted loci) are not a major concern
for downstream analysis, because false positives, when later assembled into contigs, will lack the
sequence targeted by the probe (i.e. mature miR165/166), as is shown later in Figure 4.6.
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Table 4.2 Performance analysis of varying threshold of normalized coverage to determine enriched
regions.
Within 5kb from target site as true positives
Threshold
(normalized
coverage)

True positive False
(TP)
negative
(FN)

False
True
positive (FP) negative
(TN)

Sensitivity
(TP/
(TP+FN))

Specificity
(TN/
(TN+FP))

100

22

57

7

119,063

0.2785

0.9999

50

36

43

17

119,053

0.4557

0.9999

20

56

23

61

119,009

0.7089

0.9995

10*

68

11

153

118,917

0.8608

0.9987

5

72

7

636

118,434

0.9114

0.9947

2

76

3

8,104

110,966

0.9620

0.9319

1

78

1

37,556

81,514

0.9873

0.6846

0.5

79

0

83,131

35,939

1.0000

0.3018

112,713

6,357

1.0000

0.0534

0.2
79
0
* Threshold chosen for further analysis.
Within 9kb from target site as true positives
Threshold
(normalized
coverage)

True positive False
(TP)
negative
(FN)

False
True
positive (FP) negative
(TN)

Sensitivity
(TP/
(TP+FN))

Specificity
(TN/
(TN+FP))

100

22

113

7

119,007

0.1630

0.9999

50

36

99

17

118,997

0.2667

0.9999

20

59

76

58

118,956

0.4370

0.9995

10*

76

59

145

118,869

0.5630

0.9988

5

89

46

619

118,395

0.6593

0.9948

2

107

28

8,073

110,941

0.7926

0.9322

1

124

11

37,510

81,504

0.9185

0.6848

1

132

3

83,078

35,936

0.9778

0.3019

112,657

6,357

1.0000

0.0534

0
135
0
* Threshold chosen for further analysis.
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Figure 4.3 Performance analysis to determine enriched regions. Receiver operating characteristic
(ROC) curves are shown with varying thresholds of normalized fold change, using within-9kb or within5kb bins from target sites, respectively, as positives.
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4.4.4 Targeted regions can be discriminated from sporadically enriched loci
In order to examine the pattern of enriched genomic regions, bins with a normalized coverage
above 10 were merged if within 10 kb apart, and extended 10 kb on each side to examine the
genomic landscape surrounding the enriched regions. After merging and extending, a total of 64 highly
enriched regions were generated (Supplementary Figure 4.S2), including all eight MIR165/166 loci
(MIR166c and MIR166d are closely linked on chromosome five, and as such are merged into a single
locus in this analysis). When observing the landscape of adjacent bins centered on a highly enriched
bin, MIR165/166 flanking regions all exhibit a bell shape, reflecting lower enrichment further away
from the probe binding site (Figure 4.4A-B, Supplementary Figure 4.S2, shaded panels), while other
enriched regions generally show only one or two highly enriched bins flanked by regions with a
coverage close to the background level, likely due to random amplification during sequencing or
unannotated copy number variation relative to the reference genome assembly (Figure 4.4C,
Supplementary Figure 4.S2, unshaded panels). In order to distinguish targeted regions from nontargeted regions based on the enrichment pattern in the surrounding regions of highly enriched bins,
the Pearson correlation coefficient r was calculated to examine the linear dependence between |x| and
log(y) where x is the distance to the most highly enriched bin in the 21 kb region centered on that bin
and y is the normalized coverage (Figure 4.4E, Supplementary Table 4.S1). The hypothesis is that if
the region is centered on a real target site, enrichment should decrease exponentially as it moves
further away from the target site. On the other hand, if the region is not targeted, no such correlation
should be observed. To test this hypothesis, sensitivity and specificity was assessed with varying
thresholds of r as the classifier of targeted and non-targeted regions (Figure 4.4F). As expected,
sensitivity increases while specificity decreases as the threshold of r increases (i.e. becomes less
negative, indicating a weaker linear relationship). We chose r < -0.9 as the threshold to distinguish
non-targeted from targeted regions. With this threshold, seven out of the eight enriched regions
flanking MIR165/166 loci are recovered (Figure 4.4E-F, Supplementary Figure 4.S2), the only
exception being MIR166e locus (Figure 4.4B), possibly due to the secondary non-specific peak near
the targeted locus confounding the linear dependence pattern. All other regions have r > -0.90 (a
typical example is shown in Figure 4C) except one: enriched locus 6 with genome coordinates chr1:
10314k-10344k (Figure 4.4D, Supplementary Table 4.S1). Overall, a Pearson correlation test with
threshold of r < -0.90 results in a sensitivity of 7/8 and specificity of 55/56, which is a sensitive and
specific classifier of targeted and non-targeted loci. The above analysis demonstrates that the targeted
enrichment methodology is highly specific to enrich a relatively long region flanking the targeted loci.
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Figure 4.4 Targeted regions have a distinctive enrichment pattern. (A-D) Each panel shows the
normalized coverage at each 1kb-sized bin centered on a highly enriched bin. Pearson correlation r of
|x| and log(y) is shown, where x is the distance to the most highly enriched bin in the region and y is
the normalized coverage. Red line indicates the genome average of the normalized coverage, which
equals 1. See Supplementary Figure 4.S2 for full details. (A) A typical region surrounding a
MIR165/166 targeted locus (MIR166b). (B) Region surrounding MIR166e targeted locus. (C) A typical
region surrounding a non-targeted locus. (D) Region surrounding enriched locus 6, which is not a
MIR166 or MIR165 locus. (E) Cumulative distribution of the Pearson correlation r for all 64 highly
enriched regions. Blue dots indicate targeted MIR165/166 loci. (F) Performance analysis to determine
the optimized threshold of r to classify targeted and non-targeted regions. ROC curve is shown with
varying threshold of r. Star-shaped dot indicates the chosen threshold of r = -0.9.
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4.4.5 Enrichment requires a high amount of probe complementarity
We next analyzed how mismatches between potential targets and the probe affect enrichment.
As slight sequence variation exists even for deeply conserved plant miRNAs, it is important to know
how much sequence variation in the targeted sites can be tolerated. Therefore, normalized coverage
at genomic loci with zero to five mismatches to the capture probe was examined, disallowing
insertions or deletions (indels). All the loci with zero or one mismatches are MIR165 or MIR166 loci,
and Student's t test revealed that the mean normalized coverage of loci with perfect complementarity
and with one mismatch were both significantly different from the null hypothesis of 1 with p-values <
0.01 and < 0.05, respectively (Figure 4.5A). No locus in the genome had exactly two mismatches to
our probe. Genomic loci with three, four or five mismatches to the probe showed no enrichment, as
the normalized coverage was not statistically different from the genome average. None of the 56 falsepositive enriched loci (Supplementary Figure 4.S2) had potential probe complementarity sites with
between zero and four mismatches, emphasizing that the reasons for sporadically enriched loci are
likely not due to probe hybridization. This demonstrates that our strategy is generally specific to loci
with zero, one, and perhaps two mismatches to the probe.
We next examined in closer detail enriched locus 6, which was the sole enriched locus that
showed a robust bell curve of enrichment despite not being a MIR166 or MIR165 locus (Figure 4.4D).
Enriched locus 6 resides in the intergenic region between AT1G29540.1 (unknown protein) and
AT1G29550.1 (eukaryotic initiation factor 4E protein). This enriched locus has no sequence similarity
to the MIR165/166 flanking regions (+/- 5kb), nor does it exhibit similarity to rRNA sequences, thus
ruling out simple explanations for its enrichment. We did identify a rather poor complementary site with
a 5' A-A mismatch, and a central 2 nt bulge (Figure 4.5B). However, this is unlikely to be responsible
for the enrichment of locus 6: Out of the six genomic loci which had 1 or 2 mismatches and 1 or 2
indels to the probe, enriched locus 6 was the only one with significant enrichment (Figure 4.5A). Our
de novo sequencing confirmed the sequence at this site was identical to the reference genome, ruling
out the possibility of an un-annotated indel that created a perfect probe complementarity site. We
currently do not understand the reason why this locus was enriched. However, it is the single
exception to the general rule that robust enrichment requires high complementarity to the probe.

84

Figure 4.5 Enrichment is highly specific for loci with zero or one mismatch. (A) Box plot shows
normalized coverage of loci with different mismatches to the probe. Last box shows genomic loci
which are similar to locus 6, with 1 or 2 mismatches and 1 or 2 insertions and deletions in the
alignment to the probe. Dark shade denotes p < 0.01 with Student's t test against a normalized
coverage of 1. Light shade denotes p < 0.05. (B) Sequence alignment between capture probe and
enriched locus 6.
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4.4.6 de novo assembly accurately recovers genomic sequences flanking targeted loci
Reads were de novo assembled with the Velvet assembler (Zerbino and Birney, 2008), in order
to test the feasibility to recover flanking sequences of the targeted loci in the absense of a reference
sequence. Assembly proceeded using 1% of the total paired-end reads, which were randomly
selected. All contigs greater than 1 kb in length and having sequence complementary to the capture
probe (identified by BLASTn against the miR166 sequence) were indeed MIR165/166 flanking regions
(identified by BLASTn against the genome) (Figure 4.6). Seven out of the eight MIR165/166 loci are
recovered in the assembled contigs, missing only MIR166c/MIR166d. This is likely due to the fact that
MIR166c/d locus has the highest enrichment among all targeted loci, resulted from an additive effect
of two target sites (Supplementary Figure 4.S2, 4th panel). We hypothesized that different coverage
may affect the the assembly result. Therefore we varied the number of reads fed into Velvet from
0.25% to 4% of the total reads (approximately 62k to 994k reads), resulting in a coverage per nt
ranging from 5 to 80 at the assembled contigs, as was estimated by Velvet (Table 4.3). Indeed, the
number of MIR165/166 loci recovered in the assembled contigs changes with varying read coverage.
Specifically, at the lower extreme of 5 reads per nt, the two MIR165 loci, whose enrichment level were
the lowest among all targets due to one mismatch to the capture probe, are missing in the assembled
contigs. At the upper extreme of 80 reads per nt, none of the targeted loci are recovered, likely
because at such a high coverage, the enriched loci were treated as repetitive regions by Velvet
(Martin and Wang, 2011). At the intermediate coverage levels, for example, 10 reads per nt, all targets
but MIR165b (lowest enrichment, Supplementary Figure 4.S2, 2nd panel) are recovered (Table 4.4). At
20 reads per nt, all but MIR166c/d (hightest enrichment, Supplementary Figure 4.S2, 4th panel) are
recovered (Table 4.4). Therefore, by combining the assembly result at both coverage levels, all
targeted regions can be assembled. Overall, Velvet is sensitive to the local read coverage near the
targeted loci. However, by tuning the read coverage to the range of 10-20, we can assemble all the
targeted loci.
Next, we evaluated the quality of the contigs matching the MIR165/166 loci assembled from
1% and 0.5% of the total reads respectively. Size of the contigs ranges from 1639 bp to 11652 bp, with
a median of 5499 bp (Table 4.4). Undetermined nucleotide Ns in the contigs (originated from Ns in the
reads) account for about one third of the total differences between the contigs and the referene
genome (Table 4.4). After removing all alignment positions with an N in the contigs, the percentage of
mismatches to the reference genome is low, ranging from 0% to 1.56%, with a median of 0.17%. The
percentage of gaps (single or multiple indels) is relatively high, ranging from 5.17% to 21.65%, with a
median of 12.45%. However, most of the differences are caused by gaps larger than 5 nt (Table 4.4).
The presence of large gaps in the assembly should not significantly affect the downstream analysis, if
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we apply this methodology to sample multiple plant genomes in order to study conserved CREs of
MIRNAs. Since CREs are generally short (Lescot et al., 2002), large gaps will only appear as missing
information, rather than errors and noise that confound short motif identification.
Taken together, we demonstrated in Arabidopsis the feasibility to specifically and sensitively
enrich targeted regions with the proposed solution-based targeted genomic enrichment methodology
and de novo assemble large genomic sequences flanking the target sites with relatively low error
rates.
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Figure 4.6 de novo assembly of enriched MIR166 and MIR165 loci. Coverage and length of contigs
longer than 1 kb assembled by Velvet, using 1% of the paired-end data, are shown. Brown dots:
Contigs hosting a sequence targeted by the capture probe. Blue dots: Other contigs with no
complementarity to the capture probe.
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Table 4.3 Velvet assembly result is sensitive to read coverage.
Percentage of
Number of
total reads used reads
in assembly

Coverage per nt Number of MIRNA
containing contigs
(length > 1000 bp)

MIRNAs recovered

4.0%

993,695

80

0

None

2.0%

497,844

40

2

MIR166f and MIR165b

1.0%*

248,489

20

7

All but MIR166c/d

0.5%*

124,550

10

8**

All but MIR165b

0.25%*
62,474
5
6
All but MIR165a, MIR165b
* At these levels of read coverage, three independent read sampling and assembly experiments were
performed. All results were consistent.
** MIR166c and MIR166d were assembled into separate contigs, despite their ~ 2kb distance. See
Table 4.4 for details.
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Table 4.4 Quality of assembled MIR165/166 contigs.
Matching Contig # mis% mis- # nt % nt % nt in # mis% mislocus
length matches matches in
in
gaps > matches matches
*
*
gaps* gaps 5 nt** due to N due to N
*

# nt in
gaps
due to
N

% nt in Assembled
gaps
from % of
due to total reads
N

MIR166a 11,652 22

0

1,636 14

98

27

0

1,248

11

1

MIR166b 5,394

1

0

284

5

100

0

0

84

2

1

MIR166e 4,758

74

2

762

16

88

2

0

378

8

1

MIR166f

6,355

0

0

770

12

100

0

0

569

9

1

MIR166g 7,442

7

0

385

5

98

0

0

167

2

1

MIR165a 5,456

17

0

621

11

98

10

0

413

8

1

MIR165b 1,639

6

0

204

12

97

0

0

0

0

1

MIR166a 5,499

57

1

733

13

93

5

0

311

6

0.5

MIR166b 7,398

16

0

430

6

97

11

0

170

2

0.5

MIR166c

3,007

5

0

592

20

99

6

0

342

11

0.5

MIR166d 6,861

7

0

570

8

97

2

0

351

5

0.5

MIR166e 7,225

12

0

1,328 18

99

1

0

739

10

0.5

MIR166f

1,889

1

0

312

17

100

0

0

112

6

0.5

MIR166g 6,096

7

0

1,320 22

100

0

0

604

10

0.5

MIR165a 4,925

6

0

491

98

2

0

279

6

0.5

10

* These calculations exclude alignment positions where the nucleotide of the contig is N.
** Percentage of nucleotides in gaps > 5nt out of all nucleotides in gaps.
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4.4.7 Trial enrichment experiments in Zea mays were unsuccessful
Given the success of the targeted enrichment method in Arabidopsis, we would like to
investigate its potential application to large, complex genomes. The targeted enrichment experiment
with the protocol optimized in Arabidopsis was performed to enrich MIR165/166 loci in Zea mays
(maize), whose genome is highly repetitive and 20 times the size of Arabidopsis genome. However,
we failed to observe any significant enrichment in any of the targeted loci compared to control regions.
Experimental conditions have been explored again to try to accommodate the difficulty of enrichment
in a large, complex genome, including increasing hybridization temperature, increasing the amount of
input gDNA, varying the probe-to-gDNA ratio, and applying a second round of enrichment.
Unfortunately, none of the above attempts succeeded in enriching the targeted regions. An enrichment
experiment performed with both Arabidopsis and maize in parallel rules out technical errors as the
reason for the failure in maize, since over ~1000 fold of enrichment is observed for an Arabidopsis
MIR166 locus, while enrichment is barely seen for two maize MIR166 loci (Table 4.5). Therefore,
further optimization of the enrichment procedure will be required to extend this methodology into
species with more complex and/or unknown genomes.
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Table 4.5 Quantitative real-time PCR results from an enrichment experiment in both Arabidopsis (Ath)
and maize (Zma). Ath Act1, Zma Actin and Zma GAPDH serve as controls.
Distance to
nearest
targeted locus

Median fold of
PCR-amplified region
PCR-amplified
enrichment relative
in Ath
region in Zma
to Ath Act1

Median fold of
enrichment relative
to Zma GAPDH

~1k

MIR166a Close

7466.3

MIR166c Close

18.9

~4k

MIR166a Far

1976.9

MIR166c Far

11.1

~1k

/

/

MIR166m Close

1.7

> 200k

Act1

1

Actin

2.3

> 200k

/

/

GAPDH

1
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4.5 Discussion
4.5.1 A novel solution-based targeted genomic enrichment method successfully enriched large
regions flanking targeted loci in Arabidopsis
We have shown the potential application of a novel solution-based targeted genomic
enrichment method to enrich large flanking regions surrounding a known core sequence. Pilot
experiments in Arabidopsis demonstrate the high specificity and sensitivity of this method to enrich
sequences of interest. Successful de novo assembly of the sequencing reads into contigs covering the
targeted loci indicated the feasibility to assemble the enriched regions in species with unknown
genomes. This targeted genomic enrichment methodology is novel in several ways: First, it is the only
existing enrichment method that relies solely on the knowledge of a short conserved core sequence.
This method is especially suitable to study CREs of plant MIRNAs, because for deeply conserved loci,
the ~ 21 nt mature miRNA sequences are almost identical in multiple plant species (Axtell and
Bowman, 2008; Cuperus et al., 2011), while other regions of the primary transcripts are variable, and
CREs are generally unknown. Since the capture probe can only be as long as the conserved
sequence, i.e. 21 nt long in this project, a locked-nucleic acid (LNA)-modified probe is used to
increase the thermostability of the probe-DNA-hybrid. Second, it aims to capture and enrich large
genomic regions, evidently several kilobases long (Figure 4.1B, Figure 4.2E, Figure 4.6). In order to
achieve this goal, DNA extraction is performed with care to reduce physical shearing, and genomic
DNA is not fragmented before capture. Third, unlike most other enrichment methods which require a
reference genome for mapping and identification (Mamanova et al., 2010), this method aims to identify
unknown sequences flanking a known core, therefore de novo assembly is required. This requirement
poses new challenge to the downstream data analysis. Finally, this method is designed to be applied
to multiple species at the same time, in order to extract conservation information from multiple
sequence alignments of the enriched regions. Other targeted enrichment methods are generally
designed for a single genome (Mamanova et al., 2010; Bamshad et al., 2011).
4.5.2 Assembly does not require large numbers of reads
The de novo assembly results indicate that a small fraction of the reads generated from one
lane of an Illumina GAIIx system is sufficient to assemble all targeted regions (Table 4.3), on the order
of ~105 reads. This suggests that we could potentially bar-code a hundred samples in one sequencing
run, or even more on higher-throughput instruments. One caveat in using the Velvet assembler is that
its assembly result is sensitive to the read coverage (Table 4.3). We found that a coverage of 10-20
reads per nt at the targeted loci worked best. The coverage at the targeted loci can be roughly
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estimated even in an unknown genome as follows: 1. Count the number of reads x matching the target
sequence, e.g. miR166. 2. Normalize x by x*insert_size/(2*read_length). This is the number of reads
having the target sequence if the entire region has been sequenced. 3. Divide x by the number of
paralogous loci in the genome, resulting in y. This information may be available in miRBase (GriffithsJones et al., 2008). 4. We observe that with the distance increasing from 0kb to 10kb, the normalized
coverage reduced to approximately 1/100 (Figure 4.2B). Therefore we can estimate that if the
assembled contig size is 2kb, then the normalized coverage near the edge of the contig is y/10 = z. 5.
Adjust z to be in the range 10-20 by using a fraction of the total reads. For example, with the
Arabidopsis paired-end dataset, x = 26,338. After step 2, x = 69,311, y ~= 10,000, and z = 1,000. To
achieve 10 reads per nt, we need to sample 10/z = 1% of reads. This way we can have an educated
guess how many reads to start with for an assembly in an unknown genome.
Room for improvement exists in the assembly stage, including pre-assembly error correction
and using transcriptome assemblers. Pre-assembly error correction by detection and removing low
frequency k-mers have been shown to increase assembly quality (Martin and Wang, 2011; Salzberg et
al., 2012). Removing low complexity reads in the pre-processing may reduce the error caused by Ns
in the assembled contigs (Table 4.4). Transcriptome assemblers, which take account of the large
variations in sequencing depth, may be able to resolve the issue of Velvet favoring regions of a narrow
range of coverage (Martin and Wang, 2011). However, using transcriptome assemblers to assemble
genomic DNA may introduce unnecessary overheads, such as assembling regions of low coverage at
the cost of large memory requirements, computational cost to consider strand information and splicing
variants, which are not relevant for genomic DNA. Adapting transcriptome assemblers is not the aim of
this study, but is worth investigating in the follow-up experiments.
4.5.3 Methodological improvements are necessary for application in unknown genomes
Our attempt to enrich targeted regions in maize failed, despite varying multiple experimental
parameters. We think the failure is likely due to the highly repetitive nature of the maize genome. We
observed that ~2 kb away from the target sites, the probability of finding unique 20mers reduced
significantly. Therefore, it is possible that the targeted loci are indeed captured, but the repetitive
sequences flanking the the targeted loci hybridize with other repetitive sequences in the genome, and
are captured and enriched together with the targeted loci. In the worst scenario, this could
approaching the capture of the entire genome. One experiment to test this hypothesis is to shear the
DNA into ~ 2 kb fragments before performing the targeted enrichment experiment. Alternatively, the
failure of enrichment may be due to the fact that the maize genome is 20 times as large as
Arabidopsis genome, and 11 distinct MIR165/166 loci are present in Z. mays compared to eight in
Arabidopsis, so the potential targeted sites are diluted to one fifteenth in Z. mays, possibly rendering
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the capture infeasible. However, our effort of increasing the input genomic DNA concentration and
varying the probe-to-DNA ratio did not help. It is also possible that some intrinsic property of the maize
genome hinders the hybridization between the probe and the target. In any case, more efforts need to
be spent before a general protocol can be developed in order to enrich sequences of interests in
genomes with different size and complexity.
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Supplementary Figure 4.S1 ϕ29 amplification time does not significantly affect the normalized fold of
the enrichment. Quantitative real-time PCR (qPCR) shows that the normalized fold change relative to
Act1 after enrichment with different ϕ29 amplification time at different distances flanking a targeted
locus MIR166a.
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Supplementary Figure 4.S2 Normalized fold change in highly enriched regions and surrounding bins.
Each panel shows the normalized fold change at each 1kb-sized bin centered on a highly enriched
region. Genomic coordinates of the region and the Pearson correlation r are shown. Red line indicates
the genome average of the normalized coverage, which equals 1. Shaded panels are regions
surrounding the 8 MIR165/166 loci.
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Supplementary Table 4.S1 Pearson correlation coefficient r of |x|* and log(y)** of highly enriched
regions is a good classifier of targeted and non-targeted loci.
Locus number***
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Genome coordinates
3:22908-22939k
4:354-383k
5:17503-17532k
5:2824-2859k
5:25491-25521k
1:10314-10345k
2:19162-19194k
1:62-92k
5:23692-23715k
3:15099-15120k
2:14473-14494k
5:6659-6680k
3:22175-22200k
3:14185-14214k
4:16775-16797k
1:6808-6830k
1:11574-11597k
3:13527-13552k
5:16761-16794k
1:29535-29556k
1:18364-18387k
5:18750-18771k
4:9466-9487k
3:19782-19803k
5:6819-6840k
4:12123-12144k
2:10125-10146k
2:3290-3317k
1:25932-25955k
3:18365-18386k
4:9707-9729k
4:5258-5279k
1:1146-1167k
5:8691-8712k
1:22641-22662k
4:10443-10464k
5:3997-4018k
1:12606-12627k
4:6722-6744k
4:11920-11947k
5:2039-2060k
2:10661-10682k
1:17959-17980k
2:11003-11024k
5:14789-14810k

Pearson correlation r
-0.964
-0.955
-0.955
-0.950
-0.942
-0.930
-0.917
-0.913
-0.895
-0.890
-0.878
-0.876
-0.842
-0.791
-0.774
-0.744
-0.704
-0.699
-0.690
-0.689
-0.688
-0.653
-0.635
-0.619
-0.618
-0.597
-0.592
-0.589
-0.589
-0.585
-0.576
-0.563
-0.543
-0.533
-0.526
-0.525
-0.505
-0.465
-0.441
-0.410
-0.394
-0.363
-0.326
-0.325
-0.279

MIR165/166 loci
Y
Y
Y
Y
Y
N
Y
Y
N
N
N
N
N
N
N
N
N
N
Y
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
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46
2:3313-3345k
-0.262
N
47
3:20002-20024k
-0.255
N
48
2:3360-3388k
-0.254
N
49
2:3242-3291k
-0.252
N
50
5:20548-20569k
-0.215
N
51
2:9475-9496k
-0.184
N
52
2:3471-3515k
-0.169
N
53
3:660-681k
-0.166
N
54
3:7093-7115k
-0.164
N
55
2:19418-19439k
-0.162
N
56
1:19085-19106k
-0.105
N
57
1:2420-2441k
-0.086
N
58
5:4212-4233k
-0.017
N
59
2:2928-2949k
-0.001
N
60
2:3458-3479k
0.051
N
61
5:8123-8144k
0.103
N
62
2:3345-3366k
0.153
N
63
2:3416-3467k
0.200
N
64
2:0-20k
0.393
N
* x is the distance to the most highly enriched bin in the 21 kb region centered on that bin.
** y is the normalized coverage.
*** See Supplementary Figure 4.S2 for plots of all loci.
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Chapter 5
Summary and prospects
5.1 Summary
5.1.1 Transient plant MIRNA and siRNA loci
In Chapter 2, by comparative analysis of small RNAs in two closely related species
Arabidopsis thaliana and Arabidopsis lyrata, we find that less-conserved miRNAs have high rates of
sequence divergence, have few and divergent targets between species, and are processed
imprecisely in the other species. These findings suggest that young MIRNAs are evolutionarily
transient, and their formation seems to be a neutral process. These observations are in line with
multiple studies. First, nucleotide divergence patterns between A. thaliana and A. lyrata orthologous
MIRNA genes were muchi higher in the mature miRNA region for less-conserved miRNAs, consistent
with neutral evolution. Second, about half of A. thaliana targets of conserved miRNAs accumulate at
higher levels in miRNA biogenesis mutants (Ronemus et al., 2006), whereas putative targets of
nonconserved miRNAs are largely unaffected, indicating that most newly evolved miRNAs are not
integrated in regulatory circuits (Fahlgren et al., 2007). Indeed, we find that predicted and validated
targets are rare and highly species-specific for less-conserved miRNAs. Third, we find that
Arabidopsis-specific miRNAs are expressed at lower levels relative to more-conserved miRNAs and
their expression is often limited in one species. Recent data shows that the expression level bias is
also evident at the primary MIRNA transcript level (Laubinger et al., 2010). This could be explained
either by highly tissue-specific expression pattern, or by the lack of regulatory elements that deliver
robust expression. Young miRNAs also tend to be processed imprecisely, which further questions a
relevant regulatory role of young miRNAs.
We also observe that heterochromatic siRNA loci have a slight tendency to be retained
between species, but the most active A. lyrata heterochromatic siRNA hot spots are generally not
syntenic to the most active siRNA hot spots of A. thaliana. This indicates that despite the deep
conservation of the heterochromatic siRNA pathway (Cho et al., 2008), most heterochromatic siRNA
hot spots are rapidly changing and evolutionarily transient within the Arabidopsis genus, likely a
mechanism in response to the rapid changes in transposon positions. Admittedly, the identification
method of siRNA loci used in this study is quite crude. More studies and better siRNA annotation
techniques are needed to clarify this issue. For example, ShortStack, a recently-developed
comprehensive small RNA annotation software package, can integrate small RNA size distributions,
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repetitiveness, strandedness, hairpin-association, and phasing information to annotate and quantify
heterochromatic siRNA loci (Axtell, 2013b).

5.1.2 Resolving power of integrated sequencing data analysis
In Chapter 3, we surveyed three plant genomes to characterize specific small RNA population.
It is worth noting that in the three projects, we have increasing amount of information. In the first
Theobroma cacao project, the only available information is the draft genome. What we can do to
characterize small RNAs is thus limited to computational prediction of conserved MIRNAs. Without
small RNA-seq data, it remains uncertain whether these conserved MIRNAs are actually expressed in
T. cacao. In the second oil palm project, we have small RNA-seq data but not the reference genome.
This time, we are able to identify expressed conserved miRNA families, but without a reference
genome, it is impossible to determine whether these miRNAs are encoded by a single locus or
multiple paralogous loci. In the third Physcomitrella patens project, we have at our disposal data from
multiple small RNA-seq libraries in different genetic backgrounds, a draft genome assembly, as well as
degradome sequencing data. By integrating all this information, we identified a novel family of transacting siRNA (ta-siRNA) loci associated with miR156- and miR529-directed slicing, and elucidated a
regulatory cascade initiated by miRNA-directed cleavage of a TAS6 locus that produces ta-siRNAs,
one of which triggers slicing of a zinc-finger domain transcript.
Taken together, the three projects contrast each other to demonstrate the power of integrated
sequencing data analysis. This is consistent with the concept of value of information theory, which
shows that additional information has a non-negative value (Howard, 1966). Simply put, it means
something is better than nothing. Fortunately, with the advancement of sequencing technologies,
sequencing a small RNA library, or even a genome, will soon become a daily routine (Mardis, 2008a;
Branton et al., 2008; Simon et al., 2009; Lister et al., 2009).
5.1.3 Opportunities and challenges in the sequencing era
Next generation sequencing provides unprecedented opportunities for all biological and
medical researches (Mardis, 2008a; Simon et al., 2009; Lister et al., 2009), including but not limited to
small RNA researches. Sequencing technologies transform traditional research method into highthroughput, genome-wide and single-base resolution techniques. Notable examples are 5' RACEbased degradome sequencing (Addo-Quaye et al., 2008; German et al., 2008a), chromatinimmunoprecipitation-based ChIP-Seq (Bernstein et al., 2005; Johnson et al., 2007; Robertson et al.,
2007) and CLIP-Seq (Licatalosi et al., 2008; Chi et al., 2009), just to name a few. Novel experimental

101
methods enabled by cheap highly parallel sequencing are constantly emerging.
In Chapter 4, we developed a solution-based targeted genomic enrichment methodology to
capture, enrich, and sequence flanking genomic regions surrounding conserved MIRNA genes. This
method may enable the determination of flanking genomic DNA sequences surrounding a known core
from multiple species that lack complete genome assemblies, and in turn accelerate discovery of
CREs surrounding such loci.
Wide adoption of the next generation sequencing technologies presents new challenges
related to large-scale data manipulation, processing and analysis (Fahlgren et al., 2009; Schadt et al.,
2010). Standadized data analysis guidelines should be developed for well established method, as has
been done for RNA sequencing (RNAseq)
(http://encodeproject.org/ENCODE/protocols/dataStandards/ENCODE_RNAseq_Standards_V1.0.pdf)
and ChIP-seq (Landt et al., 2012). Also, limitation and biases of specific methodology needs to be
considered during experimental design and data analysis, such as ligation biases in small RNA-seq
experiments (Jayaprakash et al., 2011; Sorefan et al., 2012).

5.2 Prospects
5.2.1 Characterization of diverse small RNA population in plants
A decade has passed since the first description of endogenous small RNAs in plants (Reinhart
et al., 2002; Park et al., 2002; Llave et al., 2002). With the help of sequencing technologies, we now
understand that a diverse classes of small RNAs exist in plants. However, the current knowledge of
the small RNA population is largely gained from researches in a few model organisms. Studies in
other plants are limited by the availability of small RNA-seq data and/or whole genome assemblies
(see Chapter 3.2 and 3.3). In the next decade of plant small RNA researches, sequencing
technologies are likely to deepen our understanding of the diversity and complexity of small RNA
population in two ways:
First, studies of small RNAs in non-model plants will likely reveal novel types or functional
pathways of small RNAs. The recent discovery of miR482/miR2118-triggered secondary siRNA
biogenesis of disease-resistance genes of the NBS-LRR superfamily in tomato (Zhai et al., 2011;
Shivaprasad et al., 2012), tobacco and potato (Li et al., 2012b) is a good example. These studies
reveal a link between viral/bacterial infections and increases in NBS-LRR mRNA accumulation,
mediated by reduced miR482/miR2118 trigger and reduced production of secondary siRNAs.
Second, characterization of cell-type-specific small RNAs will uncover small RNAs whose
expression is restricted to discrete time or space. Recent studies of small RNAs in pollen, ovules and
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developing seeds point out the importance of this direction (Slotkin et al., 2009; Mosher et al., 2009;
Olmedo-Monfil et al., 2010).
5.2.2 Elucidation of small RNA biogenesis pathways
The biogenesis pathway of miRNAs has been extensively studied. However,
posttranscriptional control of MIRNAs conveyed by regulation of the miRNA biogenesis pathway is not
fully characterized in plants, whereas in animals the paradigm is well established (Newman and
Hammond, 2010). A few studies in plants point out the possibility that pri-miRNAs may be differentially
processed for exquisite spatio–temporal control. Maize mature miR166a are not detected in the tip of
the shoot apical meristem, despite the accumulation of the pri-miRNA, indicating that miR166
accumulation is partly controlled from intricate transcriptional regulation of its precursor loci (Nogueira
et al., 2009). A few A. thaliana pri-miRNAs accumulate in tissue-specific manner in wild-type, for
example, ath-MIR172b transcripts were present in inflorescence and absent in seedlings, but in dcl1
mutants they were detected in both tissues (Laubinger et al., 2010). It remains unclear the mechanism
and prevalence of such differential processing at the post-transcriptional level of MIRNAs.
Our understanding of the biogenesis pathway of heterochromatic siRNAs has advanced with
the identification of Pol V transcripts (Wierzbicki et al., 2009) and the recent characterization of
genome-wide Pol V occupancy in Arabidopsis (Zhong et al., 2012; Wierzbicki et al., 2012). However, a
number of questions remain to be answered. Not all Pol V-occupied sites correlate with asymmetric
DNA methylation and heterochromatic siRNA accumulation, indicating that Pol V occupancy is
independent of siRNA production. Thus, what controls Pol V occupancy? Does Pol V occupancy
correlate with transcription of the Pol V transcripts? How is Pol V transcription initiation regulated?
Elucidating the mechanisms of Pol IV and Pol V occupancy and initiation is an important goal for
future research.

5.2.3 Conservation and diversification of small RNA regulatory networks
miR156 and miR390 are two ancient plant miRNAs conserved between Arabidopsis and
Physcomitrella, and are involved in vegetative phase transitions in both species (Wu and Poethig,
2006; Axtell et al., 2006, 2007). In Chapter 3.3, we find in Physcomitrella that a new family of TAS loci
TAS6, which are associated with miR156-directed slicing, are in close proximity to miR390-targeted
TAS3 loci. Thus, it suggests that these PpTAS6/PpTAS3 pairs could share single common primary
transcripts, and that miR156- and miR390-mediated activities may be inter-related in Physcomitrella.
Indeed, a subsequent study confirmed that TAS6a and TAS3a share a single primary transcript (Cho
et al., 2012). It is interesting that in Arabidopsis, miR156 and miR390 regulate developmental
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transitions independently (Fahlgren et al., 2006; Wu and Poethig, 2006). However, in Physcomitrella,
they converge on the same pathway by targeting a single TAS precursor, which may regulate the
optimal timing of phase transition by ﬁne-tuning the levels of tasiRNAs and their targets. The miR390tasiRNA pathway is conserved in both species to repress vegetative developmental transitions, while
miR156 has opposite roles: it represses developmental transitions in Arabidopsis and promotes them
in Physcomitrella (Wu and Poethig, 2006; Cho et al., 2012). Future researches are needed to fully
elucidate the differences in the pathways regulating developmental transitions in different plant
lineages.
Most conserved plant MIRNAs are encoded by multiple paralogous loci, and are often
transcribed independently (Reinhart et al., 2002; Zhou et al., 2007). Thus, expression of paralogous
MIRNAs can be regulated differentially to convey a fine-tuned spatial, temporal, and developmental
control. In Arabidopsis, four MIR167 genes are expressed in distinct floral organ domains, driven by
their respective promoters (Wu et al., 2006). Computational analysis has identified an enrichment of
cis-regulatory elements involved in development, stress responses and hormonal control in a group of
conserved MIRNA loci (Megraw et al., 2006). However, it remains unclear whether cis-regulatory
elements of conserved MIRNAs are evolutionarily conserved. The targeted genomic enrichment
methodology we developed In Chapter 4 can potentially determine flanking genomic DNA sequences
surrounding a known core from multiple species, and discover conserved CREs surrounding such loci.
Orthologous MIRNA loci across species can be identified by the conservation of flanking genes,
therefore the distinctive regulation of each paralogous locus can be sorted out. Alternatively, with the
growing number of available plant genome assemblies (Goodstein et al., 2011), we will be able to
study conserved CREs of plant MIRNAs on various evolutionary scales using whole genome
sequences in the near future.
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Appendix
List of Supplemental Datasets
Supplemental Dataset 2.1 A. thaliana and A. lyrata MIRNA loci examined in this study.
Supplemental Dataset 2.2 Expression details of A. thaliana MIRNA loci which passed the Meyers et
al. (2008) criteria.
Supplemental Dataset 2.3 Expression details of A. lyrata MIRNA loci which passed the Meyers et al.
(2008) criteria.
Supplemental Dataset 2.4 Predicted targets of A. lyrata miRNAs.
Supplemental Dataset 2.5 Degradome information for A. thaliana sliced targets confidently identified
in both A. thaliana biological replicates; data from the AT-deg1 sample.
Supplemental Dataset 2.6 Degradome information for A. thaliana sliced targets confidently identified
in both A. thaliana biological replicates; data from the AT-deg2 sample.
Supplemental Dataset 2.7 Degradome information for A. lyrata sliced targets confidently identified in
both A. lyrata biological replicates; data from the AL-deg1 sample.
Supplemental Dataset 2.8 Degradome information for A. lyrata sliced targets confidently identified in
both A. lyrata biological replicates; data from the AL-deg2 sample.
Supplemental Dataset 3.1 Newly identified Theobroma cacao MIRNA loci, scaffold coordinates, and
the predicted secondary structure by Mfold with the corresponding miRNAs in lower case letters
Supplemental Dataset 3.2 Scaffold coordinates of Theobroma cacao microRNAs in GFF format
Supplemental Dataset 3.3 The alignment between the target gene and a microRNA in the family,
complimentarity score, the top BLASTx hit in Arabidopsis thaliana and Oryza sativa are shown.
Supplemental Dataset 3.4 Fasta file of the curated high-confidence miRNAs from Arabidpsis
thaliana, rice and Physcomitrella patens.
Supplemental Dataset 3.5 Target predictions for PpTAS6-derived siRNAs. Targets were predicted
using the JGI FM3 transcript set with axtell_targetfinder.pl (Ma et al., 2010). Alignment scores of 3.5 or
less are shown.
Supplemental Dataset 3.6 A .bed file indicating genomic locations of Physcomitrella TAS loci
(genome assembly version 1.1) as well as important features within the TAS loci.
Note: Supplemental Datasets are provided in case the readers need to look into specific details.
These are large datasets that are not supposed to be read line by line, but rather for search purposes.
They are accessible at:
http://axtelldata.bio.psu.edu/data/Ma_Dissertation_SupDatasets
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