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  Small RNAs (sRNAs), circa 21-26nt RNA molecules, are a novel class of regulatory 

molecules that influence many aspects of plant biology. The first objective of this thesis was to 

utilize computational approaches both to investigate how microRNAs (miRNAs), a type of 

sRNA, as a class affect their target transcripts’ accumulation and to identify novel miRNAs in 

Arabidopsis thaliana. The second objective of this thesis was to examine the regulation of 

protein coding (PC) cis natural antisense transcripts (cis-NATs), which have the potential to 

make double stranded RNA. 

 Computational analysis of the expression of miRNA-regulated genes demonstrated that 

the transcriptomes of the inflorescences of plants defective in miRNA biogenesis were similar to 

normal leaf tissues and dissimilar to normal pollen and seed. Thus, miRNAs cause the plant 

transcriptome to shift from a vegetative to reproductive state. Known miRNA targets fail to 

explain miRNA-defective mutant transcriptome patterns. Novel computational approaches 

were used to discover five new mature miRNAs.  Interestingly, two miRNAs have different 

functions but are encoded by perfect complements of the same precursor molecule.  



 

  

 Genome-wide analysis of cis-NAT abundances revealed that protein coding (PC) cis-

NATs tend to be co-expressed, broadly expressed, and highly expressed across diverse abiotic 

stress conditions. These expression patterns were negatively associated with sRNAs because 

sRNAs were under-represented within PC cis-NATs compared to PC non-cis-NATs. sRNAs also 

mapped to cis-NATs and non-cis-NATs at similar frequencies in mutants defective in nat-

siRNA biogenesis relative to other genotypes. We suggest a common euchromatin environment 

and possibly antisense RNA stabilization of mRNA transcripts may contribute to the high level, 

breadth, and co-expression of cis-NATs. However, cis-NATs are correlated less frequently than 

expected, and cis-NAT transcript abundances often differ more than expected. In addition, 

sRNAs matched PC cis-NATs relative to PC non-cis-NATs more frequently in abiotic stress 

conditions than in control conditions. Thus, although sRNAs do not have a widespread role in 

regulating cis-NATs, sRNAs may have a focused role in regulating cis-NAT transcript 

abundances.  
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Chapter 1 
General introduction 

1.1 Introduction 

Analysis of transcript abundance of every gene within the genome across different conditions 

can help explain a number of phenomena including the transcriptional programs underlying the 

development of diverse organ systems (Schmid et al., 2005), the mechanisms of complex stress 

responses and adaptation (Denby and Gehring, 2005, Sreenivasulu et al., 2007), identifying dominant 

regulatory modules (Orlando et al., 2009), and exploring the regulation of neighbouring genes (Zhan 

et al., 2006). Key regulators of these global gene expression patterns include small RNA molecules 

that target gene transcripts for cleavage, thereby acting as negative regulators. This thesis first 

investigates the global transcriptional changes that occur as a result of disrupting the biogenesis of 

one key small RNA (sRNA) class, microRNAs (miRNAs). Second, this thesis investigates the 

transcriptional patterns of overlapping genes whose gene products may generate regulatory sRNAs.  

miRNAs are generated from imperfectly double-stranded RNA precursors formed by long, 

single-stranded RNAs (Bartel, 2004). Although the expression of a number of miRNAs is negatively 

correlated with the expression of their targets (Axtell and Bartel, 2005), some miRNAs are found in 

the same samples as their targets (Voinnet, 2009, Xue et al., 2009), and the global role of miRNA 

regulation on development is unknown. In addition, not all miRNAs and miRNA targets are known. 

As of April 2011, 231 miRNAs and 225 miRNA targets were identified in Arabidopsis. But, the 

numbers of known miRNAs and targets are fewer than the predicted number of miRNAs (250~300) 

(Sunkar and Zhu, 2004) and targets (600~900). The identification of all miRNAs and their direct and 

downstream target mRNAs is essential to understand miRNA-based transcriptional regulation and to 

investigate complex gene regulatory networks. In Chapter 3, I will describe how miRNAs as a class 

affect transcriptomes of different tissues throughout plant development. I will also identify new 
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miRNAs by integrating sRNA deep sequencing data from a miRNA-enriched mutant with 

computational predictions of conserved genomic stem-loop structures, and identify miRNA targets 

using near-perfect complementarity to the corresponding novel miRNAs.  

Cis natural antisense transcripts (cis-NATs) are transcripts derived from genes that overlap on 

complementary DNA strands. Thus, the co-expression of genes that encode cis-NATs can potentially 

generate dsRNAs. These dsRNAs may be processed into small interfering RNAs (siRNAs), termed 

nat-siRNAs, which regulate cis-NAT abundance (Katiyar-Agarwal et al., 2006, Borsani et al., 2005, 

Ron et al., 2010). In Arabidopsis, genes that can generate cis-NATs are quite common (Wang et al., 

2005b, Jin et al., 2008, Henz et al., 2007). It is unknown if protein coding genes are transcribed to cis-

NAT pairs more than expected by chance or if PC cis-NATs and non-PC cis-NATs have a similar 

distribution of the types of overlap. The transcript levels, transcript breadths, frequency of co-

expression, and frequency of differential expression of cis-NATs may differ from other genes. In 

Chapter 4, I will determine the orientation and frequency of protein coding cis-NATs within all cis-

NATs, and I will investigate cis-NAT expression patterns across abiotic stresses. Finally I will 

investigate whether sRNAs or other factors can help explain the patterns of cis-NAT transcription. 

Genome-wide gene expression provides insight into complex transcriptional regulatory 

networks at a system-wide level. This work will provide a global view of the role of miRNAs on plant 

development and help complete our knowledge of miRNAs and their targets. The work will also 

elucidate the types and orientations of genes that make cis-NATs, the transcript abundances of cis-

NATs across abiotic stress conditions, and the factors that contribute to these expression patterns. 

Together this work provides insight into miRNAs and cis-NATs at a system-wide level. 
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Chapter 2 
Literature review 

This literature review is organized into two sections. The first section including three 

subsections (2.1.1, 2.1.2, and 2.1.3) concerns miRNAs and their regulatory roles. The biogenesis and 

action of miRNAs are discussed in subsection 2.1.1. Subsection 2.1.2 describes the regulatory roles of 

miRNAs in plant development and in transcriptome changes. Finally subsection 2.1.3 gives an 

overview of the known technologies to identify miRNAs and their target mRNAs, especially in 

plants. The second section concerns cis-NATs, their expression, and the putative siRNAs that may 

arise from them. 

2.1 MiRNAs and their regulatory roles 

2.1.1 Biogenesis and action of miRNAs 

2.1.1.1 The miRNA biogenesis pathway in plants 

MIR genes (microRNA genes) in plants are transcribed as primary transcripts (pri-miRNAs) 

by RNA polymerase II (Xie et al., 2005b) ( Figure 2.1). Some pri-miRNAs are spliced, 

polyadenylated, and capped (Aukerman and Sakai, 2003, Xie et al., 2005b), and are also stabilized by 

DAWDLE (DDL) (Yu et al., 2008a).  Pri-miRNAs are converted to stem-loop pre-miRNAs by 

DICER-LIKE1 (DCL1) (Kurihara and Watanabe, 2004) (Figure 2.1) which interacts with the double 

stranded RNA-binding protein HYPONASTIC LEAVES1 (HYL1) (Dong et al., 2008) and 

SERRATE (SE) (Yang et al., 2006a) within so-called nuclear D-bodies, presumably sites of miRNA 

biogenesis (Fang and Spector, 2007). The pre-miRNAs are processed either to 21 nt mature 

miRNA/miRNA* duplexes by DCL1 (Kurihara and Watanabe, 2004) or less frequently to 24 nt 

mature miRNA duplexes by DCL3 (Vazquez et al., 2008) (Figure 2.1). The mature miRNA duplexes 
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are methylated by the S-adenosyl methionine-dependent methyltransferase HUA ENHANCER1 

(HEN1) (Yu et al., 2005).  HASTY (HST) is the plant homolog of mammalian EXPORTIN 5 which 

is known to export pre-miRNA from the nucleus to the cytoplasm (Yi et al., 2003), and HST likely 

exports miRNA/miRNA* duplexes to the cytoplasm (Park et al., 2005). One strand of the methylated 

miRNA/miRNA* duplex is preferentially assembled with the ARGONAUTE1 (AGO1) protein 

(Baumberger and Baulcombe, 2005) (Figure 2.1). Generally, the miRNA strand stably associates with 

AGO1 protein, whereas the miRNA* strand is subjected to degradation (Reinhart et al., 2002). The 

degradation is under the control of the Small RNA Degrading Nuclease (SDN) class of exonucleases 

(Ramachandran and Chen, 2008). Although DCL1 is the major miRNA Dicer in Arabidopsis (Park et 

al., 2002, Reinhart et al., 2002), DCL4 also generates a few miRNAs that are derived from precursors 

with long double-stranded regions (Rajagopalan et al., 2006). The final product of the miRNA 

biogenesis pathway is a single-stranded miRNA incorporated into a silencing complex (RISC, Figure 

2.1). 

2.1.1.2 Mechanisms of miRNA action 

MicroRNAs may regulate gene expression at the transcriptional and post-transcriptional 

levels in plants. An example of transcriptional regulation is the miR165/166 and PHABULOSA (PHB) 

and PHAVOLUTA (PHV) system. miR165/166 targets both PHB and PHV genes for the cytosine 

methylation of the exons downstream of the miRNA complementary sites (Bao et al., 2004). 

Methylation was reduced in the phb and phv mutants that had an altered miRNA complementary site 

in processed PHB and PHV mRNAs. miR166 likely does not directly interact with the genomic DNA 

because the miRNA complementary site in the mRNA spans an exon junction. So, Bao and 

coworkers (Bao et al., 2004) proposed that miRNAs recognize newly synthesized and processed PHB 

mRNA, probably before the RNA is released from the template chromosome. This interaction results 

in the recruitment of a chromatin-modifying complex to the PHB locus (Bao et al., 2004). However, 
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genome-wide high-resolution mapping of DNA methylation revealed that the pairing sites in miRNA 

target genes were methylated at a level slightly below the genome average (Zhang et al., 2006b). 

To inhibit translation, miRNAs also direct RISC to bind an mRNA and repress its translation. 

Animal miRNAs typically guide translational inhibition of mRNAs that are paired to the 5’ end 

(nucleotides 1-8) of the miRNA (Doench and Sharp, 2004). But plant miRNAs usually repress target 

mRNA translation with perfect or near perfect matches with mRNA along the whole miRNA length 

(Aukerman and Sakai, 2003, Chen, 2004, Brodersen et al., 2008). The original experiments 

investigating the repression of APETALA2 (AP2) showed that plants that overaccumulated miR172 

did not alter the level of AP2 mRNA but decreased the accumulation of the AP2 protein (Aukerman 

and Sakai, 2003, Chen, 2004). Experiments revealed that miR172 causes both cleavage and 

repression of its targets. microRNA action deficient mad5 and mad6 mutants displayed normal mRNA 

levels and increased protein levels encoded from the target transcripts of miR171, miR156, miR395, 

miR398 and miR834. These studies suggested that translational repression is a widespread mode of 

plant miRNA action (Brodersen et al., 2008). 

In plants, cleavage of target mRNAs is the predominant mechanism of miRNA-guided 

regulation. In this mechanism, miRNA, once incorporated into a cytoplasmic RISC, will guide the 

RISC to cleave a single phosphodiester bond within a complementary RNA molecule. The cleavage 

fragments are then released, freeing the RISC to recognize and cleave another transcript. When a 

miRNA guides cleavage, the cleavage site is determined relative to miRNA residues. Usually the 

miRNA cut is between the nucleotides pairing to residues 10 and 11 of the miRNA (Llave et al., 

2002). Plant miRNAs pair most commonly in protein-coding regions of target mRNA (Alves et al., 

2009). miRNAs in animals usually pair in the 3’ untranslated regions (UTRs) of target mRNAs (Xie 

et al., 2005a). 
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2.1.1.3 Expression of miRNAs and target mRNAs in miRNA-defective mutants 

Mutations in different genes associated with the miRNA biogenesis pathway have different 

effects on miRNA levels and on miRNA target abundances. Expression analyses of miRNAs and 

target mRNAs within mutant plants have advanced our understanding of the biogenesis and mode of 

action of miRNAs.  

Although the null dcl1 mutant is lethal, hypomorphic dcl1 mutants have undetectable or very 

low levels of mature miRNAs (Lu et al., 2006, Kasschau et al., 2007) (Figure 2.1).  miRNA 

accumulation is similarly undetectable or very weak in null hen1 and hyl1 mutants (Park et al., 2002, 

Vazquez et al., 2004, Han et al., 2004). In the hst-15 mutant, some miRNAs accumulate to wild-type 

levels, others have reduced abundances, and others are not detectable (Park et al., 2005). Although the 

median transcript levels of known miRNA target genes are higher within miRNA biogenesis mutants 

than in wild type (Allen et al., 2005), some miRNA target transcripts do not accumulate when their 

cognate miRNAs decrease. In one study of hen1 and dcl1 mutants, miRNA target abundances were 

greater than wild type in eight of eight targets examined (Vazquez et al., 2004); while in another 

study, five of ten target transcripts were significantly higher in abundance (Kasschau et al., 2003).  

Other cases exist, however, in which the absence of miRNAs decreased transcript abundance. One of 

three miRNA targets was reduced within the hst-1 mutant (Park et al., 2002), and three of eight 

transcripts had similar or lower abundance in the hyl1 mutant compared to wild-type (Vazquez et al., 

2004). 

2.1.2 miRNAs and their effects on development 

A major role of miRNAs in Arabidopsis is to regulate plant development (Rhoades et al., 

2002, Chuck et al., 2009). The early evidence that miRNAs play roles in plant development came 

from mutants impaired in miRNA biogenesis or function. As stated above, DCL1 (AT1G01040) null 

alleles (dcl1-1, dcl1-3, dcl1-4, dcl1-5, dcl1-6 and dcl1-10) are embryo lethal. Partial loss-of-function 
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mutants: dcl1-7, dcl1-8 and dcl1-9 are sterile (Schauer et al., 2002). DCL1 hypomorphic mutants 

display defects in embryogenesis, female reproductive development, meristem fate determination, and 

flowering time and patterning. DAWDLE (AT3G20550) null mutants (ddl) show stronger 

developmental abnormalities than the hypomorphic dcl1-9 mutant (Yu et al., 2008a),  but are fertile 

(Morris et al., 2006). HYL1 (AT1G09700) mutants have a short stature, delayed flowering, leaf 

hyponasty, reduced fertility, and decreased root growth (Lu and Fedoroff, 2000). HYL1 and SE 

mutants have very similar developmental defects (Yang et al., 2006a). HYL1 null mutants (hyl1-1, 

hyl1-2) also exhibit developmental defects similar to that of DCL1 and HEN1 mutants (Vazquez et 

al., 2004). HEN1 (AT4G20910) recessive hypomorphic mutants (hen1-1 and hen1-2) exhibit reduced 

leaf size, reduced plant height, carpel fusion, and reduced female fertility (Chen et al., 2002). HEN1 

mutants exhibit developmental defects that overlap with that of DCL1 partial loss-of-function 

mutants. Loss-of-function mutations of HASTY (AT3G05040; hst-1 and hst-6 are null mutants) cause 

size reductions of both roots and shoot lateral organs, acceleration of the vegetative phase change, and 

fertility reductions of both male and female tissues (Bollman et al., 2003). hst-15 (a partial loss-of-

function mutation of HASTY) also has several developmental abnormalities, including a more rapid 

juvenile-to-adult phase transition, leaf curling and epinasty, altered silique phyllotaxy and small 

flowers (Allen et al., 2005). The overlapping and distinct developmental defects among the mutants 

suggest that the miRNA biogenesis pathway genes regulate both common and distinct sets of genes 

that regulate growth and development.  

Overexpressing and misexpressing MIR genes (microRNA genes) has provided insight into 

the specific roles of miRNAs during plant development. miRNA overexpression generally leads to 

pleiotropic developmental defects. For example, miR156 overexpression causes a delay in flowering, 

a severe decrease of apical dominance, and an increase in total leaf number (Schwab et al., 2005). A 

miR160 overexpression line exhibits a tumor-like root apex and increased lateral rooting (Wang et al., 
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2005a). Plants overexpressing miR172 flower early and have rosette leaves with upward curling 

(Chen, 2004). Furthermore, many miRNA-resistant plants carrying silent mutations that disrupt the 

complementarity between the mRNA and its regulatory miRNA, but do not affect the amino-acid 

sequence of the protein encoded by the mRNA, also exhibit dramatic pleiotropic developmental 

defects. For instance, plants expressing a miR159-resistant version of MYB33 had reduced size, 

rounded leaves with reduced petiole lengths, and reduced fertility (Millar and Gubler, 2005). Plants 

expressing a miR824-resistant version of AGAMOUS-LIKE 16 (AGL16) develop higher-order 

stomatal complexes (Kutter et al., 2007). Misexpression of target genes leads to a series of 

developmental defects in meristems (HD-ZIPIII genes) (Nagasaki et al., 2007), leaves (TCP) 

(Palatnik et al., 2003), flowers (AP2 genes, CORNGRASS 1) (Chen, 2004, Chuck et al., 2007), roots 

(ARF16, NAC1) (Wang et al., 2005a, Guo et al., 2005) and seeds (DCL1, ARF8) (Xie et al., 2003, 

Xue et al., 2009). A predominant category of miRNA targets is transcription factors. These 

transcription factors play important roles in patterning the plant form (Jones-Rhoades and Bartel, 

2004).  

Tissue-specific gene expression is generally regulated by interactions between regulatory 

elements and multiple transcription factors. Expression of miRNA genes is also regulated by these 

interactions (Xie et al., 2005b). Tissue-specific expression patterns of plant miRNAs have been 

demonstrated using RNA blots (Llave et al., 2002), plant miRNA arrays (Axtell and Bartel, 2005) and 

high-throughput pyrophosphate sequencing (Rajagopalan et al., 2006). However, tissue-specific 

expression of miRNA target genes is post-transcriptionally regulated by their complementary 

miRNAs in addition to this transcriptional control. Individual target genes’ expression levels are 

negatively correlated with those of their complementary miRNAs within a given tissue or organ 

following the miRNA-directed cleavage of mRNAs (Axtell and Bartel, 2005). 
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2.1.3 Identification of miRNAs and their targets 

2.1.3.1 Identification of miRNAs 

Deciphering the complement of miRNAs and their targets is an important task in 

understanding miRNAs and their regulatory role in plants. In order to identify miRNAs, we first 

require criteria to define them. Early criteria defined miRNAs using a combination of expression and 

biogenesis criteria and required the conservation of both mature miRNA and its predicted fold-back 

precursor (Ambros et al., 2003). More recently, criteria emphasize the requirement for the precise 

excision of a ~21-nt miRNA/miRNA* duplex from the dsRNA stem of a folded single stranded stem-

loop precursor (Meyers et al., 2008). According to the new criteria, a miRNA-generating precursor 

should have the following characteristics to give rise to a miRNA: 1) the miRNA/miRNA* duplex 

with two nucleotide, 3’ overhangs; 2) four or fewer mismatched miRNA bases in the duplex; and 3) 

one or fewer asymmetric bulges of no more than two bases within the duplex. The conservation of the 

predicted stem-loop secondary structure across lineages and DCL1 dependence are ancillary criteria.  

To meet these criteria, discovery of miRNA genes in Arabidopsis requires integration of 

experimental and bioinformatic approaches including sequencing sRNAs, bioinformatic prediction of 

miRNAs, and parallel analysis of RNA ends (PARE) (German et al., 2008).  Sequencing experiments 

involve isolating small RNAs, ligating adaptor oligonucleotides, reverse transcription, amplification, 

cloning and sequencing (Sunkar and Zhu, 2004, Llave et al., 2002, Reinhart et al., 2002). A limitation 

of cloning the sRNA before sequencing is that it is difficult to isolate miRNAs that are expressed at a 

low level and at specific times or tissues. Deep sequencing technologies such as massive parallel 

signature sequencing (MPSS) and 454 pyrosequencing have dramatically expanded the depth of small 

RNA coverage (Lu et al., 2006, Rajagopalan et al., 2006). Bioinformatic approaches predict miRNAs 

by surveying genomic sequences based on miRNA features such as stem loop structure, 

thermodynamic stability of hairpins, phylogenetic conservation, and similarity with known miRNAs 
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in both sequence and structure. Jones-Rhoades and coworkers (Jones-Rhoades and Bartel, 2004) 

developed approaches based on the conservation criteron and identified 23 miRNAs conserved in 

Arabidopsis and rice. Wang and coworkers (Wang et al., 2004a) combined the conservation and 

characteristic features of known plant miRNAs as criteria and identified 83 new miRNAs in 

Arabidopsis. Other computational approaches take advantage of the high complementarity of plant 

miRNAs to target mRNAs to successfully identify new miRNAs (Jones-Rhoades and Bartel, 2004). 

Bioinformatic approaches can overcome some limitations of cloning and sequencing such as the lack 

of detection of rare or tissue-specific miRNAs, but bioinformatic approaches may reject some true 

positives and accept some negatives (Wang et al., 2004a, Jones-Rhoades and Bartel, 2004). 

Computationally identified candidate miRNAs need experimental validation.  A combination of deep 

sequencing and structure prediction identified a set of non-conserved miRNAs (Lu et al., 2006, 

Rajagopalan et al., 2006, Fahlgren et al., 2007). A combination of deep sequencing of mutants in 

which miRNAs are significantly enriched relative to siRNAs considerably increased the number of 

detected miRNAs in Arabidopsis (Lu et al., 2006). Parallel analysis of RNA ends (PARE) combines 

high-throughput deep sequencing and bioinformatic tools to create and analyze data sets of sequenced 

mRNA 3’ cleavage products. One can work in reverse from the cleaved targets to identify and 

validate the novel miRNAs that caused the cleavage (German et al., 2008). This approach 

simultaneously provides experimental data for both the novel miRNAs and their targets and 

significantly reduces the false positives of newly identified miRNAs.  Of course, this strategy does 

not detect those miRNAs that regulate their targets entirely at the translational level (Brodersen et al., 

2008). 

2.1.3.2 Identification of miRNA targets 

Identifying miRNA targets is another essential step to understanding the biological functions 

of miRNAs.  miRNA targets can be determined experimentally and computationally. The nucleotide 
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base-pairing of miRNAs to their targets is the foundation for the computational prediction of miRNA 

targets. Most computational methods also evaluate the predicted free energy of the miRNA/mRNA 

duplex.  

A large number of plant miRNA targets have been predicted computationally on the basis of 

their near-perfect, conserved complementarity to a known miRNA (Rhoades et al., 2002, Allen et al., 

2005, Jones-Rhoades and Bartel, 2004, Wang et al., 2004a, Schwab et al., 2005). Requiring conserved 

complementarity rejects a number of miRNAs because not all miRNA target sites are conserved 

across distantly related species (Rajagopalan et al., 2006, Wang et al., 2004a, Fahlgren et al., 2007, 

Schwab et al., 2005, Xie et al., 2005b), and many miRNA targets are unique to specific plant species. 

These must be identified using the methods that do not depend on the evolutionary conservation of 

miRNA targets (Rajagopalan et al., 2006, Fahlgren et al., 2007, Alves et al., 2009). Computational 

prediction of miRNA targets requires experimental validation of functional interactions between 

miRNAs and target mRNAs. As discussed above, a direct method of identifying miRNA targets is to 

sequence cleaved transcripts and associate the cleaved site with a miRNA. Recently transcriptome-

wide experimental methods were developed to directly detect cleaved miRNA targets (Addo-Quaye 

et al., 2008, Gregory et al., 2008). These methods adopted an RNA ligase-mediated 5’ rapid 

amplification of cDNA ends (RLM-RACE) strategy followed by deep sequencing of cDNA ends to 

identify miRNA targets at a whole-genome scale (Addo-Quaye et al., 2008, Gregory et al., 2008). 

These approaches can identify miRNA targets at considerable depth. The RLM-RACE strategy 

coupled with microarrays was used to identify potential targets of miRNAs and siRNAs at a whole-

genome scale (Jiao et al., 2008, Franco-Zorrilla et al., 2009). Transcriptional profiling of transgenic 

plants overexpressing miRNAs has also been used to profile and predict the corresponding target 

mRNAs (Schwab et al., 2005). Transcriptional profiles of mRNAs together with sequence 

information of the mRNAs and miRNAs have been used to predict condition-specific miRNA targets 
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(Joung and Fei, 2009). One disadvantage of transcription-based approaches is that the miRNA targets 

regulated by translational repression will not be identified.  

2.1.4  Functional tests of miRNAs 

The first step to determine functions of miRNAs is to validate candidate miRNAs. 

Methodologies for experimental validation of a candidate miRNA include cloning-based and 

hybridization-based approaches. Cloning-based methods encompass cloning and sequencing of small 

RNAs. The advantages of cloning-based methods are that the complete sequence of the mature 

miRNA can be deduced by a biotinylated probe (Bartel, 2004), and rare, computationally predicted 

miRNAs can be validated especially by high-throughput deep sequencing (Lu et al., 2006). PCR-

based cloning can amplify specific candidate miRNAs from a small RNA library and determine the 

exact ends of mature miRNA  (Jones-Rhoades and Bartel, 2004). Sequence-specific cloning uses a 

biotin-labeled oligonucleotide to capture the homologous miRNA from a cDNA library enriched for 

small RNAs and allows sequencing of full-length miRNAs (Bartel, 2004). Different hybridization-

based assays are used to validate the expression of predicted candidate miRNAs. Northern blots are 

frequently used to detect the size and expression of predicted miRNAs (Jones-Rhoades and Bartel, 

2004) but they are not always sufficiently sensitive and specific to detect rare miRNAs (Lu et al., 

2006). Another hybridization-based method is microarrays which allow high-throughput validation of 

predicted miRNAs. Microarrays have been demonstrated as an effective and high-throughput means 

to detect candidate miRNA transcripts (Fahlgren et al., 2007). Finally, in situ hybridization methods 

are also used to validate expression of candidate miRNAs by determining their spatio-temporal 

expression patterns (Voinnet, 2009, Chen, 2004), even though they do not detect accurately the size 

or the ends of the candidate miRNAs.  

Functions of miRNAs can be further determined by overexpression of miRNAs and silencing 

miRNAs. In overexpression of miRNAs, the function of a miRNA is inferred from the effects of 
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mutations or transgenic constructs that lead to ectopic expression of the miRNA. The strategy is to 

make transgenic plants that overexpress a miRNA, typically under the control of the strong 35 

promoter. This approach can potentially downregulate all mRNAs targeted by the overexpressed 

miRNA. For instance, plants overexpressing miR319 exhibit crinkled leaves and a delay in flowering 

(Palatnik et al., 2003). In silencing miRNAs, the function of miRNA can be determined by the 

phenotypic consequences of an altered miRNA complementary site, which can disrupt miRNA 

regulation. This strategy involves making transgenic plants that express a miRNA-resistant version of 

a miRNA target, in which silent mutations have been introduced into the miRNA complementary site 

that disrupt miRNA-mediated regulation without altering the encoded protein product. For example, 

plants expressing a miR172-resistant AP2 exhibit enlarged floral meristem enclosed by many whorls 

of stamenoid organs (Chen, 2004). Plants expressing miR319-resistant TCP4 exhibit fused 

cotyledons, bushy rosettes and abnormal inflorescences (Palatnik et al., 2003). However, expressing a 

miRNA-resistant target reveals only the loss of miRNA-mediated regulation of one target gene and 

does not explore the functional distinctions among miRNA family members. The best way to evaluate 

the biological function of the miRNA gene is to completely knock it out using mutagenesis.  

 

2.2 Cis-NATs and nat-siRNAs 

Protein coding genes frequently overlap in eukaryotic genomes (Veeramachaneni et al., 2004, 

Solda et al., 2008, Jin et al., 2008).  In higher eukaryotic organisms, from 4% to 26% of protein 

coding genes overlap. For example, 4% of protein coding genes overlap in zebrafish, 5% in worm, 

8% in human, 8% in mouse, and 26% in Drosophila (Solda et al., 2008). In Arabidopsis about 8% of 

protein coding genes overlap. Jen and coworkers screened the genome (TIGR version 5) for protein-

coding genes and identified 2,147 overlapping genes (Jen et al., 2005). Jin and coworkers searched 

the A. thaliana genome annotation (TAIR 6 version) and identified 1,008 overlapping protein coding 
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gene pairs (Jin et al., 2008). Overlapping gene pairs in all species examined are predominately in the 

antiparallel, convergent arrangement where sense and antisense genes overlap within their 3' ends 

(Veeramachaneni et al., 2004, Zhang et al., 2006c). 

cis-NATs also have distinct, global patterns of expression. Jen and coworkers examined cis-

NAT expression within two sets of gene expression data derived from a number of tissues and a cell 

suspension culture of Arabidopsis (Jen et al., 2005). cis-NATs were detected in one or more tissues 

more often than were non-cis-NATs (Jen et al., 2005), suggesting the absence of widespread cis-NAT 

silencing. Wang and coworkers  also investigated Arabidopsis and suggested that the sense and 

antisense transcripts of a NAT pair tend to be present in different tissues/conditions, and in cases 

when both NATs  were both detected, one transcript was much more abundant than the other (Wang 

et al., 2005b). Two studies compared cis-NATs transcript correlation coefficients and reported that 

protein coding cis-NATs are slightly less correlated than non-overlapping protein coding genes. 

Using microarray data from a wide range of developmental stages and environmental conditions, Jin 

and cowokers found a slight, significant negative correlation in overlapping genes vs in non-

overlapping genes (-0.006 vs. 0.082) (Jin et al., 2008). Henz and coworkers also found a small but 

significant difference in correlations between cis-NATs and non-cis-NATs (Henz et al., 2007).  

Other work, particularly in mammalian species, has analyzed non- PC cis-NATs in addition 

to PC cis-NATs. When non-coding RNAs are included, the numbers of cis-NATs increase in higher 

eukaryotes (Solda et al., 2008, Katayama et al., 2005, Henz et al., 2007). Up to 72% of all genomic 

loci in mouse (Katayama et al., 2005) are transcribed from both sense and antisense strands. ~25% 

genes in Arabidopsis were detected with antisense expression (Yamada et al., 2003). Within this 

larger set of cis-NATs, many cis-NATs are detected within the same tissues (Chen et al., 2005) and 

most cis-NAT pairs in mouse are positively correlated in their expression (Katayama et al., 2005). A 
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large number of mammalian cis-NATs are detected in specific tissues (Richards et al., 2006, Werner 

et al., 2007, Katayama et al., 2005). 

Studies on individual PC and non-PC cis-NATs have elucidated mechanisms that affect their 

abundances. These include RNA interference (Borsani et al., 2005), DNA methylation (Tufarelli et 

al., 2003) or histone modification (Yu et al., 2008b), genomic imprinting (Hayward and Bonthron, 

2000), transcriptional interference (Osato et al., 2007, Wang et al., 2004b), RNA editing (Peters et al., 

2003), RNA splicing (Beltran et al., 2008), alternative splicing (Hastings et al., 2000, Jen et al., 

2005), and RNA stability (Faghihi et al., 2008). 

 The cis-NAT dsRNAs may produce nat-siRNAs (known as endo-siRNAs in animals (Czech 

et al., 2008)) that degrade one of the cis-NAT transcripts (Borsani et al., 2005, Katiyar-Agarwal et al., 

2006, Ron et al., 2010). Borsani and coworkers reported that SRO5 is induced in response to salt 

stress (Borsani et al., 2005). Its cis-NAT P5CDH (pyrroline-5-carboxylate dehydrogenase) is 

expressed constitutively. The sense SRO5 transcript anneals to the P5CDH transcript to form partially 

dsRNA. The dsRNA is processed into 24-nt nat-siRNAs by DICER-LIKE 2 (DCL2). The 24-nt nat-

siRNAs direct the cleavage of P5CDH transcripts. The cleaved transcript is used as a template for 

complementary RNA synthesis of dsRNA. The resulting dsRNA is subsequently processed into 21-nt 

siRNAs by DCL1. These nat-siRNAs can again target P5CDH messages (Borsani et al., 2005). 

Katiyar-Agarwal and coworkers showed that ATGB2 (a Rab2-like small GTP-binding protein gene) is 

induced by the bacterial pathogen Pseudomonas syringae carrying the avirulence gene avrRpt2. The 

sense ATGB2 transcript anneals to PPRL (pentatricopeptide repeats protein-like gene), and the 

dsRNA is processed into 22-nt nat-siRNA. The resulting 22-nt nat-siRNA targets PPRL for silencing 

(Katiyar-Agarwal et al., 2006).  Ron and coworkers also reported  that KPL (KOKOPELLI) and 

ARI14 (ARIADNE14) generated nat-siRNAs and have anti-correlated expression patterns during 
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pollen development (Ron et al., 2010).The majority of the putative nat-siRNAs affect only one of the 

two transcripts within a cis-NAT pair (Jin et al., 2008).  

Despite these examples of nat-siRNA regulation, the preponderance of evidence suggests that 

nat-siRNAs contribute little to the global expression patterns of cis-NATs, especially across 

developmental stages. First, as described above, among a sample of tissues, cis-NATs are more, 

rather than less, likely to be detected in at least one tissue, and thus are widely degraded. Second, in 

an examination of MPSS data from several tissues, Henz and coworkers found that sRNAs mapped 

about 2-4 times more frequently to non-overlapping gene pairs than to cis-NATs  (Henz et al., 2007). 

Finally, nat-siRNA-mediated silencing requires DCL1, DCL2, RNA DEPENDENT RNA 

POLYMERASE 6 (RDR6), RDR2, SUPPRESSOR OF GENE SILENCING 3 (SGS3), Nuclear RNA 

Polymerase D 1a (NRPD1a), HYPONASTIC LEAVES1 (HYL1) and HUA ENHANCER1 (HEN1) 

(Borsani et al., 2005, Katiyar-Agarwal et al., 2006, Ron et al., 2010). Henz and coworkers showed 

that cis-NATs encoded by the same locus differed in expression between wild-type and siRNA 

biogenesis mutants (dcl1-7, dcl2-1, hen1-1, hst-15, hyl1-2, rdr2-1 and rdr6-15) no more frequently 

than did other transcripts (Henz et al., 2007).  

Nonetheless, it has been proposed that nat-siRNAs regulate a small number of key cis-NAT 

pairs, especially under abiotic conditions (Jin et al., 2008). Jin and coworkers found that some cis-

NATs displayed inverse differential expression in which one member of a cis-NAT is significantly 

upregulated and the other is significantly down-regulated in at least one condition (Jin et al., 2008). In 

addition, a subset of cis-NATs that had a strong negative Pearson correlation (r<-0.4) across a number 

of developmental stages and treatment conditions had an increased frequency of small RNA hits (Jin 

et al., 2008). 

Antisense transcripts may play important negative regulatory roles independently of sRNA 

production through epigenetic and post-transcriptional effects. Natural antisense transcript mediated 
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silencing of tumour suppressor gene p15 was associated with decreased dimethylation of H3K4 and 

increased dimethylation of H3K9. These modifications were independent of DICER (Yu et al., 

2008b).  Similarly, the silencing and methylation of the α2-globin gene (HBA2) CpG island was 

strongly associated with the presence of HBA2 antisense RNA transcripts (Tufarelli et al., 2003). 

Most imprinted genes encode cis-NATs, and in some cases imprinting requires antisense transcripts. 

At the human GNAS1 locus, paternally expressed antisense transcripts from a maternally 

differentially methylated region upstream of the XLαs (extra large αs-like protein) suppress the 

activity of paternal NESP55 (neuroendocrine secretory protein 55) allele (Hayward and Bonthron, 

2000). Transcriptional interference, in which transcription from the antisense direction hinders 

transcription of sense mRNA (Shearwin et al., 2005), may also explain the presence of cis-NATs. 

U2af1-rs1 is a mouse imprinted gene and causes maternal-predominant expression of its overlapping 

gene Murr1 through its transcriptional interference against paternal Murr1 (Wang et al., 2004b). 

Transcriptional interference may have a global role in the regulation of cis-NAT’s expression. In 

human and mice, the length of overlapping regions between sense and antisense transcripts was anti-

correlated to the expression of the sense transcript (Osato et al., 2007). In Arabidopsis, cold-induced 

FLC (Flowering locus C) antisense transcript termed COOLAIR (cold-induced long antisense 

intragenic RNA) may involve FLC sense transcriptional repression through promoter interference 

(Swiezewski et al., 2009). RNA editing has been implicated in the regulation of cis-NAT’s expression 

(Peters et al., 2003). In Drosophila, antisense transcript sas-10 interacts with its sense transcript 4f-

rnp to induce adenosine-to-inosine (A-to-I) editing by the ADAR (adenosine deaminases that act on 

RNA) enzyme in the overlapping region of 4f-rnp transcript. This modification causes a decline in 4f-

rnp mRNA levels (Peters et al., 2003). 

Cis-NATs may have positive regulatory roles. cis-NATs may increase transcript abundances 

and contribute to RNA splicing (Beltran et al., 2008). Katayama and coworkers observed that the 
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reduction of a cis-NAT often decreased rather than increased the levels of its sense transcript 

(Katayama et al., 2005). Surprisingly, this increase in transcript levels may be due to the antisense 

RNA. Faghihi and coworkers demonstrated that an antisense β-secretase-1 (BACE1) transcript 

increased the stability of BACE1 mRNA through sense-antisense RNA duplex formation (Faghihi et 

al., 2008). Others have suggested that cis-NATs are important for RNA splicing (Beltran et al., 2008) 

and alternative splicing (Jen et al., 2005). Expression of a cis-NAT antisense to human Zeb2, a 

transcriptional repressor of E-cadherin, prevents splicing of the intron in the 5′ untranslated region 

(UTR) of Zeb2 mRNA and significantly up-regulates Zeb2 proteins (Beltran et al., 2008). A cis-NAT 

may mask splice sites in the sense pre-mRNA transcript to change alternative splicing patterns and 

adjust relative expression levels of spliced variants (Hastings et al., 2000). Moreover, cis-NATs are 

derived from more intron-containing and alternatively spliced genes much more frequently than are 

non-cis-NATs (Jen et al., 2005). 

2.3 Gene expression 

2.3.1 Gene transcriptional regulation 

Eukaryotic structural genes contain promoter sequences, distal enhancer or silencer sequences 

(cis regulatory elements) and the coding region, perhaps interrupted by several introns. The promoter 

contains various sequence elements that function in the recruitment of protein factors that facilitate 

the transcription of 5’ UTR and protein coding regions and 3’ UTR of the gene. In eukaryotes, correct 

initiation of transcription depends on interactions between transcription factors and the promoter, 

between transcription factors and cis regulatory elements, and among transcription factors. 

Transcription factors typically have at least two domains and can be divided into three classes. Firstly, 

basal transcription factors, required for transcription initiation in all genes, consist of factors D, A, B, 

F, E, H, J in plants. The basal transcription factors (TF) are sequentially recruited to the gene 
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promoter for the RNA polymerase II complex to be competent to initiate transcription. The order of 

recruitment assembly is TFIID, TFIIB, TFIIA, TFIIF, RNA polymerase II, TFIIE, and TFIIH. 

Secondly, trans-acting factors, activators or repressors, are proteins that interact with enhancer and 

silencer sequences. Thirdly, coactivators or TATA binding protein (TBP) associated factors (TAF) 

that are proteins linked in a tight complex to the TBP, convey signals from trans-acting factors to 

basal factors. Trans-acting factors, including activators or repressors bind to the cis regulatory 

elements, and increase or decrease the rate of transcription. These trans-acting factors interact through 

a number of co-activators with the TBP and modulate its function on RNA polymerase II. The TBP 

recognizes and binds to the TATA box and then forms transcription initiation complexes by recruiting 

basal factors. These basal factors, in response to co-activators, position RNA polymerase II at the 

start of a protein-coding region of a gene at the precise time and location needed for the gene to 

become active. Various combinations of activators and repressors thus lead to activation or 

inactivation of gene transcription. 

2.3.2 Role of DNA methylation and histone modification in gene expression 

Chemical modification of DNA or histones has a major influence on chromatin structure and 

gene expression. In plants, DNA methylation induces transcriptionally repressive chromatin structure 

by affecting cytosine in all sequence contexts (CG, CHG, and CHH, where H is any nucleotide but 

G). In Arabidopsis, about 24% of CG, 6.7% of CHG, and 1.7% of CHH are methylated (Cokus et al., 

2008). The N-terminal tails of histone proteins are subject to numerous modifications, including 

acetylation, methylation, phosphorylation and ubiquitylation. The combination of histone 

modifications in association with DNA methylation determines the structure of chromatin and its 

transcriptional competence. Dimethylation of lysine 9 and lysine 27 of histone H3 in plants 

(H3K9me2, H3K27me2), coupled with DNA hypermethylation are associated with the transcriptional 
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repression in heterochromatin. H3K4me2 and DNA hypomethylation are correlated to active 

transcription in euchromatin (Vaillant and Paszkowski, 2007).  

DNA methylation can regulate endogenous gene expression and the silencing of transposons 

(Chan et al., 2005). For instance, the transcription of the FLOWERING WAGENINGEN (FWA) 

transcription factor is modulated by DNA methylation. The expression of tryptophan biosynthesis 

genes in the PHOSPHORIBOSYLANTHRANILATE ISOMERASE (PAI) family can be regulated 

by DNA methylation (Bender and Fink, 1995). In plants, the DNA methylation of promoter regions 

usually inhibits transcription, but methylation in coding region does not affect gene expression (Jones 

et al., 1999). Genome-wide analysis of DNA methylation in Arabidopsis reveals that genes that have 

promoter-specific methylation have an unusually high level of tissue-specific expression. In fact, 

genes that are methylated in their coding regions tended to be expressed at higher level (Zhang et al., 

2006b). On a genome-wide scale, DNA methylation and transcription are interdependent. DNA 

methylation usually interferes with transcript elongation. Genes that are moderately transcribed are 

mostly likely to be methylated (Zilberman et al., 2007). DNA methylation does not only cover 

transposons but also is present in a large fraction of genes (Zilberman et al., 2007) and noncoding 

RNAs (Zhang et al., 2006b). Many novel intergenic noncoding RNAs appear to be regulated by DNA 

methylation (Zhang et al., 2006b). 

Many studies have shown that histone acetylation is primarily associated with gene 

activation. Histone methylation is linked to either repression or activation, depending on its position 

and state (Berger, 2007). In mammals the silent heterochromatic state is associated with low levels of 

acetylation and high levels of methylation of H3K9, H3K27 and H4K20. The actively transcribed 

euchromatin has high levels of acetylation and trimethylation of H3K4, H3K36 and H3K79 

(Kouzarides, 2007). Wang et al. have produced genome-wide maps of 19 histone methylations and 

correlated each methylation with gene expression and found that H3K9me2, H3K9me3, H3K27me2, 
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H3K27me3 and H3K20me3 were repressive marks (Wang et al., 2008). Histone methylation can 

associate with critical regulatory elements of transcription. For instance, each of three H3K4 

methylation states (H3K4me1, H3K4me2 and H3K4me3) and H3K9me1 was associated with more 

than 20% of enhancers (Wang et al., 2008). The enrichment of H3K36me2 around the transcription 

start site leads low transcription activities (Luo and Lam, 2010). In Arabidopsis, four lysine 

methylations on histone H3 (H3K4, H3K9, H3K27 and H3K36) were identified (Johnson et al., 

2004). H3K4me1, H3K4me2 and H3K4me3 are distributed exclusively within genes and their 

promoters (Zhang et al., 2009b). Genes associated with different combinations of H3K4me are 

expressed at different levels and with different degrees of tissue specificity. H3K4me3 promotes gene 

expression with low level of tissue specificity.  H3K4me may not directly interfere with DNA 

methylation. H3K4me3 does not preferentially co-localize H3K27me3 (Zhang et al., 2009b). 

H3K9me2 is required for the transcriptional silencing of transposons and other repetitive sequences 

(Jackson et al., 2002) and H3K27me3 is involved in the repression of endogenous genes (Lindroth et 

al., 2004). On a genome-wide scale, H3K9me2 is highly enriched in the pericentromeric 

hetrochromatin (Bernatavichute et al., 2008) whereas H3K27me3 is mostly distributed in the 

transcribed regions of euchromatic genes (Zhang et al., 2007). H3K27me3 negatively regulates a 

large number of single genes independently of DNA methylation and RNA interference (Zhang et al., 

2007). H3K36me2 and H3K36me3 correlate with transcriptional activities (Xu et al., 2008).  
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Figure 2.1. Schematic view of miRNA biogenesis pathway in plants 

 



 

                                                                        23  

Chapter 3   
Identification of novel miRNAs and miRNA dependent developmental 

shifts of gene expression in Arabidopsis thaliana  

PLoS ONE 5(4):e10157. doi:10.1371/journal.pone.0010157 

3.1 Abstract 

microRNAs (miRNAs) are small, endogenous RNAs of 20~25 nucleotides, processed from 

stem-loop regions of longer RNA precursors.  Plant miRNAs act as negative regulators of target 

mRNAs predominately by slicing target transcripts, and a number of miRNAs play important roles in 

development.  We analyzed a number of published datasets from Arabidopsis thaliana to characterize 

novel miRNAs, novel miRNA targets, and miRNA-regulated developmental changes in gene 

expression.  These data include microarray profiling data and small RNA (sRNA) deep sequencing 

data derived from miRNA biogenesis/transport mutants, microarray profiling data of mRNAs in a 

developmental series, and computational predictions of conserved genomic stem-loop structures. Our 

conservative analyses identified five novel mature miRNAs and seven miRNA targets, including one 

novel target gene.  Two complementary miRNAs that target distinct mRNAs were encoded by one 

gene.  We found that genes targeted by known miRNAs, and genes up-regulated (increased steady 

state transcript abundance) or down-regulated (decreased steady state transcript abundance) in 

miRNA mutant inflorescences, are highly expressed in the wild type inflorescence.  In addition, 

transcripts upregulated within the mutant inflorescences were abundant in wild type leaves and shoot 

meristems and low in pollen and seed.  Downregulated transcripts were abundant in wild type pollen 

and seed and low in shoot meristems, roots and leaves.  Thus, disrupting miRNA function causes the 

inflorescence transcriptome to resemble the leaf and meristem transcriptomes and to differ from those 

of pollen and seed.  Applications of our computational approach to other species and the use of more 
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liberal criteria than reported here will further expand the number of identified miRNAs and miRNA 

targets.  Our findings suggest that miRNAs have a global role in promoting vegetative to reproductive 

transitions in A. thaliana. 

3.2 Introduction 

Plant microRNAs (miRNAs) are involved in multiple developmental and physiological 

processes and negatively regulate gene transcript abundance through post-transcriptional repression 

of mRNAs, primarily by target cleavage (Voinnet, 2009). MiRNAs are generated from endogenous 

loci that produce transcripts with internal stem loop structures that are processed to 20~25nt small 

double stranded RNAs. Many proteins of the miRNA biogenesis pathway are known.  RNA 

polymerase II generates pri-miRNAs which are stabilized by DAWDLE (DDL) (Yu et al., 2008a).  

Pri-miRNAs are converted to stem-loop pre-miRNAs by DICER-LIKE1 (DCL1) (Kurihara and 

Watanabe, 2004) which interacts with the double stranded RNA-binding protein HYPONASTIC 

LEAVES1 (HYL1) (Dong et al., 2008) and SERRATE (SE) (Yang et al., 2006a) .  The pre-miRNAs 

are processed either to 21 nt mature miRNA/miRNA* duplexes by DCL1 (Dong et al., 2008) or to 24 

nt mature miRNA duplexes by DCL3 (Vazquez et al., 2008). The mature miRNA duplexes are 

methylated by the S-adenosyl methionine-dependent methyltransferase HUA ENHANCER1 (HEN1) 

(Yu et al., 2005).  HASTY (HST) is the plant homolog of mammalian EXPORTIN 5 which is known 

to export pre-miRNA (Yi et al., 2003). One strand of the methylated miRNA/miRNA* duplex is 

preferentially assembled with the ARGONAUTE1, AGO1 protein, which slices the mRNA targets at 

the miRNA target site (Baumberger and Baulcombe, 2005).  Despite the existence of this core 

pathway, its mutants have different effects on miRNA abundance and miRNA target abundance.  

Hypomorphic dcl1 mutants have undetectable or very low levels of mature miRNAs (Lu et al., 2006), 

and miRNA accumulation is similarly undetectable or very weak in null hen1 and hyl1 mutants (Park 
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et al., 2002, Vazquez et al., 2004). Although HST is frequently depicted as an exportin (Voinnet, 

2009), its function has not been validated, and hst mutants fail to accumulate miRNAs in the nucleus 

(Park et al., 2005). In hst mutants, some miRNAs accumulate to wild-type levels, others have reduced 

abundance, and others are not detectable (Park et al., 2005). 

Over 184 Arabidopsis miRNAs have been identified (miRBASE release 10.0) (Griffiths-

Jones et al., 2008). miRNAs have been predicted to regulate the expression of more than 600 genes 

(Alves et al., 2009), and 225 genes are known targets (Backman et al., 2008).  miRNAs and their 

targets have been discovered using approaches including cloning and sequencing sRNAs (Lu et al., 

2006, Llave et al., 2002), bioinformatic prediction from genomic sequences (Jones-Rhoades and 

Bartel, 2004), and sequencing cleaved mRNAs by parallel analysis of RNA ends (PARE) (German et 

al., 2008).  Utilizing miRNA biogenesis/ transport mutants for miRNA and miRNA target 

identification has not been widely employed.  First, many miRNA target transcripts do not 

accumulate when their cognate miRNAs decrease.  In one study of hen1 and dcl1 mutants, miRNA 

target abundances were greater than wild type in eight of eight known targets examined (Vazquez et 

al., 2004); while in another study, five of ten transcripts were significantly up-regulated (Kasschau et 

al., 2003).  Two of three miRNA targets accumulate within the hst-1 mutant (Park et al., 2005), and 

five of eight target transcripts had higher abundance in the hyl1 mutant compared to wild-type 

(Vazquez et al., 2004).  Second, a large number of genes are misexpressed in individual mutants 

causing an abundance of upregulated genes that are not miRNA targets (Allen et al., 2005, Ronemus 

et al., 2006). 

The core function of plant miRNAs is in the regulation of development (Willmann and 

Poethig, 2007). Hypomorphic dcl1 mutants and null hyl1, hst, and hen1 mutants reveal both shared 

and distinct developmental defects that may represent misexecution of developmental transitions (Ray 

et al., 1996). All canonical 21nt miRNA mutants (dcl1, hen1, hst, and hyl1) have a shorter stature, 
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delayed vegetative to reproductive transitions, and reduced female fertility compared to wild type 

(Yang et al., 2006a, Vazquez et al., 2004, Schauer et al., 2002, Bollman et al., 2003). Hen1 mutants 

have defects in floral meristem identity, a trait also shared by dcl1 partial loss-of-function mutants 

(Park et al., 2002, Schauer et al., 2002), and the juvenile development phase of hst15 is shortened 

(Bollman et al., 2003). The effects of many individual misexpressed miRNA targets also highlight the 

role of miRNAs in plant development.  Misexpression of miRNA target genes leads to plant 

developmental defects in meristems (HD-ZIPIII genes) (Nagasaki et al., 2007), leaves (TCP) 

(Palatnik et al., 2003), flowers (AP2 genes; CORNGRASS1) (Chen, 2004, Chuck et al., 2007), and 

roots (NAC1) (Guo et al., 2005).  Misexpression of targets also affects plant vegetative phase changes 

(Yang et al., 2006a, Lauter et al., 2005).  Despite these phenotypic observations, to our knowledge it 

is unknown if disrupting plant miRNAs can cause one tissue's transcriptome to resemble that of a 

different tissue.  For example, in animals, delivering miRNAs into cells can cause their 

transcriptomes to resemble the transcriptome of the tissue where the miRNA is preferentially 

expressed (Lim et al., 2005). 

This study performs novel analyses on a number of published data sets to identify miRNAs 

and their targets and to identify miRNA dependent tissue biases within the transcriptome.  We 

integrate data sets including microarray profiling and sRNA deep sequencing data from miRNA 

biogenesis/transport mutants, microarray profiling data of mRNAs in a developmental series, and 

computational predictions of conserved, genomic stem-loop structures. Our results show that known 

miRNA targets fail to explain transcriptome patterns amongst miRNA mutants. Interestingly, 

transcript changes in hyl1 and hst mutants greatly overlapped, suggesting a novel functional 

connection between HST and HYL.  Transcript changes in dcl1 and hyl1 were surprisingly distinct, 

and dcl3 had little effect on the transcriptome.  We identified novel miRNA targets and five mature 

miRNAs, four of which had high similarity to previously identified mature miRNAs.  One miRNA 
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gene encodes two complementary miRNAs that target distinct transcripts. These miRNAs target 

transcription factors, and a gene with 4-α-glucanotransferase activity, thereby expanding miRNA 

functionality in metabolism. Finally, we found that genes regulated by miRNAs show strong tissue-

specific patterns of expression.  miRNA regulated genes tend to be highly expressed in the 

inflorescence, and miRNAs cause the inflorescence transcriptome to both diverge from a meristem 

and leaf-like state and to acquire a pollen and seed-like state. 

3.3 Results 

3.3.1 Known miRNA targets do not explain miRNA-defective mutant transcriptome patterns 

We first analyzed ATH1 gene expression data from the inflorescences of the microRNA-

defective mutants, dcl1-7, dcl3-1, hen1-1, hyl1-2 and hst15 (Allen et al., 2005, Smyth, 2004) (Figure 

3.1). The numbers of known, up-regulated miRNA targets and the levels to which known miRNA 

targets were up-regulated were both poorly correlated with the number of misexpressed transcripts 

across the canonical miRNA mutants.  We found that probe sets homologous to 131 of 225 known 

miRNA targets are present on the ATH1 microarray, excluding cross hybridizing probe sets. The 

number of known, upregulated miRNA targets in hst15 (29) was less than the number in other 

canonical mutants (44 in dcl1; 37 in hyl1; and 38 in hen1; Figure S3.1), although 1,995 genes are 

upregulated in the hst15 mutant (Figure 3.1).  The log-fold change distributions of known miRNA 

targets were also very similar between mutants with large transcriptome changes and mutants with 

small transcriptome changes (Figure S3.2). Differences and similarities of transcriptome changes 

between mutants were also not explained by known miRNA targets, as the number of known miRNA 

targets shared between two mutants was not correlated with the number of upregulated genes shared 

between two mutants.  Of the 930 up-regulated genes in hyl1-2, 65% of transcripts increased in hst15, 

35% in dcl1-7, and 44% in hen1-1 (Figure 3.2A). Of the 1,995 up-regulated genes in hst15, 30% 
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transcripts increased in hyl1-2, 17% in dcl1-7, and 12% in hen1-1 (Figure 3.2A).  hst and hyl1 shared 

18 known miRNA targets, the same number as hst15 and dcl1-7 and less than between hen1 and hyl1 

(24) (Figure S3.3). Likewise, dcl1 and hen1 have similar transcriptomes- of the 1,710 up-regulated 

genes in hen1-1, 49% of the transcripts increased in dcl1-7 (Figure 3.2A), and of the 4,238 up-

regulated genes in dcl1-7, 20% of the transcripts increased in hen1-1 (Figure 3.2A). However, the 

known targets' overlap between dcl1-7 and hen1-1 (22) was about as great as those between dcl1-7 

and hyl1-2 (24), and only slightly more than the overlap between dcl1-7 and hst15 (18) (Figure S3.3).  

These analyses also revealed two unexpected results.  First, the similarity of transcript 

abundance changes in hst15 and hyl1-2, and the differences between dcl1 and hyl1 were unexpected 

given the predicted miRNA biogenesis/ transport pathway (Voinnet, 2009).  The high level of hst15 

and hyl1-2 intersection was described above.  In contrast, 35% of the transcripts that increased in hyl1 

increased in dcl1-7, and 8% of the transcripts that increased in dcl1 also increased in hyl1 (Figure 

3.2A).  The down-regulated genes showed similar intersections (Figure 3.2B).  Second, disrupting 

21nt miRNA biogenesis had a severe effect on the plant transcriptome; while disrupting long miRNA 

biogenesis and siRNA biogenesis had a small effect. The number of genes with transcript levels that 

increased relative to wild type controls ranged from 930 to 4,238 among the canonical 21nt miRNA 

biogenesis mutants dcl1-7, hen1-1, hst15, and hyl1-2 (Figure 3.1). The number of transcripts that 

decreased ranged from 867 to 2,172. In contrast, 258 genes increased in abundance and 210 genes 

decreased in abundance in the dcl3-1 mutant (Figure 3.1). 

3.3.2 Computational prediction of novel miRNAs and targets 

Our results suggested that known miRNA targets fail to explain transcription patterns 

amongst miRNA mutants, and we devised a method to identify both novel miRNAs and miRNA 

targets.  The ATH1 array contains approximately 22,750 probe sets representing 23,750 genes. We 

reasoned that the transcripts that changed within the mutants included mRNAs to which miRNAs 
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bind and cleave and downstream transcripts influenced by these direct targets. To identify novel 

miRNAs and miRNA targets, we defined a core set of genes up-regulated across the dcl1-7, hen1-1, 

hyl1-2 and hst mutants. This set contains 117 genes (123 probe sets changed significantly across all 

mutants (Figure 3.2A), but six probe sets cross-hybridized with multiple genes and were removed).  

Transcription factors are over-represented among known miRNA targets (Jones-Rhoades et 

al., 2006).  To infer if our core set likely contained target genes, we evaluated the frequency of GO 

SLIM gene ontology terms within the set.  Transcription factors occurred twice as frequently as 

expected (12% vs. 6%), (Figure S3.4; Table 3.1; Fisher’s Exact Test P< 0.001), and the biological 

process "transcription" was over-represented within the up-regulated genes (6% vs. 4%, Table S3.1). 

Interestingly, genes classified in the “response to abiotic or biotic stimulus” biological process were 

also more frequent within the up-regulated genes as compared to the non-upregulated genes (6% vs. 

3%, Table S3.1), and genes with unknown molecular functions occurred at less than half the expected 

frequency among up-regulated genes (11% vs. 24%, Table 3.1). Genes without GO SLIM terms were 

not inherently less likely to change in abundance than genes with GO SLIM terms, because the 

number of genes with unknown molecular functions among down-regulated genes is similar to their 

genome proportion (Table 3.1). Among the 105 genes significantly down-regulated across the 

mutants, there was no evidence that molecular function classes or biological processes were over or 

under represented (Table 3.1; Table S3.1; Fisher’s Exact Test P>0.01). 

The core set of 117 genes up-regulated across all four canonical miRNA biogenesis mutants 

represented a conservative starting point to identify novel miRNAs and targets. We searched for high 

complementarity between a set of 1,984 small RNA (sRNA) sequences generated by deep sequencing 

of sRNAs from the A. thaliana rdr2-1 mutant (Lu et al., 2006) and 158 predicted mRNAs derived 

from the 117 up-regulated genes, allowing for three or fewer mismatches. We identified 113 sRNAs 

complementary to 76 putative mRNAs that were derived from 56 of the 117 genes. We ran a BLAST 
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analysis of the 113 sRNAs against 2,585 conserved Arabidopsis 20mers that have homology to 

conserved genomic loci that could generate a hairpin structure (AtSet3) (Jones-Rhoades and Bartel, 

2004). Forty of the 113 sRNAs were perfectly matched by 20mers in AtSet3. Twenty-nine were 

previously characterized miRNAs. From the remaining eleven sRNAs, we identified five novel 

miRNA sequences. Three of the five miRNAs are encoded by two MIR169 genes on chromosomes 3 

and 5 (Table 3.2), and the miRNAs differ from the miRBase entries MIR166a, MIR169a, MIR169b, 

MIR169f and MIR169g by between one or two nucleotides. All candidate miRNAs were expressed in 

the rdr2 mutant and were not present in sequenced sRNAs from the dcl1 mutant (Table 3.3).  Only 

miRNA 2 was found in wild type. These miRNAs have low abundance (Table 3.3), but the abundance 

is not unusual relative to other known miRNAs.  Lu et al. found that 65% (30 out of 46) of known 

miRNAs have a count equal or less than six out of 4,573 sRNAs sequenced in a 454 analysis of the 

rdr2 mutant inflorescence (Lu et al., 2006). 

Pre-miRNA secondary structures were predicted by RNAfold (Hofacker, 2003) and evaluated 

by MIRcheck (Jones-Rhoades and Bartel, 2004). The predicted secondary structures are shown in 

Figure S3.5. Interestingly, miRNAs 3 and 4 have homology to complementary sequences in the same 

stem loop of MIR169a (Figure 3.3). One miRNA has high complementarity with the 

disproportionating enzyme (DPE2; At2g40840), which has 4-α-glucanotransferase activity and is an 

essential component of the pathway from starch to sucrose in leaf cells (Chia et al., 2004). At2g40840 

is relatively highly abundant in leaves, meristems and developing siliques and less abundant in pollen, 

seeds, and siliques in late developmental stages. The other miRNA has high complementarity with 

two CCAAT-binding transcription factors (At1g17590, At1g54160).  The miRNAs 1, 2, 4, and 5 have 

high complementarity to transcription factor encoding mRNAs targeted by MIR166 and MIR169 

miRNAs (Allen et al., 2005, Jones-Rhoades and Bartel, 2004) (Table 3.4); however miRNAs 2, 4 and 

5 have predicted novel target cleavage sites within these transcripts. We also observed that the 
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CCAAT binding transcription factor At1g54160 is targeted by different miRNAs (1, 4, and 5).  These 

findings revealed that one miRNA can regulate multiple target genes, and one gene can be targeted by 

multiple miRNAs. 

3.3.3 Tissue specific transcriptional patterns of miRNA regulated genes 

We tested if genes mis-expressed in miRNA mutants have tissue-specific patterns of 

expression. To determine this, we computed the ranks of the genes up-regulated and down-regulated 

in the canonical miRNA mutant inflorescences across 23 tissues. Tissues included roots, meristems, 

leaves, flowers, siliques, seeds, and mature pollen (Schmid et al., 2005). If genes up- or down-

regulated across mutants had high or low transcript abundances within a tissue, these genes had high 

or low ranks within that tissue, respectively.  We also ranked the transcripts that did not change in 

abundance amongst the mutants in each of the 23 tissues to obtain the expected distribution of gene 

expression ranks within each tissue. Significant differences in rank distributions were tested using the 

Komolgorov-Smirnov (KS) test (see materials and methods). We found that up-regulated core set 

genes were significantly abundant in the inflorescence relative to other tissues (Figure 3.4).  This 

finding suggested that known miRNA targets would also be highly abundant within the inflorescence. 

Indeed, known targets were highly abundant within the inflorescence relative to other tissues (Figure 

3.4).  Interestingly, the genes down-regulated in the mutants were also highly expressed in the 

inflorescence relative to other tissues (Figure 3.4).  

We also investigated whether miRNAs could cause the transcriptome of one tissue to 

resemble the transcriptome of another tissue.  Using the tissue corrected distributional bias test (see 

materials and methods), we found that the up-regulated genes in miRNA biogenesis mutant 

inflorescences were preferentially expressed in wild type leaves and meristems (Figure 3.5A), and 

less expressed in pollen and seeds (Figure 3.5B). The down-regulated genes in miRNA biogenesis 

mutants were preferentially expressed in wild-type pollen, siliques and seeds (Figure 3.5B), and less 
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expressed in roots, meristems and leaves (Figure 3.5A). Thus mutations in miRNA biogenesis genes 

cause the inflorescence transcriptome to resemble the leaf and meristem transcriptomes. In addition, 

the mutations make the inflorescence transcriptome less similar to mature pollen and seed 

transcriptomes. 

3.4 Discussion 

3.4.1 Transcriptional patterns of 21nt and 24nt miRNA-defective mutants 

Across canonical miRNA biogenesis/ transport mutants, the number of misexpressed, known 

miRNA targets did not correlate with the number of transcripts that changed in abundance. In 

addition, the number of known miRNA targets upregulated between mutants did not correlate with 

the number of mRNAs upregulated between mutants. Thus, we postulated that transcriptome 

differences amongst mutants are due to roles of the biogenesis proteins in processes outside of 

miRNA biogenesis and/or that a number of miRNA targets have not been identified.  We examined 

an intersection of four mutant transcriptomes to identify novel miRNAs and miRNA targets. 

Analysis of the miRNA mutant transcriptomes also showed that the pattern of transcriptional 

changes amongst mutants was not always consistent with the current model for miRNA 

biogenesis/transport (Voinnet, 2009), and that dcl3 had little effect on the transcriptome.  Transcripts 

upregulated in both hyl1 and hst had almost two-times greater overlap than the transcripts that 

changed in other hyl1 and hst comparisons, and a relatively low number of transcripts were shared 

between dcl1 and hyl1. Of the 930 transcripts upregulated in hyl1, 65% were upregulated in hst15, 

and of the 1,995 transcripts upregulated in hst15, 30% were found in hyl1 (Figure 3.2A-2B). In 

Arabidopsis, RISC loading may occur both in the nucleus and in the cytoplasm (Chen, 2008). One 

could envision HYL1 shuttling a subset of mature miRNAs to HST for export, while other miRNA 

duplexes are integrated into the nuclear RISC. However, of the 37 known miRNA targets up-
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regulated in hyl1 and of the 29 known miRNA targets upregulated in hst, 18 were shared (Figure 

S3.3), a number similar to other mutant pairs. As mentioned above, the role of HST as an exportin 

involved for miRNA transport has not been confirmed (Park et al., 2005, Bollman et al., 2003); we 

suggest that HYL may interact with HST in the nucleus to facilitate mature miRNA processing. In 

contrast, we had expected the highest overlap of transcript changes between dcl1 and hyl1 because 

miRNA targets accumulate less in hyl1 than dcl1 (Vazquez et al., 2004), and HYL1 interacts with 

DCL1 to promote the precise processing and efficient generation of miRNAs (Dong et al., 2008).  

Only eight percent of dcl1 transcripts overlapped with hyl1, and only 35% of hyl1 transcripts 

overlapped with dcl1 (Figure 3.2A).  The hypomorphic dcl1 mutant used in this study, dcl1-7, has a 

mutation in the helicase domain (Schauer et al., 2002).  We considered the possibility that dcl1-7 

could still process HYL1 dependent miRNAs.  However, dcl1-7 has been shown to fail to process 

miR163 which is impaired in hyl1 (Kurihara and Watanabe, 2004), and the number of shared known 

miRNA targets among up-regulated genes (24) is higher between dcl1 and hyl1 than between dcl1 

and other mutants (Figure S3.3).  The function of HYL1 in miRNA biogenesis is thus likely DCL1-

dependent, and the genes affected in the hyl1 mutant that did not overlap with dcl1 likely reflect other 

roles for this protein.  HYL1 was recently shown to bind to short interspersed element (SINE 

element) RNA and influence a variety of cellular processes (Pouch-Pelissier et al., 2008).  Future 

work could examine the relationship amongst SINEs and the gene transcript abundance changes in 

the HYL1 mutant.  As expected, the dcl1 and hen1 mutants had a high number of shared transcript 

changes (Kurihara and Watanabe, 2004, Yang et al., 2006b).  DCL3 generates 23 to 25nt miRNAs 

from a number of the same miRNA precursors processed by DCL1 and is also necessary to process a 

number of 23- to 25-nt repeat-associated siRNAs (ra-siRNA) associated with heterochromatin and 

DNA repeats (Lu et al., 2006, Mallory and Vaucheret, 2006). The dcl3 mutant had a small effect on 

the transcriptome with 258 and 210 transcripts up-regulated and down-regulated, respectively.  This 
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result supports the hypothesis that long miRNAs processed by DCL3 are functionally inert (Voinnet, 

2009), despite the fact they are developmentally regulated and conserved over time (Vazquez et al., 

2008), and the result is consistent with the limited role of repeats in Arabidopsis gene regulation 

(Kasschau et al., 2007). 

3.4.2 The discovery of novel miRNAs 

We hypothesized that a core set of 123 genes up-regulated among all the canonical miRNA 

mutants (Figure 3.2) would contain a number of novel miRNA targets. Transcription factors are 

known preferential, direct targets for miRNAs (Jones-Rhoades and Bartel, 2004), and among the core 

set of up-regulated transcripts, only the "transcription factor activity" GO molecular function term 

was highly over-represented (Table 3.1).  This result was consistent with the expectation that these 

genes contained a number of direct miRNA targets.  Interestingly, only the "unknown molecular 

functions" term was significantly under-represented amongst up-regulated genes (Table 3.1). The 

small number of upregulated genes with an unknown molecular function suggests that miRNAs 

regulate genes that have a noticeable mutant phenotype and thus have a high chance of experimental 

characterization and discovery.  We had also anticipated that the 123 genes would contain 

downstream miRNA targets that were involved in specific molecular functions or biological 

processes. Because only transcription factors were over-represented, we conclude that miRNA 

regulated downstream genes have a range of molecular functions and are involved in a number of 

biological processes. 

By integrating a number of lines of evidence, we identified five novel mature miRNAs.  Four 

were highly similar to previously characterized miRNAs.  The novel miRNAs met criteria for the 

annotation of plant microRNAs (Table 3.2) (Meyers et al., 2008). The mature 20~21 nt miRNAs are 

expressed (Table 3.3). As expected, the miRNA precursors contain extensive base-pairing, stable and 

conserved stem-loop structures. No asymmetric bulges exist between the miRNA and the opposite 
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stem-arm in the stem-loop (Figure S3.5). The novel mature miRNAs have high complementarity with 

their predicted target sites and meet empirical sequence parameters for miRNA:target recognition 

such as no mismatches at position 10 and 11 of the 5’ end of miRNAs and no more than one 

mismatch at positions 2-12 (Figure S3.6) (Schwab et al., 2005).  MiRNA 3 targets a novel mRNA. 

The other four mature miRNAs target mRNAs that are known targets of other miRNAs. Three of 

these four novel miRNAs direct mRNA cleavage at novel positions (Figure S3.6). This study 

identified miRNAs using only inflorescence transcriptome data and conservative criteria: putative 

targets had to be misexpressed in all mutants, and targets and miRNAs could differ by at most three 

nucleotides.  It is very likely that analyses of individual biogenesis mutants and other biogenesis 

mutant tissues using the same or more liberal criteria would identify additional novel miRNAs and 

miRNA targets.  

As described above, miRNAs are processed from a miRNA duplex.  Mature miRNAs guide 

RISC to silence target mRNAs, and the complementary miRNA* is gradually degraded (Mallory and 

Vaucheret, 2006, Chen, 2008).  Interestingly, one miRNA gene, encodes miRNAs 3 and 4 from the 

same pre-miRNA stem loop (Table 3.2, Figure 3.3).  One miRNA targets At2g40840, an enzyme 

involved in the starch to sucrose transition.  The complement targets CCAAT-binding transcription 

factors.  Xue et al. (Xue et al., 2009) suggested that high levels of a miRNA* may suppress the 

function of a miRNA.  Because we identified miRNAs based on the reduction of putative targets, 

both miRNAs identified here very likely function to cleave target mRNAs.  This discovery is similar 

to previous reports in mammals in which RISC was able to cleave the antisense of let-7 target genes 

when the miRNA/miRNA* duplex was provided (Gregory et al., 2005).  Both strands of miRNA can 

also suppress the expression of mouse transcripts (Ro et al., 2007).  
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3.4.3 miRNA regulated genes have tissue-biased expression 

We found that both up- and down-regulated genes in the inflorescences of miRNA biogenesis 

mutants were highly expressed in wild-type inflorescences relative to other tissues (Figure 3.4). This 

observation suggests that miRNAs as a class spatially restrict target transcripts within tissues and/or 

affect target transcripts at a specific developmental time rather than eliminate transcripts from whole 

tissues (Voinnet, 2009).  Co-expression of a miRNA and its target is consistent with this 

interpretation. miR171 and its targets SCL6-III and SCL6-IV are highly expressed in inflorescences 

(Llave et al., 2002). In rice, osa-miR160, osa-miR164 and osa-miR172 are co-expressed with their 

targets in root, leaf, seedling, endosperm and embryo (Xue et al., 2009). 

Using the distributional bias test, we also found that genes up-regulated in the 21nt miRNA 

biogenesis mutants' inflorescences were preferentially expressed in leaves and meristems and less 

expressed in pollen and seeds (Figure 3.5A). Genes down-regulated within the mutants' 

inflorescences are significantly abundant in wild type pollen and seed and significantly low in 

meristems, roots and leaves (Figure 3.5B). Thus, miRNA mutants cause the inflorescence 

transcriptome to resemble leaf and meristem transcriptomes and to diverge from pollen and seed 

transcriptomes.  A number of developmental and molecular observations are consistent with this 

observation.  The dcl1 mutant displays defects in embryo development, floral meristem identity, and 

delayed flowering (Schauer et al., 2002), and  hen1 and hyl1 have similar developmental defects as 

dcl1 (Schauer et al., 2002, Park et al., 2002, Vazquez et al., 2004). Meristem and auxin related genes 

accumulate in the hyl1 mutant inflorescences (Vazquez et al., 2004). SE, along with DCL and HYL1 

functions in primary microRNA processing (Yang et al., 2006a).  Some siliques from F1 progeny of 

se and hyl1 contained abortive seeds because the se hyl1 double mutant is embryonically lethal (Yang 

et al., 2006a). Finally, overexpression of an AP2 cDNA with mismatches to miR172 caused enlarged 

floral meristems and many whorls of petals or staminoid organs (Chen, 2004).  Despite these 
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observations, it was not clear a priori that loss of miRNAs as a class would cause one tissue's 

transcriptome to resemble that of another because different miRNA:target interactions are known to 

have opposite functions.  For example, overexpression of miRNA156 in maize prolongs juvenile 

development while expression of miR172 promotes the transition to the adult phase of growth (Chuck 

et al., 2007, Lauter et al., 2005). It would be interesting to examine how miRNAs globally alter the 

transcriptomes in tissues other than the inflorescence. 

In conclusion, analysis and integration of large mRNA profiling datasets, sRNA deep 

sequencing data, and computational predictions of conserved genomic stem-loop structures revealed 

novel mature miRNAs, novel miRNA targets, and miRNA-regulated developmental changes in gene 

expression in the model plant Arabidopsis thaliana. miRNAs have been identified in the important 

crop species maize (Zhang et al., 2006a, Zhang et al., 2009a) and rice (Sunkar et al., 2005, Xue et al., 

2009). It would be interesting to see if miRNAs in these diverse agriculturally important species also 

promote reproductive transcriptome changes. 

3.5 Materials and methods 

3.5.1 Evaluating transcript abundance changes and tissue-biased expression 

ATH1 microarray raw data (.cel files) from wild type and miRNA-defective mutants, dcl1-7, 

dcl3-1, hen1-1, hyl1-2 and hst15 were kindly provided by Dr. Carrington’s lab. Plant growth 

conditions, RNA extractions, labeling and hybridization were described by Allen et al. (Allen et al., 

2005). Arrays were hybridized with cRNA derived from inflorescence RNA. We used data from three 

arrays from each mutant line and three wild type lines.  We normalized data using gcRMA 

implemented in R (Wu et al., 2004). The expression level of each gene was represented by the mean 

of the log2-transformed, normalized and median polished signal levels across each set of tissue 

replicates, and significant differences between mutant and wild type were determined using linear 
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models in the Bioconductor LIMMA package with a Bayesian correction for standard error. 

Differences were deemed statistically significant with a false discovery rate (FDR) of 0.05. We 

defined core sets of genes as those genes whose transcript abundance was higher or lower across all 

the canonical miRNA mutants. 

To determine the tissue abundance of genes that were misexpressed in miRNA mutants, we 

obtained Affymetrix ATH1 data described by Schmid et al. (Schmid et al., 2005). We selected 

expression data from 23 of 79 tissues excluding similar tissue types to avoid over-representation in 

statistical analyses. Tissue descriptions and abbreviations are given in Table S3.2. Each gene’s 

expression levels were ranked over all 23 tissues. We determined if core sets of genes had high ranks 

or low ranks within a tissue compared to the ranks of a reference group, the genes not included within 

the core sets. A gene in a core set with a high rank within a tissue meant that the gene’s transcript 

abundance was high in the tissue relative to other tissues. 

The Komolgorov-Smirnov (KS) test was used to identify tissues in which core sets of up-

regulated or down-regulated genes had significantly high or low abundances.  The mutant transcripts 

were sampled from the inflorescence, and thus a priori may have had high ranks in tissues with 

transcriptomes more like the inflorescence than other tissues. To avoid this bias, we compared the 

abundance of miRNA-regulated genes across tissues with genes that have the same expression ranks 

in the inflorescence.  We randomly chose sets of genes which had the same expression ranks as genes 

in the core sets in the inflorescence 1,000 times. For each gene set, we applied the KS test.  The core 

sets' observed KS p values were compared with the KS p values from the permuted data set to 

determine the significance of the core set KS value. We named this approach the tissue corrected 

distributional bias test. A core set had significantly higher or lower transcript levels in the tissue of 

interest relative to other tissues if the P-value was less than 0.01.   
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Computational analyses were performed on a high performance computing “cluster of 

clusters”, the Shared Hierarchical Academic Research Computing NETwork (SHARCNET). We 

utilized the cornfish, narwhal, and whale clusters each with 14, 1,074 and 3,082 processors 

respectively. SHARCNET enabled rapid computations and the execution of some analyses that 

required large memory configurations (up to 16GB per processor). 

3.5.2 Identifying novel miRNAs and corresponding targets 

Predicted A. thaliana genomic and mRNA sequences were retrieved from GenBank RefSeqs 

(accessions: NC_003070.6, NC_003071.4, NC_003074.5, NC_003075.4, and NC_003076.5). A set 

of 2,585 Arabidopsis 20mers (AtSet3) which are located in potential hairpin structures typical of 

miRNA precursors and are conserved in rice was kindly provided (Jones-Rhoades and Bartel, 2004). 

Putative miRNA sequences generated by 454 sequencing were downloaded from NCBI. This data set 

contained 1,984 unique sRNAs derived from rdr2 inflorescence tissue which is enriched for miRNAs 

(Lu et al., 2006).  We compared transcripts whose abundance increased among mutants to both the 

sRNAs and the AtSet3 list of sequences to identify direct miRNA targets. First, the 1,984 sRNAs 

were blasted against the mRNAs of up-regulated genes. Three or fewer mismatches between a sRNA 

and an mRNA were considered a hit. Second, we determined the presence of the matched sRNAs 

within AtSet3, allowing only perfect matches between the sRNAs and AtSet 3 sequences. To visualize 

hairpin structures, ~500 nt genomic sequences centred on each matched sRNA were retrieved from 

the GenBank RefSeq records. With those genomic sequences, RNAfold implemented in ViennaRNA-

1.8.1 (Hofacker, 2003) was used to predict the secondary structure. The RNAfold-predicted 

secondary structure was tested for miRNA hairpins and evaluated for a miRNA and miRNA* duplex 

by MIRcheck.  
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Figure 3.1. Numbers of transcripts that were up-regulated or down-regulated in mutant lines 

compared to wild-type lines. Genes were classified as up-regulated or down-regulated if their 

transcript abundance increased or decreased, respectively, and the changes were statistically 

significant (FDR=0.05). 

 



 

                                                                        41  
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Figure 3.2. Venn diagrams showing up- and down-regulated genes across the mutants dcl1-7, 

hen1-1, hyl1-2 and hst15. (A) Among up-regulated genes, 123 genes were shared among the miRNA 

mutants. 117 of the 123 genes have no cross-hybridization and were chosen for further study. (B) 

Among down-regulated genes, 109 genes are shared among the miRNA mutants. 105 of the 109 

genes have no cross-hybridization and were chosen for further study. 
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Figure 3.3. Predicted hairpin structure of miRNAs 3 and 4. miRNA 4 (red bar) and miRNA 3 

(blue bar) target different genes and are encoded by complementary sequences within the stem-loop 

precursor. 
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Figure 3.4. Known miRNA targeted genes, and genes up or down-regulated across mutants 

were highly abundant within the inflorescence. The inflorescence expression ranks of genes within 

these groups were significantly higher than ranks of genes outside these groups. Log (base 10) P 

values are plotted for three inflorescence tissues (FL1, FL2, and FL3). The dashed line shows an α 

critical value of 0.01.
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Figure 3.5. Tissue specificity of genes up- and down-regulated in miRNA biogenesis mutant inflorescences. Grey, yellow and red indicate no 

significance, significance at P< 0.05, and significance at P<0.01 respectively. (A) Tissues in which genes up-regulated in the mutants had high 

abundance, and tissues in which genes down-regulated in the mutants had low abundance. Colors in the top row indicate if genes up-regulated in 

the mutants are expressed at a significantly high level in the wild type tissue. Colors in the bottom row indicate if genes down-regulated in the 

mutants were expressed at a significantly low level in the wild type tissue. (B) Tissues in which genes up-regulated in the mutants had low 

abundance, and tissues in which genes down-regulated in the mutants had high abundance. Colors in the top row indicate if genes up-regulated in 

the mutants were expressed at a significantly low level in the wild type tissue. Colors in the bottom row indicate if genes down-regulated in the 

mutants were expressed at a significantly high level.  The key for tissue type abbreviations is: RT1: root, 7 days; RT2: root, 15 days; RT3: root, 17 

days; MS1: shoot apex, vegetative plus young leaves; MS2: shoot apex, vegetative; MS3: shoot apex, transition; MS4: shoot apex, inflorescence; 

RL1: rosette leaf #4; RL2: rosette leaf #6; RL3: rosette leaf #8; RL4: rosette leaf #10; CL: cauline leaf; MP: mature pollen; SL1: silique, with 

seeds stage 3; SL2: silique, with seeds stage 4; SL3: silique, with seeds stage 5; SD1: seed, stage 6; SD2: seed, stage 7; SD3: seed, stage 8; SD4: 

seed, stage 9. 
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Figure S 3.1. The frequency of known miRNA targets amongst genes up- and down-regulated in 

the miRNA biogenesis mutants. Known miRNA targets were highly represented amongst up-

regulated genes. 
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Figure S 3.2. Histograms of log-fold changes of known miRNA target transcripts represented in 

significantly up-regulated genes among miRNA biogenesis mutants. 
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Figure S 3.3. Three-way Venn diagrams showing the overlap of known miRNA targets up-

regulated within miRNA biogenesis mutants dcl1-7, hen1-1, hyl1-2 and hst15. 
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Figure S 3.4. A plot of Pearson's Chi-squared test residuals of GOslim molecular function 

classes for genes up-regulated in canonical miRNA mutants compared to genes that were not 

up-regulated in the mutants. DRB combined DNA or RNA binding, nucleic acid binding, and 

nucleotide binding; HA, hydrolase activity; KA, kinase activity; OB, other binding; OEA, other 

enzyme activity; OMF, other molecular functions; PB, protein binding; RBA, receptor binding or 

activity; SMA, structural molecule activity; Ta, transferase activity; TA, transporter activity; TFA, 

transcription factor activity; UMF, unknown molecular functions. 

 

 

 

 



 

                                                                        50  

 



 

                                                                        51  
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Figure S 3.5. Predicted hairpin structures of three newly identified miRNA groups, miRNA 1 

(A), miRNA 2 (B), and miRNA 3, 4, and 5 (C). All the hairpin structures are predicted by the 

RNAfold program. Mature miRNA sequences in each family recovered from 454 sRNA sequence 

data are represented by vertical red bars located either on 5’ or 3’ arm of the precursor. 
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Figure S 3.6. Watson-Crick pairing between novel miRNAs and predicted miRNA targets. 

There were no mismatches at positions 10 and 11 from the 5’ end of miRNAs with nucleotides in 

miRNA targets (red). 
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Table 3.1. GOslim categories in molecular function (MF) of differentially expressed genes and non-differentially expressed genes in dcl1-7, 
hen1-1, hyl1-2 and hst15. 

 Non-up-regulated genes  
Up-regulated genes 

 
Down-regulated genes 

 

Non-down-regulated 

genes 

GOslim categories Genes   

Proportion 

(%)   Genes   

Proportion 

(%)*   Genes   

Proportion 

(%)†   Genes   

Proportion 

(%) 

DNA or RNA binding 1479   6.36   4   3.03   7   5.43   1476   6.34 

hydrolase activity 2107  9.06  17  12.88  18  13.95  2106  9.05 

kinase activity 1174  5.05  7  5.30  2  1.55  1179  5.07 

nucleic acid binding 431  1.85  3  2.27  1  0.78  433  1.86 

nucleotide binding 1000  4.30  2  1.52  2  1.55  1000  4.30 

other binding 2127  9.14  19  14.39  17  13.18  2129  9.15 

other enzyme activity 2225  9.56  16  12.12  13  10.08  2228  9.57 

other molecular functions 699  3.00  2  1.52  4  3.10  697  3.00 

protein binding 1775  7.63  5  3.79  12  9.30  1768  7.60 

receptor binding or activity 181  0.78  1  0.76  1  0.78  181  0.78 

structural molecule activity 385  1.65  1  0.76  1  0.78  385  1.65 

transcription factor activity 1358  5.84  16  12.12  10  7.75  1364  5.86 

transferase activity 1664  7.15  15  11.36  10  7.75  1669  7.17 

transporter activity 1028  4.42  9  6.82  1  0.78  1036  4.45 

unknown molecular functions 5635  24.22  15  11.36  30  23.26  5620  24.15 

*Proportions in the 15 GOslim MF categories differed significantly from those for non-up-regulated genes (Fisher's exact test, P=2.4x10-4). 

†Proportions in the 15 GOslim MF categories did not differ significantly from those for non-down-regulated genes (Fisher's exact test, P=0.1619). 
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Table 3.2. Newly identified miRNAs in Arabidopsis. 

miRNA 

identifier miRNA gene variant Chr. Coordinates Arm Mature miRNA sequence 

1 MIR169f 3: [-] 4805723-4805825 5' GAGCCAAGGAUGACUUGCCGG 

 MIR169g 4: [-] 11483045-11483125 5' GAGCCAAGGAUGACUUGCCGG 

2 MIR166a 2: [+] 19183197-19183330 3' UUCGGACCAGGCUUCAUUCCC 

3 MIR169a-3p.1 3: [-] 4359017-4359211 3' GCAAGUUGUCCUUGGCUACA 

4 MIR169a-5p.1 3: [-] 4359017-4359211 5' UGCAGCCAAGGAUGACUUGCC 

 MIR169b.1 5: [+] 8527512-8527616 5' UGCAGCCAAGGAUGACUUGCC 

5 MIR169a-5p.2 3: [-] 4359018-4359210 5' GCAGCCAAGGAUGACUUGCCG 

 MIR169b.2 5: [+] 8527513-8527615 5' GCAGCCAAGGAUGACUUGCCG 

Newly identified miRNAs are listed. The predicted stem-loop of miRNA is transcribed from the forward strand (+) 

or reverse strand (-) of the annotated chromosome (Chr.) from start to end coordinates (Coordinates). The mature 

miRNA is generated from the arm of the predicted stem-loop (Arm). 
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Table 3.3. Novel miRNA expression (454 raw values) in sRNA mutants and wild-type 

inflorescences*. 

miRNA identifier rdr2-1 rdr6-15 Col-0 dcl1-7 dcl234

1 1 0 0 0 0

2 6 1 4 0 14

3 2 0 0 0 0

4 1 0 0 0 0

5 1 0 0 0 0

Total sRNAs† 4573 6441 7488 8663 6214

*Counts of putative miRNAs were made from 454 sRNA sequence 

data as described in GEO dataset GSE5343 (Lu et al., 2006).  

†This row shows the total number of genome-matching small 

RNAs sequenced in each 454 library. 
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Table 3.4. Predicted miRNA targets. 

miRNA 

identifier 

miRNA 

family Target protein class Target genes 

1 MIR169 CCAAT-binding transcription factor At1g54160,At3g05690,At5g06510 

2 MIR166 HD-Zip transcription factors At1g30490,At5g60690 

3 MIR169 4-alpha-glucanotransferase activity At2g40840 

4 MIR169 CCAAT-binding transcription factor At1g17590,At1g54160 

5 MIR169 CCAAT-binding transcription factor At1g17590,At1g54160 
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Table S 3.1. GOslim categories in biological process (BP) of differentially expressed genes and non-differentially expressed genes in dcl1-7, 
hen1-1, hyl1-2 and hst15. 

 Non-up-regulated genes  
Up-regulated genes 

 Down-regulated genes  

Non-down-regulated 

genes 

GOslim categories Genes   

Proportion 

(%)   Genes   

Proportion 

(%)*   Genes   

Proportion 

(%)†   Genes   

Proportion 

(%) 

DNA or RNA metabolism 251  0.76  0  0.00  0  0.00  251  0.76 

cell organization and biogenesis 1220  3.70  7  3.03  7  4.22  1220  3.69 

developmental processes 1098  3.33  10  4.33  5  3.01  1103  3.34 

electron transport or energy 

pathways 599  1.82  1  0.43  3  1.81  597  1.81 

other biological processes 867  2.63  9  3.90  14  8.43  862  2.61 

other cellular processes 6530  19.81  53  22.94  27  16.27  6556  19.85 

other metabolic processes 6941  21.06  55  23.81  40  24.10  6956  21.06 

protein metabolism 2724  8.26  12  5.19  8  4.82  2728  8.26 

response to abiotic or biotic stimulus 1130  3.43  15  6.49  10  6.02  1135  3.44 

response to stress 1329  4.03  13  5.63  8  4.82  1334  4.04 

signal transduction 793  2.41  4  1.73  3  1.81  794  2.40 

transcription 1333  4.04  14  6.06  6  3.61  1341  4.06 

transport 1426  4.33  13  5.63  4  2.41  1435  4.34 

unknown biological processes 6722  20.39  25  10.82  31  18.67  6716  20.33 

*Proportions in the 14 GOslim BP categories differed significantly from those for non-up-regulated genes (Fisher's exact test, P=9x10-4). 

†Proportions in the 14 GOslim BP categories did not differ significantly from those for non-down-regulated genes (Fisher's exact test, P=2x10-2). 
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Table S 3.2. Sample names and descriptions for ATH1 microarray data. 

Abbreviations* Tissues 

RT1 root, 7 days 

RT2 root,15 days 

RT3 root, 17 days 

MS1 shoot apex, vegetative + young leaves 

MS2 shoot apex, vegetative  

MS3 shoot apex, transition (before bolting) 

MS4 shoot apex, inflorescense (after bolting) 

RL1 rosette leaf #4, 17 days 

RL2 rosette leaf #6, 17 days 

RL3 rosette leaf #8, 17 days 

RL4 rosette leaf #10, 17 days 

CL cauline leaf 

MP mature pollen 

FL1 flower, stage 9, the petals become stalked at base 

FL2 flower, stage 10/11, stigmatic papillae cover the stigma  

FL3 flower, stage 12, the petals reach the length of the long medial stamens 

SL1 silique, with seeds stage 3; mid globular to early heart embryo 

SL2 silique, with seeds stage 4; early to late heart embryo 

SL3 silique, with seeds stage 5; late heart to mid torpedo embryo 

SD1 seed, stage 6; mid to late torpedo embryos 

SD2 seed, stage 7; late torpedo to early walking-stick embryos 

SD3 seed, stage 8; walking-stick to early curled-cotyledons embryo 

SD4 seed, stage 9; curled-cotyledons to early green-cotyledons embryo 

*Samples were selected from the plant development dataset described by Schmid and 

coworkers (Schmid et al., 2005) 

 



                                                                           60  

Chapter 4 
Protein coding cis natural sense antisense transcripts (cis-NATs) have high 

and broad expression across diverse stress conditions in Arabidopsis 

thaliana  

4.1 Abstract  

Pairs of genes within eukaryotic genomes are often located in complementary DNA such that 

transcription generates cis natural sense antisense transcripts (cis-NATs). Here, we report that within 

Arabidopsis thaliana, protein coding (PC) genes occur more frequently than expected by chance 

among cis-NAT gene pairs. These PC cis-NATs are co-expressed, broadly expressed, and highly 

expressed across diverse abiotic stress conditions significantly more frequently than are PC non-cis-

NAT genes. These global expression patterns of PC cis-NATs are largely independent of natural 

antisense transcript-siRNAs (nat-siRNAs). Small RNAs (sRNAs) both from plants in standard growth 

conditions and plants subjected to abiotic stresses rarely matched cis-NATs. Small RNAs from 

mutants defective in nat-siRNA biogenesis mapped to PC cis-NATs and PC non-cis-NATs at similar 

frequencies as did sRNAs from wild type plants and other siRNA mutants. Although PC cis-NATs 

may promote high and broad expression, aspects of cis-NAT regulation drive their differential 

expression. Transcript abundance differences between complementary cis-NAT pairs are slightly 

higher than non-cis-NAT differences, and sRNAs matched to PC cis-NATs relative to PC non-cis-

NATs at a higher frequency in stress conditions than in control conditions. No cis-NAT pair was 

found to be highly correlated across a diverse set of treatments. Our results suggest that cis-NAT 

orientation contributes to high and broad transcript expression yet suppresses correlation and 

facilitates a focused response to stress. 
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4.2 Introduction 

The arrangements of protein coding genes relative to each other within eukaryotic genomes 

are non-random, and genes encoding proteins with similar functions or under similar regulation may 

be clustered together. In five eukaryotic genomes including Arabidopsis thaliana, genes functioning 

in the same Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway are often clustered (Lee 

and Sonnhammer, 2003, Williams and Bowles, 2004). Islands of co-expressed neighbouring genes in 

A. thaliana often contain genes that share gene ontology biological process terms (Zhan et al., 2006). 

In plants, five gene clusters involved in secondary metabolism pathways have been identified 

(Osbourn, 2010).  

One widespread arrangement of protein coding genes is one in which the genes are encoded 

by complementary strands of DNA, thereby generating cis-natural sense antisense transcripts (cis-

NATs). In higher eukaryotic organisms, 4-26% of protein coding genes are predicted to generate cis-

NATs, ranging from 4% of the protein coding genes in zebrafish to 26% in Drosophila (Solda et al., 

2008). A number of studies have catalogued cis-NATs within Arabidopsis thaliana (Jin et al., 2008, 

Wang et al., 2005b, Jen et al., 2005, Henz et al., 2007). Jen and coworkers (Jen et al., 2005) screened 

a genome annotation (TIGR version 5) and reported 1,083 protein coding (PC) cis-NAT pairs. Jin and 

coworkers (Jin et al., 2008) searched a different A. thaliana genome annotation (TAIR version 6) and 

identified 1,008 PC cis-NAT pairs. Overall, about 8% of protein coding genes in Arabidopsis are 

transcribed to cis-NATs, about the same frequency as in human and mouse [9].  

A key question has been whether the overlap of cis-NATs underlies a functional relationship 

between them. Studies within Arabidopsis thaliana have suggested that the expression patterns of cis-

NATs including PC cis-NATs differ slightly from the expression patterns of other transcripts (Jen et 

al., 2005, Jin et al., 2008, Henz et al., 2007). In A. thaliana, cis-NAT abundances across diverse 

developmental and abiotic conditions are equally or slightly less correlated than neighbouring, non-
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overlapping transcript abundances (Henz et al., 2007, Jin et al., 2008, Jen et al., 2005). For example, 

Jin and coworkers (Jin et al., 2008) analyzed microarray datasets across different developmental 

stages and environmental conditions and found the expression correlation between cis-NAT pairs was 

-0.006. The expression correlation between non-overlapping gene pairs was 0.082 (Jin et al., 2008). 

Furthermore, although highly correlated gene pairs are rare in the genome, convergently transcribed 

(tail-to-tail), neighboring gene pairs, a class of genes which include cis-NATs, are highly correlated 

less frequently than other neighboring gene pairs (Zhan et al., 2006). 

The results from A. thaliana differ from the striking differences in other species (Oeder et al., 

2007, Katayama et al., 2005, Chen et al., 2005). In mammalian tissues, many of the same cis-NAT 

transcripts are present, although transcript levels of the cis-NAT pair significantly vary (Chen et al., 

2005). The abundances of a significant number of cis-NATs are also positively correlated across a 

number of mammalian tissues (Katayama et al., 2005, Oeder et al., 2007). 

cis-NATs also have the capacity to generate nat-siRNAs. One cis-NAT may regulate the 

transcript abundance of a second cis-NAT by triggering the biogenesis of nat-siRNAs that 

subsequently guide transcript cleavage (Katiyar-Agarwal et al., 2006, Borsani et al., 2005, Ron et al., 

2010). In the founding example of A. thaliana nat-siRNA-directed silencing, transcription of SRO5 

induced in response to salt stress silences P5CDH (pyrroline-5-carboxylate dehydrogenase) in a 

DICER-LIKE 2 (DCL2), DCL1, RNA DEPENDENT RNA POLYMERASE 6 (RDR6), HUA 

ENHANCER1 (HEN1), SUPPRESSOR OF GENE SILENCING 3 (SGS3) and Nuclear RNA 

Polymerase D 1a (NRPD1a) dependent process (Borsani et al., 2005). HYPONASTIC LEAVES1 

(HYL1), and HYL1 and RDR2, respectively, were required for the accumulation of two additional 

nat-siRNAs (Katiyar-Agarwal et al., 2006, Ron et al., 2010). Although nat-siRNAs have not been 

found to map to cis-NATs at high frequencies in standard growth conditions, abiotic or biotic stresses 
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have been proposed to induce nat-siRNA production from cis-NATs (Katiyar-Agarwal et al., 2006, 

Borsani et al., 2005, Jin et al., 2008).  

This study had three objectives. The first objective was to identify cis-NATs expressed in 

abiotic stress growing conditions. The second objective was to determine if the expression patterns of 

PC cis-NATs differed from the patterns of other PC genes across abiotic stress treatments. The final 

objective was to investigate the putative role of sRNAs in regulating cis-NAT expression patterns. 

We conclude that overlapping PC genes have remarkably broad and high levels of transcript 

accumulation relative to non overlapping PC genes. sRNAs homologous to cis-NATs are too 

infrequent to explain global cis-NAT expression, but sRNAs homologous to cis-NATs increase in 

stress relative to control conditions and may have a greater role in cis-NAT regulation in abiotic stress 

conditions than in control conditions. Moreover, cis-NAT correlation was not detected.  

4.3 Results 

4.3.1 cis-NATs expressed in abiotic stress conditions  

miRNA encoding genes and small nucleolar RNA (sno-RNA) encoding genes in addition to 

protein coding genes can form cis-NATs. The Arabidopsis thaliana genome contains 33,239 

transcriptional units, and 33,234 adjacent transcript pairs (Table 4.1) as annotated by the Arabidopsis 

Information Resource (TAIR, release 9). 5.1% (1,710 of 33,234) of the adjacent transcript pairs are 

putative cis-NAT pairs, overlapping genes located on opposite strands of the same genomic locus. 

The 1,710 cis-NAT pairs are distributed relatively evenly across all chromosomes (Table 4.1). Cis-

NAT pairs may be classified into three types (Figure 4.1). In Type I, sense and antisense transcripts 

are complementary in their 3’ ends ( ). In Type II, they are complementary in their 5’ ends ( 

), and in Type III, one entire transcript has homology to a subsequence of a second transcript 

( ,  ). 80% (1,363 out of 1,710) of cis-NAT pairs are Type I (Table 4.1). 
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Protein coding cis-NAT pairs are over-represented among cis-NATs. 82% (1,402 out of 

1,710) of the cis-NAT pairs comprise two protein coding transcripts (Table 4.2), which is 

significantly higher than the expected proportion 66.81% (P< 1e-10). (The expected proportion was 

estimated as 81.74%*81.74%, where 81.74% (27,169 out of 33,239) is the percentage of protein 

coding genes in the genome) Of the 1,402 PC cis-NAT pairs, 90.7% are Type I cis-NATs (1,272 of 

1,402) (Table 4.2). PC cis-NATs are also more likely to be Type I and less likely to be Type II and 

Type III than other cis-NATs (Chi-square, P<1e-10). PC cis-NAT pairs were type II (4.4%, 62 of 

1,402) and type III (4.9%, 68 of 1,402) over two times less frequently than all cis-NAT pairs (Type II, 

8.9%, 152 of 1,710, and Type III 11.4%, 195 of 1,710) (Table 4.1, Table 4.2). 

We mapped RNA-seq microreads generated by Filichkin and coworkers from plants grown in 

standard, cold, heat, salt, drought and high light conditions onto all the annotated transcripts of 

protein coding genes and computed expression levels of the cis-NAT pairs (Filichkin et al., 2010). 

Most of the 1,402 putative PC cis-NAT pairs were expressed at > 2 RPKM across those conditions. 

Out of the 1,402 putative PC cis-NAT pairs, we identified 1,174 pairs in which both transcripts were 

expressed in at least one condition. In 1,167 pairs, both transcripts were expressed in one or more 

abiotic stress conditions. 

4.3.2 Expression patterns of PC cis-NATs significantly differ from the expression patterns of 

PC non-cis-NATs 

Chen and coworkers showed that cis-NAT pairs within the human genome were coexpressed 

much more frequently than other genes (Chen et al., 2005). We used the Index of Co-Expression 

(ICE) to calculate co-expression of the 1,174 Arabidopsis PC cis-NAT pairs. A high ICE indicates 

that two transcripts are frequently present in the same set of conditions, and ICE is corrected for 

expression breadth. A high proportion of cis-NAT pairs had high ICE values. For example, 94% of 

PC cis-NAT pairs had ICE values of >0.5, and 78% had ICE values greater than 0.9 (Table 4.3). In 



 

                                                                        65  

contrast, an average of 87% of non-cis-NAT pairs had ICE > 0.5, and an average of 63% had ICE 

values of > 0.9 (Table 4.3). The probability of sampling non-cis-NAT PC genes with ICE values as 

high as cis-NAT PC genes for all measured ICE levels was very small (P<1e-10, Table 4.3). We 

considered a pair of cis-NATs to be co-expressed if their ICE>0.6, as suggested by Chen and 

coworkers (Chen et al., 2005). The percentage of cis-NAT pairs with ICE > 0.6 was 89% versus 80% 

for non-cis-NAT pairs (P=3.33e-16, Table 4.3).  

In human, transcripts with high abundances are coexpressed at higher frequencies  than 

transcripts with low abundances (Lercher et al., 2002). We investigated if cis-NATs had higher 

transcript abundances than did non cis-NATs. The median expression level of the 2,348 genes within 

the 1,174 protein encoding cis-NAT pairs was 62.8 RPKM, significantly higher (Wilcoxon rank sum 

test, P=1.19e-11) than the median expression level of the 18,908 non-cis-NAT genes (52.5 RPKM). 

The high expression of PC cis-NATs relative to non-cis-NATs can be seen by comparing their 

frequency distributions (Figure 4.2). For example, 2.6% (62 out of 2,348) of cis-NATs were 

expressed at <= 4 RPKM, while 5.5% (1,047 out of 18,908) of expressed non-cis-NAT genes were 

expressed at <= 4 RPKM.  

Co-expressed cis-NATs were also highly expressed. After controlling for expression levels, 

cis-NATs and non cis-NATs had similar frequencies of coexpression (Figure 4.3). Genes from both 

cis-NATs and non-cis-NAT pairs with high transcript abundances (>8 RPKM) were almost always 

coexpressed (99.5% versus 99.4%, P=0.382; Figure 4.3).  

cis-NAT genes were also more broadly expressed than were non-cis-NAT genes. The 

expression breadths of the cis-NAT genes on average are greater than that of non-cis-NAT genes 

(Figure 4.4). The distribution of expression breadths of the 2,348 cis-NAT genes are shifted to the 

right compared to the distribution of expression breadths of the18,908 non-cis-NAT genes (Wilcoxon 

rank sum test, P<2.2e-16; Figure 4.4). Most notably, the proportion of cis-NAT genes expressed in all 
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six conditions was 9% higher than the proportion of non-cis-NAT genes (79.2% vs 70.2%; Figure 

4.4). 

As discussed above, cis-NATs may be down-regulated in stress conditions. We examined 

whether the transcript levels of pairs of PC cis-NATs significantly differed across stress conditions 

relative to the transcript levels of PC non-cis-NAT pairs. In four of the five stress growth conditions, 

cis-NATs had marginally or significantly greater differences in transcript abundances than did non-

cis-NATs (Table 4.4). However, in standard growth conditions, differences between cis-NATs were 

also marginally significantly greater than expected. Transcript abundance differences of PC cis-NATs 

relative to PC non-cis-NATs were especially high in heat (one-sided, Wilcoxon rank sum test, 

P=0.0002) and high light (P=0.0043) (Table 4.4). PC cis-NATs and PC non-cis-NATs marginally 

differed in cold, and salt conditions (P<0.15, Table 4.4); while drought did not differ.  

Finally, we tested if cis-NATs were correlated. In previous work, we showed that 29 

convergently oriented gene pairs (e.g. gene pairs with overlapping or non-overlapping adjacent 3’ 

ends) were highly correlated across a broad range of conditions (Zhan et al., 2006). cis-NATs make 

up 25% of the convergent gene pairs within the genome (Table 4.5). Thus, we expected seven of the 

29 highly correlated convergent gene pairs be cis-NATs. However, not a single highly correlated gene 

pair was a cis-NAT pair (binomial test, P=6.6e-4). Similarly, 53 divergently oriented gene pairs (e.g. 

overlapping and non-overlapping genes with adjacent 5’ ends) were highly correlated (Zhan et al., 

2006). cis-NATs account for 3% of all divergent genes, and we expected one or two of these gene 

pairs to be cis-NATs. We did not observe one. 

4.3.3 Small RNAs (sRNAs) match cis-NATs rarely, but their relative frequency increases in 

stress conditions 

To evaluate if sRNAs play a role in cis-NAT expression patterns, we first analyzed small 

RNAs sequenced from mutants defective in nat-siRNA biosynthesis. DCL1, DCL2, and RDR6 have 
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all been implicated in nat-siRNA biogenesis (Borsani et al., 2005), and sRNAs have been sequenced 

from these and other sRNA biogenesis mutants (Kasschau et al., 2007). The probability of an sRNA 

matching a cis-NAT was very low within all genotypes. Among all genotypes, sRNAs matched non-

cis-NATs more frequently than cis-NATs from 1.4 fold to 5.2 fold more frequently (Table 4.6). The 

probability of an sRNA matching a cis-NAT was low in dcl1-7, dcl2-1, and rdr6-15, which are 0.41 

matches per million unique sRNAs per cis-NAT (0.41 E-6) in dcl1-7, 0.41 E-6 in dcl2-1, and 0.34 E-

6 in rdr6-15, respectively. The proportion of sRNAs matching to a specific cis-NAT was also very 

low in wild type plants (0.55 E-6). dcl4-2 is required for ta-siRNA biogenesis, and dcl3-1 is required 

for ra-siRNA biogenesis. The proportion of sRNAs matching one cis-NAT was 0.27 E-6 in dcl4-2 

and 0.65 E-6 in dcl3-1 (Table 4.6). The proportion of sRNAs matching a cis-NAT was much higher 

in rdr2-1 than other genotypes (i.e. 5.1 matches per million sRNAs per cis-NAT). rdr2-1 fails to 

produce ra-siRNAs, leading to a high representation of sRNAs with homology to protein coding 

sequences (Kasschau et al., 2007).  

We also mapped sRNA sequences extracted from A. thaliana plants grown in abiotic stress 

conditions (cold, drought and ABA, salt and copper, and UV and heat treatments, as described in (Jin 

et al., 2008)) against expressed PC cis-NATs and PC non-cis-NATs. Again, we found sRNAs were 

only rarely homologous to cis-NATs. No sRNAs mapped to overlapping cis-NAT regions within the 

abiotic stress conditions (Table 4.7). Non-overlapping regions of cis-NATs may also generate sRNAs 

(Baulcombe, 2007), and a total of 64 sRNAs, mapped in sense or antisense direction to these regions 

with the frequency of 7.1E-7 (7.1 matches per 10 million sRNAs per cis-NAT). If sRNAs acted as 

nat-siRNAs, one would expect a preponderance of sRNAs antisense to the coding transcript (Jin et 

al., 2008, Borsani et al., 2005). However, sense and antisense sRNAs had similar frequencies, 45% 

(29/64) and 55% (35/64), respectively (Table 4.7).  
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Despite the low proportion of sRNAs matching PC cis-NATs relative to PC non-cis-NATs, 

the proportion of unique sRNAs matching cis-NATs was much higher in stress than in control 

conditions. In abiotic stress conditions, the proportion of sRNA matching a cis-NAT was 3.2 E-7, 

similar to the proportions of sRNA matching a non-cis-NAT, 2.7 E-7 (Table 4.8). In control, which 

had a greater read depth, the proportion of sRNAs matching a specific cis-NAT was about 9.7 E-7. In 

comparison, the proportion of sRNAs matching a PC non-cis-NAT was twice as high, 19 E-7. 

The high proportion of sRNAs matching to non-cis-NATs relative to cis-NATs in control 

conditions was because more unique sRNAs matched non-cis-NAT transcripts than matched cis-NAT 

transcripts. The proportion of cis-NAT transcripts matched by sRNAs in control conditions was 

similar to the proportion of non-cis-NATs matched by sRNAs (Table 4.8). Similarly, the proportion 

of cis-NAT transcripts matched by sRNA in stress conditions was similar to the proportion of non-

cis-NATs matched by sRNAs (Table 4.8). Thus, sRNAs tend to match the same non-cis-NAT 

transcripts at more locations in control conditions than in stress conditions. 

4.4 Discussion 

Cis-NATs are plentiful across many plant genomes, and a number of studies have examined 

if overlapping genes are important for plant gene regulation. As described above, in A. thaliana, cis-

NAT expression patterns have been reported to be distinct from other transcripts, but not strikingly 

so. Correlation of PC cis-NATs- as measured by Pearson's correlation coefficient- only slightly 

differs from non-cis-NATs. Cis-NAT pairs are very slightly negatively correlated or equally 

correlated relative to non-cis NATs across diverse treatments (Henz et al., 2007, Jin et al., 2008). cis-

NAT genes that are negatively correlated across one set of treatments are also only infrequently 

negatively correlated across a second set of treatments (Henz et al., 2007, Jin et al., 2008). One study 

reported cis-NATs are co-expressed at an expected frequency (Jen et al., 2005). Another study 

reported cis-NATs are expressed in different tissues or different conditions (Wang et al., 2005b).  
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 In contrast, substantial global differences in expression between cis-NATs including non-PC 

cis-NATs and non-cis-NATs have been detected in mammalian transcriptome experiments. cis-NAT 

pairs within the human  genome are coexpressed (Chen et al., 2005, Cawley et al., 2004, Katayama et 

al., 2005) and broadly expressed (Chen et al., 2005) at high frequencies. Human cis-NAT pairs also 

exhibit higher levels of transcript abundance than non-cis-NAT pairs (Chen et al., 2005).  

 Here, we analyzed RNA-seq data from plants grown in normal and five stress conditions to 

re-evaluate cis-NAT expression profiles. 89% of the Arabidopsis PC cis-NAT gene pairs were co-

expressed, compared to 80% expected of PC non-cis-NATs (Table 4.3, Figure 4.3). PC cis-NATs had 

a high breadth of expression, and also had high transcript abundances. The high level of expression 

and co-expression were functionally linked because after controlling for transcript abundance, cis-

NATs were not co-expressed significantly more frequently than non-cis-NATs. Our finding that plant 

cis-NAT expression differs from plant non-cis-NAT expression suggests there is commonality 

between plant and animal cis-NAT expression. We found high levels of co-expression while others 

did not [6,9] likely because the depth of the transcriptome afforded by RNA seq. Although cis-NATs 

were co-expressed and had high and broad expression relative to other PC transcripts, cis-NATs were 

never highly correlated across a diverse set of 128 conditions (Table 4.5).  

 Studies of both Arabidopsis and human cis-NATs have reported that they are more often 

inversely expressed across conditions or are more often differentially expressed within a condition 

than are other transcripts (Chen et al., 2005, Jin et al., 2008). We also found that cis-NATs were 

frequently inversely expressed (51% of cis-NATs compared to 42% of other transcripts, P=3.5e-10). 

Because gene pairs are declared inversely expressed if their abundances differ across conditions, a 

gene pair expressed across a large number of conditions is more likely to be inversely expressed than 

a gene pair expressed across a small number of conditions. We compared the frequency of inverse 

expression among the cis-NAT pairs and random, non-cis-NAT gene pairs in which both members 
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are expressed in three, four, five or six conditions. Inverse expression of both cis-NATs and non-cis-

NATs increased with expression breadth (Figure 4.5). The proportion of cis-NATs that were inversely 

expressed did not significantly differ at any given breadth (Figure 4.5). Thus, we suggest that reports 

of the high frequency of cis-NAT inverse expression reflect cis-NAT expression breadth. 

 Cis-NATs can be processed into siRNAs that target transcripts for cleavage (Borsani et al., 

2005, Ron et al., 2010). Because cis-NATs are highly expressed, broadly expressed, and co-

expressed, repressive mechanisms like sRNA mediated regulation do not likely contribute to the 

global pattern of cis-NAT expression. Consistent with this concept, wild type plants and nat-siRNA, 

ra-siRNA and ta-siRNA biogenesis mutant plants (dcl1-7, dcl2-1, dcl3-1, dcl4-2, rdr2-1, and rdr6-15) 

grown under normal growth conditions all produced sRNAs complementary to cis-NATs less 

frequently than they generated sRNAs complementary to non-cis-NATs (Table 4.6). In addition, 

sRNAs match cis-NATs at a similar frequency in plants defective in nat-siRNA biogenesis (dcl1-7, 

dcl2-1 and rdr6-15) as in the other mutants (Table 4.6).  

Transcriptional interference (Osato et al., 2007) and epigenetic silencing through DNA 

methylation or suppressive histone-modifications (Ohhata et al., 2008, Morris et al., 2008, Pandey et 

al., 2008, Tufarelli et al., 2003) have been shown to affect cis-NAT levels in other systems. 

Transcriptional interference may not play a large role in cis-NAT regulation because Arabidopsis 

genes' overlaps are usually quite small with average of 431 bp (Jen et al., 2005), and among the 

overlapping genes, tail-to-tail transcription orientation predominates. In a number of human tissues, 

Osato and coworkers found that these cis-NATs that overlapped very large distances (>2000 bp) had 

significantly low expression levels. The repressive effect of gene overlap was also weaker for tail-to-

tail transcripts (Osato et al., 2007). Similarly, cis-NAT induced DNA methylation may only function 

in cell types, such as embryonic stem cells or in processes such as imprinting that were not sampled 

here. For example, in cancer cells natural antisense transcript mediated silencing of tumour 



 

                                                                        71  

suppressor gene p15 was associated with decreased dimethylation of H3K4 and increased 

dimethylation of H3K9 (Yu et al., 2008b). Nonetheless, silencing mechanisms may contribute to the 

absence of highly correlated cis-NATs. Perhaps correlated cis-NATs generate high levels of dsRNAs 

that trigger silencing (Alleman et al., 2006). 

Mechanistically, there are at least three explanations for the high frequency of broadly 

expressed, highly expressed, and co-expressed genes within the A. thaliana genome. First, co-

expression may be achieved by a common transcription factor that is associated with the promoters of 

both protein-coding transcripts in an overlapping pair (Cawley et al., 2004). Second, antisense 

transcripts can increase sense transcript stability. Inhibition of some antisense genes' transcription 

levels has been shown to decrease sense gene transcript (Katayama et al., 2005). dsRNA 

encompassing the 3’ UTR may mask RNA cleavage target sequences (Faghihi et al., 2008). Third, co-

expression may be achieved by the establishment of a large scale chromatin domain that includes both 

overlapping transcripts (Cawley et al., 2004, Kalmykova et al., 2005). For example, co-expression of 

five adjacent germline-specific genes in a 15 kb region of Drosophila melanogaster chromosome 2 

was correlated with its permissive chromatin domain (Kalmykova et al., 2005).   

We suggest cis-NAT expression is in part explained by chromatin domains that have a 

specific methylation profile. 4,979 genes in the A. thaliana genome have been reported to contain 

repressive H3K27 trimethylation (Zhang et al., 2007). These genes had high tissue specificity across 

different tissue types and developmental stages (Zhang et al., 2007). We found that 3.8% (89 of 

2,348) of PC cis-NAT genes are H3K27 trimethylated, significantly fewer than PC non-cis-NATs 

(13.5%, 2,550 out of 18,908, P< 2.2e-16). In contrast, genes with H3K4me3 are highly expressed, 

usually do not contain H3K27me3, and have very low developmental and tissue specificity (Zhang et 

al., 2009b). We anticipate that cis-NATs will also have high levels of euchromatic H3K4me3. 
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We found a significant over-representation of protein coding (PC) cis-NATs among all cis-

NATs (Table 4.2). Although the anti-parallel orientation predominates among cis-NAT pairs (Boi et 

al., 2004, Solda et al., 2008, Lavorgna et al., 2004), the tail-to-tail overlapping protein coding genes 

are especially over-represented among the PC cis-NAT loci (Table 4.2). In Arabidopsis, over 90.1% 

of the convergently overlapping gene pairs are spliced compared to 69.1% of all genes. 14.5% of the 

convergently overlapping gene pairs are alternatively spliced compared to 7.6% of all genes (Jen et 

al., 2005). The frequency of alternative polyadenylated transcripts is high among cis-NAT loci in 

which an antisense transcript extended over an intron-exon boundary (Galante et al., 2007, Jen et al., 

2005). Rice cis-NATs have a similar over-abundance of spliced and alternatively spliced transcripts 

(Jen et al., 2005). These findings support a role of cis-NAT gene orientations as important for 

antisense RNAs in splicing (Beltran et al., 2008), alternative splicing (Hastings et al., 2000), and 

polyadenylation (Jen et al., 2005).  

Here, we found that sRNAs identified in control conditions matched to non-cis-NATs about 

two times more frequently than to cis-NATs, but sRNAs from plants grown under stress matched cis-

NATs and non-cis-NATs equally (3.2 E-7 and 2.7 E-7). In A. thaliana, some cis-NATs that matched 

sRNAs were negatively correlated across a diverse set of RNA samples and greatly differed in at least 

one sample (Jin et al., 2008). cis-NATs that gave rise to sRNAs in rice tended to be expressed in 

specific conditions or developmental stages (Zhou et al., 2009). Thus, some authors have suggested 

that cis-NATs may be triggered to generate sRNAs only under certain conditions, especially stress 

(Borsani et al., 2005). Our data support the condition-specific expression of cis-NAT derived sRNAs, 

although deeper stress-specific sRNA sequencing would strengthen this claim.  

Finally, this work identified 1,402 pairs of A. thaliana protein coding genes that overlap 

within the genome. Of these pairs, 1,174 pairs (2,338 unique genes) were expressed in abiotic stress 

experiments. Previous estimates of expressed cis-NATs were lower (957 cis-NAT pairs by (Wang et 
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al., 2005b), 1,126 by (Henz et al., 2007), and 1,008 protein coding cis-NAT pairs by (Jin et al., 

2008)), although they sampled expression data sets from many more conditions. The genome 

annotation (TAIR9) has more and longer annotated protein coding genes than did previous 

annotations (TAIR9, 27,379 vs. TAIR6, 26,541). However, more importantly, the RNA-seq method 

has a greater power to detect transcripts than did the MPSS and cDNA/ EST sequencing used by 

others (Wang et al., 2009). 

In conclusion, PC cis-NAT gene pairs are abundant in the Arabidopsis thaliana genome as 

well as across a number of other species' genomes (Solda et al., 2008, Zhou et al., 2009, Jin et al., 

2008). We suggest that the proximity and perhaps the tail-to-tail antisense orientation of these genes 

facilitate their broad expression, high expression, and co-expression at least in part through the 

generation of euchromatin marks. Specific cis-NAT loci are rarely conserved between Arabidopsis 

and rice (Wang et al., 2005b) and among five Metazoa (Solda et al., 2008). Although the importance 

of cis-NATs may be species-specific, it would be interesting to determine if homologous PC genes 

are within cis-NATs across species. Very few sRNAs matched cis-NATs. Nonetheless, sRNAs may 

play a focused role in stress-mediated antisense gene regulation, and these specific, stress-responsive 

transcripts may play an important role in plant stress responses. 

4.5 Methods 

4.5.1 Data sources 

The Arabidopsis RNA-seq data from plants grown in normal and abiotic stresses including 

high light, heat, cold, salt and drought treatments was downloaded from Dr. Mockler’s lab at 

http://athal-files.cgrb.oregonstate.edu/. Plant growth conditions, RNA isolation, and preparation of 

cDNA for Illumina 1G genome analyzer were described by Filichkin and coworkers (Filichkin et al., 

http://athal-files.cgrb.oregonstate.edu/
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2010). Thirty-six base-pair RNA-seq microreads generated from random-primed cDNA were used in 

the study.  

We identified putative cis-NATs from TAIR (The Arabidopsis Information Resource) 

annotation release 9. Gene model sequences, start and stop positions, and strand information of all the 

AGI (Arabidopsis Genome Initiative) genes and the AGI transcripts were retrieved with PERL scripts 

from the GenBank Refseqs (accessions: NC_003070.9, NC_003071.7, NC_003074.8, NC_003075.7, 

NC_003076.8). Annotated transcripts that were transcribed from a pair of genes adjacently located on 

opposite strands of the same genomic locus and that overlapped by at least one base were defined as a 

potential cis-NAT pair (Table 4.1).  

We obtained sRNA sequences from three different sources. Small RNA sequences from RNA 

silencing mutants and corresponding wild type plants were obtained from NCBI-GEO with accession 

GSE6682. These RNAs were extracted from inflorescences as described by Kasschau and coworkers 

(Kasschau et al., 2007). The raw 454 small RNA reads from plants grown in cold treatment, drought 

and ABA treatments, salt and copper treatments, and UV and heat treatments were kindly provided by 

Dr. Hailing Jin at the University of California, Riverside (Jin et al., 2008). This data was processed 

such that reads shorter than 18bp were removed, and only unique sRNA sequences were kept. The 

processed small RNA reads from each of these four lists were also combined to obtain a non-

redundant list of sRNAs found in at least one of the four stresses. The small RNA sequences from 

plants grown in standard growth conditions were downloaded from National Center for 

Biotechnology Information (NCBI) with Gene Expression Omnibus (GEO) accession GSE5228. 

These sRNAs were extracted from several different tissues, as described by Rajagopalan et al. 

(Rajagopalan et al., 2006). 
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4.5.2 Mapping RNA-seq microreads 

53.44 million 36 base RNA-seq microreads were truncated to the first 30 bases (Jiang and 

Wong, 2008, Filichkin et al., 2010), and the reads with a length of 30 bases were mapped. Sequences 

were mapped to all the annotated TAIR9 transcripts of protein coding genes with SeqMap (Jiang and 

Wong, 2008). The expression levels in RPKM (reads per kilobase of exon model per million mapped 

reads; (Mortazavi et al., 2008)) of the protein coding genes were computed using rSeq (http://www-

personal.umich.edu/~jianghui/rseq/). If the genes had multiple predicted transcripts, the length of the 

longest transcript was used to compute the exon model length. To reduce mis-counting sequencing 

errors as gene expression values, we declared protein coding genes as expressed only if they had an 

expression level of at least 1 RPKM in one of the six conditions and a sum of expression levels across 

the six conditions that was greater than 2 RPKM. A 2kb transcript that has 160 reads among 40 

million RNA-seq fragments has a RPKM value of two. 21,256 of 27,169 protein coding genes were 

determined to be expressed across the conditions. 2,338 PC cis-NAT genes in 1,174 pairs were 

amongst the 21,256 expressed PC genes. 

All small RNA sequences from the three sources (Jin et al., 2008, Kasschau et al., 2007, 

Rajagopalan et al., 2006) were blasted against the AGI transcripts using PERL scripts, and only 

perfect matches were tallied. To calculate if an sRNA matched a target transcript, matched small 

RNA was counted only once if the small RNA matched multiple transcripts from the same gene or the 

same transcript multiple times. When calculating the proportion of transcripts that hit sRNAs, a 

matched transcript was counted only once if the transcript hit multiple small RNAs. 

4.5.3 Analysis of cis natural antisense transcript (cis-NAT) pair co-expression 

To evaluate the range of co-expression of a gene pair across treatments, we calculated an 

index of co-expression (ICEa,b) between gene a and gene b as defined by Lercher and coworkers 

(Lercher et al., 2002). A gene was considered expressed in a sample if it had an expression of > 1 

http://www-personal.umich.edu/~jianghui/rseq/
http://www-personal.umich.edu/~jianghui/rseq/
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RPKM in that sample. The ICEa,b ranges from 0 to 1 corresponding to no co-expression to perfect co-

expression across samples. The ICEa,b is given as the number of samples in which both genes a and b 

are expressed, weighted by the geometric mean of the number of samples in which gene a is 

expressed and in which gene b is expressed: 
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where t is an index of all tissues [1..6], { }1,0, ∈taf , and { }1,0, ∈tbf  where 0 indicates not expressed 

or 1 indicates expressed. We defined two genes to be co-expressed if the ICE was greater than 0.6 

(Chen et al., 2005). 

To determine if the observed co-expression of cis-NAT pairs was greater than expected by 

chance, we simulated 100,000 data sets by replacing each gene in the PC cis-NAT set with a 

randomly picked gene from PC non- cis-NAT genes. We calculated the coexpression proportion for 

each permutation. The significance level of the observed coexpression was calculated from this null 

distribution of coexpression proportions. 

4.5.4 Analysis of inverse expression of a cis-NAT pair 

We defined an inversely expressed cis-NAT pair as a pair that had at least three ocurrences of 

a contrasting expression pattern among the 15 pairwise comparisons between all six treatments. To 

define a contrasting expression pattern, expression values for each gene in RPKM were first 

Studentized using expression data from all six conditions. The studentization process allows the 

expression differences of genes with high or low expression across the conditions to be compared. 

The expression pattern of a S-AS cis-NAT gene pair was contrasting between two conditions if the 

expression of S in one condition was greater than the expression of AS with (S-AS)>0.5, and if the 
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expression of AS in the second condition was greater than S with (AS-S)>0.5, and vice versa. We 

then calculated the number of contrasting patterns of expression between the sense gene (S) and 

antisense gene (AS) across all pairwise comparisons. To determine if inverse expression of cis-NAT 

pairs was more than expected by chance, we simulated 10,000 data sets by replacing each gene in the 

natural cis-NAT set with a randomly picked gene from PC non-cis-NAT genes. For each data set, we 

calculated the inverse expression rate. The significance level of the observed inverse expression was 

evaluated using the null distribution of inverse expression rates calculated through permutation. 
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Figure 4.1. Three types of cis-natural antisense transcript pairs. (A) Type I (tail-to-tail) overlap 

involving 3′-UTR or coding exons. Type II (head-to-head) overlap involving 5′-UTR or coding exons. 

(C) Type III overlap including that one gene fully contains the region of the other. Arrows indicate 

transcription orientation. 
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Figure 4.2. Distribution of the expression levels of PC cis-NAT genes and PC non-cis-NAT 

genes. Expression levels are log (base 2) transformed. 
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Figure 4.3. Cumulative proportion of co-expressed cis-NATs and non-cis-NATs. Pairs in which 

both members have RPKM of one or greater are plotted. Symbols ■, ● and ▲indicate that the  

proportion of co-expressed cis-NAT gene pairs with more than 1, 2, or 4 RPKM, respectively is 

significantly greater than the proportion of non-cis-NATs with more than 1, 2, or 4 RPKM (P<1e-10, 

P<1e-4, and P<4e-3 respectively). The symbol  indicates no significance at P<0.1. 
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Figure 4.4. Distribution of the expression breadths of PC cis-NAT genes and PC non-cis-NAT 

genes. The number of conditions in which each cis-NAT and non-cis-NAT transcript was expressed 

was tallied and plotted. The six conditions are control, high light, heat, cold, salt and drought. A gene 

with expression of >= 1 RPKM within a condition is considered expressed. 
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Figure 4.5. Observed and expected proportion of inversely expressed cis-NATs at different cis-

NAT expression breadths. The proportion of inversely expressed gene pairs is plotted against the 

number of conditions in which both members of a pair are present at >= 1 RPKM. The dotted line 

represents the proportion of inversely expressed gene pairs calculated from observed data. The solid 

line represents the mean proportion of inversely expressed gene pairs from 10,000 data sets of 

randomly picked PC non-cis-NAT pairs. Symbol  indicates no significant difference between 

observed and random values at P<0.1. 
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Table 4.1. Chromosomal distribution of cis natural sense-antisense transcript (cis-NAT) pairs. 

All types of cis-NAT pairs*  

Type I  Type II  Type III  Total  
Transcripts 

Chromosome 

pairs %†  pairs %†  pairs %†   pairs %†  pairs TUs‡ 

1 368 4.4  35 0.4  51 0.6  454 5.4  8397 8398

2 223 4.1  32 0.6  44 0.8  299 5.4  5496 5497

3 236 3.5  29 0.4  39 0.6  304 4.5  6727 6728

4 203 4.0  27 0.5  25 0.5  255 5.0  5121 5122

5 333 4.4  29 0.4  36 0.5  398 5.3  7493 7493

Total 1363 4.1  152 0.5  195 0.6   1710 5.1  33234 33239

*Type I: tail to tail (3' to 3'), Type II: head to head (5' to 5'), Type III: one transcript completely overlaps within another transcript.  

†Proportion of cis-NAT pairs in the transcript pairs of its corresponding chromosome.   

‡TUs: transcription units 
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Table 4.2. Chromosomal location and orientations of putative protein coding cis-NAT gene 

pairs. 

Type of cis-NAT pair* 

Type I  Type II  Type III  Total Chromosome 

pairs %†  pairs %†  pairs %†   pairs %†

1 341 92.7  16 45.7  11 21.6  368 81.1

2 199 89.2  8 25.0  23 52.3  230 76.9

3 227 96.2  4 13.8  14 35.9  245 80.6

4 191 94.1  15 55.6  8 32.0  214 83.9

5 314 94.3  19 65.5  12 33.3  345 86.7

Total 1272 93.3  62 40.8  68 34.9   1402 82.0
*Type I: tail to tail (3' to 3'), Type II: head to head (5' to 5'), Type III: one transcript completely overlaps 

within the other transcript. See Figure 4.1. 

†Proportion of PC cis-NAT pairs in all the cis-NAT pairs of its corresponding chromosome.   
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Table 4.3. Percentages of coexpressed protein coding (PC) cis-NAT pairs at different co-

expression (ICE) criteria. 

ICE cis-NATs (%)* Non-cis-NATs (%)† p-values††

>0.5 93.78 87.49 3.03E-12

>0.6 88.84 79.81 3.33E-16

>0.7 88.25 78.58 0

>0.8 83.13 71.52 0

>0.9 78.02 64.16 0

*The proportion of coexpressed gene pairs among all PC cis-NAT pairs. 

†The average proportions of coexpressed gene pairs of 100,000 

randomized sets of expressed PC non-cis-NAT gene pairs. 
††The probability that a randomly selected group of PC non-cis-NATs 

would have a higher percent of coexpression than the PC cis-NATs by 

chance. 
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Table 4.4. Expression differences of PC cis-NAT pairs. 

median* (RPKM)  p-values† Experimental 

conditions cis-NATs random  cis-NATs vs random

control 14.17 13.29 0.0949

cold 14.14 13.40 0.1070

heat 10.37 8.20 0.0002

salt 14.58 12.99 0.1011

drought 15.24 14.03 0.3023

high light 14.83 13.19 0.0043

*The median expression differences in absolute values for cis-NAT pairs and 1,000 

randomized data sets (random) from PC non-cis-NATs. 
†P-values for differences in distribution of expression differences between cis-NAT 

data set and random data sets were calculated using one-sided, Wilcoxon rank 

sum test. 
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Table 4.5. Orientation of transcription of all neighbouring genes, highly correlated 

neighbouring genes and cis-NAT genes. 

Orientation of 

transcription All pairs 

cis-NAT pairs (proportion 

in all pairs) 

highly correlated 

pairs*   (proportion 

in all pairs) 

highly 

correlated cis-

NAT pairs 

Convergent 5412 1363 (25.18%) 29 (0.54%) 0 

Divergent 5413 152 (2.81%) 53 (0.98%) 0 

*Highly correlated neighboring gene pairs were identified from microarray data sets across 128 

experimental conditions with r>0.7 (Zhan et al., 2006). 
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Table 4.6. The number of small RNAs (sRNAs) that matched cis-NAT transcripts and the number of cis-NAT transcripts that matched 

sRNAs in RNA silencing mutants. 

sRNA matches  Transcript matches 

Genotype 
Total 

sRNAs* 
cis-NATs 

(proportion in per 

million)† 

non-cis-NATs 

(proportion in per 

million)†  

cis-NAT transcripts 

(proportion in per 

million)‡ 

non-cis-NAT transcripts 

(proportion in per 

million)‡ 

dcl1-7 14692 14 (0.408) 467 (1.681)  12 (0.349) 260 (0.936)

dcl2-1 10405 10 (0.411) 340 (1.728)  8 (0.329) 198 (1.006)

dcl3-1 22951 35 (0.652) 714 (1.645)  29 (0.540) 337 (0.777)

dcl4-2 22448 14 (0.267) 587 (1.383)  14 (0.267) 294 (0.693)

rdr1-1 14755 32 (0.928) 529 (1.896)  24 (0.696) 304 (1.090)

rdr2-1 6249 74 (5.065) 841 (7.118)  59 (4.038) 490 (4.147)

rdr6-15 37774 30 (0.340) 934 (1.308)  30 (0.340) 407 (0.570)

WT 57966 75 (0.553) 1697 (1.548)  65 (0.480) 767 (0.700)

*sRNAs from inflorescence in RNA silencing mutants and wild-type (WT) were processed from small library GSE6682 

series (Kasschau et al., 2007). 
†sRNAs that matched to 2338 cis-NATs or 18908 non-cis-NATs. The matched sRNAs were weighted by total sRNAs and 

total cis-NATs or non-cis-NATs in per million. 
‡cis-NAT or non-cis-NAT transcripts that matched to total sRNAs. The matched cis-NAT or non-cis-NAT transcripts were 

weighed by total sRNAs and total 2338 cis-NATs or 18908 non-cis-NATs in per million. 
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Table 4.7. The number of small RNAs (sRNAs) that mapped to cis-NAT transcripts and the number of cis-NAT transcripts that mapped 

to sRNAs in abiotic stress conditions. 

 sRNA matches cis-NAT transcript matches 

Abiotic 

stresses 

Total 

sRNAs* sense 

strand 

antisense 

strand

cis-NAT 

overlapping 

region  

Total       

cis-NAT 

transcripts 
sense 

strand 

 antisense 

strand

cis-NAT 

overlapping 

region

abio1  12778 12 15 0  2338 6 5 0

abio2 14207 12 19 0  2338 6 5 0

abio3 10738 14 10 0  2338 10 4 0

abio4 7842 3 5 0  2338 1 1 0

abio1~4 38458 29 35 0  2338 18 14 0

*sRNAs in abiotic stress conditions were processed from 454 sRNA sequence data described by Jin et al., 

2008. Abiotic stresses: abio1, cold treatment; abio2, drought and ABA treatments; abio3, salt and copper 

treatments; abio4, UV and heat treatments. Total sRNAs in abio1~4 are unique sRNAs combined from 

abio1 through abio4. 
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Table 4.8. The number of small RNAs (sRNAs) and cis-NAT and non-cis-NAT transcripts which matched each other in normal and 

abiotic stress conditions. 

sRNA matches  Transcript matches 

Conditions 
Total 

sRNAs* 
cis-NATs (proportion 

in per million)† 

non-cis-NATs 

(proportion in per 

million)† 

 cis-NATs 

(proportion)‡ 

non-cis-NATs 

(proportion)‡ 

Control 340114 770 (0.968) 12245 (1.904)  457 (19.55%) 3747 (19.82%)

abio1~4 38458 29 (0.323) 196 (0.270)  18 (0.77%) 176 (0.93%)

*sRNAs in normal growth conditions were extracted from small library GSE5228 series (Rajagopalan et al., 

2006). sRNAs in abiotic stress conditions (abio1~4) were processed from 454 sRNA sequence data 

described by Jin et al., 2008. 
†sRNAs that matched to 2338 cis-NATs or 18908 non-cis-NATs. Proportion of matched sRNAs is weighted 

by total sRNAs and total cis-NATs or total non-cis-NATs in per million. 
‡cis-NAT or non-cis-NAT transcripts that matched to total sRNAs. Proportion of matched cis-NAT transcripts 

is the matched cis-NATs out of the total cis-NATs (2338). Proportion of non-cis-NAT transcripts is the 

matched non-cis-NATs out of the total non-cis-NATs (18908). 
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Chapter 5 
Conclusions  

5.1 Overview of thesis 

Analysis of transcript abundance on a genome-wide scale has contributed to our 

understanding of a broad variety of questions in plant biology including the biogenesis and function 

of miRNAs (Allen et al., 2005). One of the major functions of miRNAs is to regulate plant 

development (Jones-Rhoades et al., 2006). To play a role in plant development, miRNAs individually 

may regulate their corresponding targets through transcriptional silencing (Bao et al., 2004), mRNA 

cleavage (Llave et al., 2002) and inhibition of translation (Brodersen et al., 2008). Although 

expression patterns of some miRNAs and miRNA targets which are involved in plant development 

(Palatnik et al., 2003, Chen, 2004) or in miRNA-defective mutants (Vazquez et al., 2004, Allen et al., 

2005) have been examined, the global role of miRNA regulation on plant development was unknown.  

One purpose of this project was to obtain a global view of expression patterns of miRNA-regulated 

genes during plant development. Another goal was to utilize expression data to identify novel 

miRNAs and corresponding target mRNAs. 

Chapter Three provided insight into the regulatory roles of miRNA at a system-wide level. 

Analyses of mRNA abundance in a developmental series coupled with the mRNA profiles of 

miRNA-defective mutants demonstrated that plant miRNAs as a class lead to developmental shifts in 

gene expression. miRNAs caused the transcriptome of the inflorescence to resemble that of pollen 

and seed and to differ from that of leaf and meristem. Thus, miRNAs caused the plant transcriptome 

to shift from a vegetative to reproductive state. In addition, novel miRNAs and miRNA targets were 

identified using the up-regulated genes across miRNA-defective mutants as putative miRNA targets. I 

identified five novel mature miRNAs and seven novel miRNA target sequences. One target sequence 
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was in a gene previously unidentified as a miRNA target. Interestingly both miRNA and miRNA* 

molecules in the same stem loop of one miRNA precursor are potentially targeting three genes in two 

different functional classes. One putative target was disproportionating enzyme, which has 4-α-

glucanotransferase activity. The other two targets were CCAAT-binding transcription factors. This 

result challenges the notion that the miRNA* strand generally does not function and is degraded 

(Chen, 2008). Analyses of gene expression data from miRNA-defective mutants also revealed that the 

number of misexpressed, known miRNA targets was not correlated with the number of transcripts 

that changed in abundance within the mutant. Moreover, the number of known miRNA targets up-

regulated in different mutants was not correlated with the number of mRNAs up-regulated in different 

mutants. A large number of up-regulated transcripts were shared between hst15 and hyl1-2 mutants, 

suggesting a novel functional connection between HST and HYL during miRNA 

biogenesis/transport. 

Global profiling has also analyzed cis natural antisense transcripts in Arabidopsis thaliana 

(Henz et al., 2007). The common occurrence of cis-NATs in several model organisms suggested that 

cis-NATs exist at least in part because their antisense orientation and proximity enable them to be 

regulated differently than are non-cis-NATs. Indeed, cis-NATs have been shown to have distinct, 

global patterns of expression (Jen et al., 2005, Jin et al., 2008, Henz et al., 2007). Studies of specific 

cis-NATs have demonstrated that nat-siRNAs produced from complementary cis-NATs affect cis-

NAT abundance (Borsani et al., 2005, Katiyar-Agarwal et al., 2006, Ron et al., 2010). Evidence 

suggests that nat-siRNAs are not involved in widespread cis-NAT regulation, at least in cis-NAT 

regulation across developmental stages (Henz et al., 2007). Nonetheless, it has been proposed that 

nat-siRNAs regulate a small number of key cis-NAT pairs, especially under abiotic conditions (Jin et 

al., 2008). Thus, in part of this thesis, I had the objectives to examine PC cis-NAT expression patterns 
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across abiotic stresses, and to investigate whether siRNAs or other factors can help explain the 

patterns of cis-NAT transcription across abiotic stresses.  

In this thesis, I showed that investigating the expression patterns of protein coding (PC) cis-

NATs in A. thaliana across abiotic stress conditions enhanced our understanding of cis-NAT 

expression regulation. I found that PC cis-NAT genes are highly expressed and broadly expressed 

across abiotic stresses, and cis-NAT pairs are often co-expressed. I examined whether siRNAs were 

produced from protein coding cis-NATs under abiotic stresses and found that sRNAs were not 

enriched within PC cis-NATs compared to PC non-cis-NATs. sRNAs also mapped to PC cis-NATs 

and PC non-cis-NATs at similar frequencies in mutants defective in siRNA biogenesis relative to 

wild type lines. However, sRNAs matched to PC cis-NATs relative to PC non-cis-NATs at a higher 

frequency in stress conditions than in control conditions. I calculated the frequency of H3K27 

trimethylation within both cis-NATs and non-cis-NATs based on published data. Significantly fewer 

PC cis-NAT genes are H3K27 trimethylated than are PC non-cis-NATs, suggesting cis-NAT 

expression is at least in part mediated by histone modifications. I also examined the orientation and 

frequency of protein coding cis-NATs. More cis-NATs encode proteins than expected by chance and 

PC cis-NATs overlap more in a tail-to-tail orientation than do the other cis-NATs. 

5.2 Future directions 

These discoveries have highlighted a number of questions and suggestions for future 

research. First, I identified a small number of novel miRNAs and a number of likely miRNA targets 

using a novel methodology described in Chapter Three. The method, in short, treats the sequences of 

up-regulated genes across miRNA-defective mutants as potential miRNA targets and blasts them 

against expressed potential mature miRNAs. The method then cross-references the potential mature 

miRNAs that hit a target gene with predicted miRNA precursors. I would like to identify more 



 

                                                                        94  

miRNAs by applying this method to additional data sets. I would first use different data inputs as 

potential miRNA targets. Excellent data sources will be those that list up-regulated genes in 

individual mutants defective in endogenous miRNA biogenesis and those containing expression data 

from other biogenesis mutant tissues. Data sets would also include sequences identified by 

degradome sequencing (Addo-Quaye et al., 2008), parallel analysis of RNA ends (German et al., 

2008), and microarray-based technology (Franco-Zorrilla et al., 2009). The drawbacks of adding 

these transcripts to our analysis may be an increase in false-positives. Second, I would increase the 

number of sRNAs used to query the putative target molecules. The adaptation of high-throughput 

sequencing technologies to miRNA discovery greatly enriched the known repertoire of miRNAs 

(Rajagopalan et al., 2006). Deep sequencing of sRNAs in a mutant in which miRNAs are 

significantly enriched allowed the detection of rare miRNAs in Arabidopsis (Lu et al., 2006). I would 

suggest analyzing high-throughput small RNA sequencing data from different tissues within the 

miRNA-enriched mutant to increase the number of putative novel miRNAs. 

With the analyses of misexpressed genes in the inflorescences of miRNA biogenesis mutants, 

I found that miRNAs caused tissue specific developmental shifts in gene expression. Genes up-

regulated in the inflorescences of miRNA biogenesis mutants were preferentially expressed in wild-

type leaves and meristems and less expressed in wild-type pollen and seeds. It would be interesting to 

examine how miRNAs globally alter the transcriptomes in tissues other than the inflorescences, such 

as roots, leaves and seeds. To this end, microarray gene expression experiments from those tissues of 

the miRNA-defective mutants, dcl1-7, dcl3-1, hen1-1, hyl1-2 and hst15 could be conducted. I expect 

that transcriptomes of these tissues in the mutants will not resemble other tissues more than do wild 

type transcriptomes. It is possible that miRNAs only have a global role in promoting vegetative to 

reproductive transition in A. thaliana. Furthermore, I would like to determine if the pattern of 

developmental shifts of target gene expression would apply to diverse agriculturally important 
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species. This work would provide insight into whether miRNA regulatory roles are an evolutionarily 

conserved and could possibly be utilized for crop improvement.  

Finally, developmental shifts of expression of target genes should be linked to expression 

levels of miRNAs across development. Examining whether or not the expression levels of all 

miRNAs are anticorrelated with those of miRNA target genes in every tissue or development stage 

will open the exciting possibility of a systematic understanding the regulatory networks between all 

the miRNAs and targets systematically.  

Two major questions that arise from the cis-NAT work are: what is causing the high breadths 

and the high levels of cis-NAT expression? and why are PC genes favoured to overlap in their 3’ 

ends? As described above, histone 3 lysine 27 trimethylation (H3K27me3) induces gene silencing on 

a genome-wide scale, largely independently of small RNAs or DNA methylation in A. thaliana 

(Zhang et al., 2007). Most H3K27me3-containing genes are expressed in a tissue-specific manner 

with low breadth. As mentioned at Chapter Four, H3K27me3 occurs significantly less frequently in 

cis-NATs than in non-cis-NATs in control conditions. Histone 3 lysine 4 di- and trimethylation 

(H3K4me2 and H3K4me3) frequently accumulate in promoters and 5’ genic regions and genes with 

H3K4me3 are highly expressed with high breadth (Zhang et al., 2009b). Both H3K4me3 and 

H3K27me3 preferentially occur in single genes, but H3K4me3 does not co-localize with H3K27me3 

at a genome-wide level (Zhang et al., 2009b, Zhang et al., 2007). These findings suggest high 

H3K4me3 and low H3K27me3 contribute to the high breadth and the high level of cis-NATs. It will 

be interesting to see if more cis-NAT genes contain H3K4me3 than do non-cis-NAT genes in control 

conditions. I also postulate that the highly and broadly expressed cis-NATs have high H3K4me3 and 

low H3K27me3 across abiotic stress conditions. To tackle those questions, chromatin 

immunoprecipitation (ChIP) followed by massively parallel sequencing (ChIP-seq) will be performed 

to characterize the genome-wide dynamic changes of H3K4me2, H3K4me3, and H3K27me3 in the 
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promoter region of the cis-NATs, subjected to control and abiotic stress conditions. This research will 

clarify how histone modification in individual genes and expression of cis-NATs are related. I 

anticipate that high H3K4me and low H3K27me3 will explain the global PC cis-NAT expression 

pattern across abiotic stresses.  

Even though PC cis-NATs and non-PC cis-NATs predominantly overlap in a tail-to-tail 

orientation, PC cis-NATs overlap significantly more than do the other cis-NATs, suggesting that PC 

cis-NATs may have different expression patterns than non-PC cis-NATs. But, Sun and coworkers 

found that in humans PC cis-NATs and non-PC cis-NATs in tail-to-tail orientation were both 

significantly co-expressed at a similar frequency (Sun et al., 2005). It would be interesting to know if 

this pattern holds true in A. thaliana across abiotic stresses. To this end, expression patterns will be 

examined for non-PC cis-NATs in different, overlapping orientations and compared to those of PC 

cis-NATs. The results will also reveal if PC and non-PC cis-NATs could be pooled together to 

investigate their expression patterns and regulation mechanisms. 
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