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Abstract  

RNA interference is a conserved process in eukaryotes in which 21-24 nt small 

RNAs (smRNAs) direct cleavage or translational inhibition of target mRNAs by base 

pairing.  MicroRNAs (miRNAs) are a subclass of smRNAs typically processed from 

endogenous hairpin-forming MIRNA genes which play crucial roles in development and 

stress responses.  Abscisic acid (ABA) is a phytohormone associated with seed dormancy 

and abiotic stress.  I have shown that two functionally related miRNAs unique to the 

Arabidopsis species A. thaliana and A. lyrata, miR842 and miR846, arise from the same 

transcription unit but alternate splicing isoforms.  ABA represses the expression of 

miR846 by affecting the splicing of its primary transcript.  This repression of miR846 in 

response to exogenous ABA in roots correlates with the up-regulation of a validated 

target jacalin lectin AT5G28520, demonstrating an interaction between ABA, RNA 

interference and RNA processing machinery.  ABA HYPERSENSITIVE1/CAP-BINDING-

PROTEIN80 (ABH1/CBP20) encodes the large subunit of Arabidopsis cap binding 

complex which affects splicing, ABA signaling and the biogenesis of miRNAs.  

SUPPRESSOR OF GENE SILENCING3 (SGS3) encodes a plant-specific RNA binding 

protein that plays a crucial role in post transcriptional gene silencing (PTGS).  To better 

understand the interactions between ABA signaling, RNA interference and RNA 

processing pathways, I generated abh1 sgs3 double mutant.  It manifests pleiotropic 

phenotypes including altered ABA sensitivity, fused cotyledons, delayed growth in root 

initiation and leaf production, accelerated phase transition, short and bending siliques 

with ectopic tissues, reduced seed set due to poor adherence of pollen grains on the 

stigma and increased resistance to fungal infection.  A custom microarray was designed 

based on a meta-analysis to probe the molecular bases of these phenotypes.  Results 

confirmed documented effects of abh1on MIRNA expression and identified novel miRNA 

precursors that are under ABA regulation.  The microarray also identified altered MIRNA 

expression in the double mutant for miR156, miR158, miR164, miR166 and miR167 

which could account for its phenotypes.  In summary, we have uncovered new nodes in 

regulatory networks linking ABA, RNA processing and RNA interference. 
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Chapter I 

Study of MIR842, MIR846  

and  

their potential target jacalin lectin AT5G28520 

Introduction 

RNA interfering 

RNA interfering is a conserved mechanism between plant and animal kingdoms.  

It is triggered by double stranded RNAs (dsRNAs) which are generated by stem-loop 

structures, by inverted repeats, by convergent sense-antisense transcripts, or by RNA 

dependent RNA polymerases (RDRPs) that use single stranded RNAs as templates.  

dsRNAs are cleaved by RNase III family Dicer proteins to generate 21-24 nucleotide (nt) 

small RNAs (smRNAs).  These smRNAs are recruited into the RNA induced gene 

silencing complex (RISC), at the core of which is an Argonaute (AGO) protein.  sRNAs 

then guide RISC to the target loci by base paring and repress their expression 

transcriptionally and/or post-transcriptionally (Hannon, 2002; Baulcombe, 2005).  

Based on their biogenesis, smRNAs are divided into three classes, microRNA 

(miRNA), small interfering RNA (siRNA) and piwi-interacting RNA (piRNA).  miRNAs 

are 21-22 nt smRNAs that arise from endogenous gnomic loci called miRNA genes.  

siRNAs are 21-24 nt smRNAs produced from perfect RNA duplexes that are generated 

by inverted repeats, by convergent sense-antisense transcripts, or by RNA dependent 

RNA polymerase (RDRP) activities (Bartel, 2004; Baulcombe, 2005; Chapman and 

Carrington, 2007).  Unlike miRNAs or siRNAs, piRNAs, which are specific to animal 

kingdoms, are 26-31 smRNAs that arise from single stranded RNAs (Aravin et al., 2007).  

miRNAs 

miRNAs are approximately 21-nucleotide (nt) long endogenous small RNAs 

processed from primary transcripts (pri-miRNAs).  Pri-miRNAs are transcribed from 

genomic loci (MIRNA genes) by Pol II and carry typical 5’ cap and 3’ poly-A tail 

structures (Lee et al., 2004; Xie et al., 2005).  A pri-miRNA is cleaved into a shorter 
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piece (a pre-miRNA) comprising a stem-loop by RNase III family members (Drosha in 

animals and Dicer-Like proteins in plants) (Lee et al., 2003; Kurihara and Watanabe, 

2004).  This pre-miRNA is further processed by Dicers, in association with accessory 

proteins such as DICER-BINDING proteins (e.g. DRB1/HYPONASTIC LEAVES1) and 

DAWDLE, a Forkhead domain-containing protein, into a 21nt duplex containing a 5’ 

phosphate group and a two nt 3’ overhang (Vazquez et al., 2004a; Yu et al., 2008).  One 

strand from this duplex, called mature miRNA is then preferentially loaded into the 

miRNA induced silencing complex (miRISC) containing an Argonaute (e.g. AGO1, or 

AGO7 for miR390) (Fahlgren et al., 2006), whereas the other strand of the duplex 

(miRNA*) is typically degraded.  The mature miRNA guides the miRISC to a target 

mRNA based on sequence complementarity and leads predominantly to translational 

inhibition in animals and mRNA cleavage in plants (Jones-Rhoades et al., 2006; 

Brodersen et al., 2008; Bartel, 2009).  

Non-canonical miRNA biogenesis pathways 

Besides the canonical biogenesis pathway, miRNAs are also generated by other 

mechanisms.  Intronic miRNAs arise from introns, and a few cases are described in 

plants.  A prime example in Arabidopsis is miR838, which is produced from intron 14 of 

the DCL1 mRNA.  This intronic miR838 presumably enables a self-regulatory 

mechanism that helps maintain DCL1 homeostasis (Rajagopalan et al., 2006).  Most 

human miRNAs are encoded in introns (Gregory et al., 2004).  It has been shown that in 

animals, Drosha cropping of intronic miRNAs and splicing of the intron can work 

independently, thereby enabling both miRNA biogenesis and protein synthesis from a 

single primary transcript (Kim and Kim, 2007).  How intronic miRNAs are generated in 

plants is not known.  Natural antisense miRNAs (nat-miRNAs) arise from the antisense 

strand of protein-coding genes which are also their targets.  Nat-miRNAs contain introns 

in their stem-loop which disrupt the extensive sequence complementarity to their targets.  

These introns are crucial to nat-miRNA’s function and are evolutionarily conserved (Lu 

et al., 2008).  An artificial intron-interrupted MIRNA (inc-miRNA) which contained an 

engineered intron in its stem-loop was shown to be functional in Caenorhabditis elegans 
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(Zhang et al., 2011), suggesting similar mechanisms of miRNA splicing might exist in 

animals.  Both intronic miRNAs and nat-miRNAs still require canonical miRNA 

machinery to produce the pre-miRNAs.  On the contrary, mirtrons, which are also 

produced from introns in animals, rely on the splicosome and exosome for the production 

of pre-miRNAs (Okamura et al., 2007; Ruby et al., 2007; Zhu et al., 2008; Flynt et al., 

2010).  Candidates of plant mirtrons have been reported recently (Zhu et al., 2008; Meng 

and Shao, 2012), and there is also genetic evidence that the exosome plays some role in 

miRNA biogenesis in plants (Chekanova et al., 2007).  Despite such complexity and the 

importance of miRNA biogenesis, study is obstructed by the low abundance of primary 

transcripts, which are rapidly turned into pre-miRNAs (Lobbes et al., 2006; Song et al., 

2007).  Moreover, pri-miRNAs can often have multiple transcription start sites (TSSs) 

and poly-adenylation signals (Szarzynska et al., 2009), which suggests a low evolutionary 

pressure outside the stem-loop structure for MIRNA genes.  

Polycistronic miRNAs 

In animals, MIRNA genes are largely encoded in polycistrons, and these 

polycistronic miRNAs often target the same mRNA (Altuvia et al., 2005; Kim and Nam, 

2006).  This situation is presumably due to the mode of action in that miRNAs 

predominantly repress translation by binding to the 3’UTR region of the target mRNA in 

animals, and it often requires multiple miRNAs to repress a single mRNA (Bartel, 2009).  

Thereby, clustered miRNAs on a single transcription unit results in efficient regulation of 

the target.  On the other hand, plant miRNAs function mainly through target cleavage, in 

which case a single miRNA efficiently represses its target (Jones-Rhoades et al., 2006).  

In accordance with this, most plant miRNAs are transcribed from independent 

transcription units.  However, recent research has shown that plants also have 

polycistronic transcripts containing different miRNAs, and similar to observations in 

animals, these polycistronic miRNAs target genes from the same family.  However, the 

functional importance of these polycistronic miRNAs in plants remains unclear (Merchan 

et al., 2009). 
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Interactions between miRNA and abscisic acid 

miRNAs are important regulators of development and stress responses in both 

animals and plants.  In plants, miRNA processing mutants often have developmental 

defects such as low fertility and abnormal morphology (Bohmert et al., 1998; Jacobsen et 

al., 1999; Chen et al., 2002).  Beside miRNAs, plant hormones also play important roles 

in growth and development.  The interactions between auxin and several miRNAs 

[miR160 (Mallory et al., 2005; Wang et al., 2005; Gutierrez et al., 2009), miR164 (Guo et 

al., 2005), miR167 (Gutierrez et al., 2009), miR390 (Allen et al., 2005; Williams et al., 

2005; Yoon et al., 2010) and miR393 (Xie et al., 2000; Navarro et al., 2006)] and their 

targets to regulate root development and biotic stress responses have been studied in 

detail, and provide a paradigm for understanding signaling crosstalk in plants (Meng et 

al., 2010).  Another less understood example is the association between abscisic acid 

(ABA) and miRNAs.  Intriguingly, mutations in several key components in the miRNA 

pathway are hypersensitive to ABA.  These mutants include drb1/hyponastic leaves1 

(hyl1), dicer-like1 (dcl1), ABA hypersensitive1/cap-binding-protein80 (abh1), and small 

RNA methyltransferase hen1 (Lu and Fedoroff, 2000; Hugouvieux et al., 2001; Gregory 

et al., 2008; Zhang et al., 2008).  ABA has also been shown to regulate accumulation of a 

few miRNAs including miR159 and miR319, which function to repress MYB 

transcription factors that are positive regulators in ABA signaling during seed 

germination (Reyes and Chua, 2007; Kim et al., 2008).  Taken together, these findings 

provide compelling evidence of interactions between ABA signaling and miRNA 

pathways and raise questions about the molecular mechanisms of ABA action in post-

transcriptional regulation. 

Statement of purpose and objectives 

In this study, I show that two functionally related miRNAs unique to the 

Arabidopsis species A. thaliana and A. lyrata, miR842 and miR846, arise from the same 

transcription unit but alternate splicing isoforms.  miR846 is expressed only from 

Isoform1 while in Isoforms2 and -3, a part of pre-miR846 containing the miRNA* 

sequence is included in the intron, preventing the formation of a stem-loop structure 
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when spliced.  I name this novel phenomenon intron-disrupted miRNA (ind-miRNA).  

ABA mediates the alternative splicing event by reducing the functional Isoform1 and 

increasing the non-functional Isoform3 and thus represses the expression of miR846.  

This repression of miR846 in response to exogenous ABA in roots correlates with the up-

regulation of a validated target jacalin lectin AT5G28520.  The interaction between ABA, 

MIR846 and AT5G28520 provides an example of ABA-miRNA interaction and shows 

the functional importance of ind-miRNA.  Together, ind-miRNAs, nat-miRNAs/inc-

miRNAs and mirtrons illustrate the complexity of MIRNA genes, the importance of 

introns in the biogenesis and regulation of miRNAs, and raise questions about the 

processes and molecular mechanisms that drive MIRNA evolution.   

Materials and methods 

Plasmid construction 

For the promoter of MIR842 and MIR846, a ~1kb sequence between the 3’ UTR 

of the upstream gene AT1G61215 and the shared TSS of MIR842 and MIR846 were PCR-

amplified using PrimeSTAR HS DNA polymerase (TAKARA, Shiga, Japan) and inserted 

between the Hind III and BamHI sites in pBI121, replacing the 35S promoter to drive 

uidA GUS reporter gene expression.  Oligonucleotide primers were designed using 

‘Perlprimer’ (http://perlprimer.sourceforge.net/) and synthesized commercially (Sigma, 

St. Louis MO).  A list of primers used in the study is provided in Table 1.1.  For the 

promoter analysis of AT5G28520, a 1.5 kb sequence upstream of the start codon was 

PCR-amplified and inserted between the Hind III and BamHI sites in pBI121. 

Plant materials and growth conditions 

Arabidopsis thaliana seeds were soaked in water and kept in the dark at 4°C for 3 

days before transferring into soil.  The growth condition was 21°C with a 16 hr light and 

8hr dark cycle.  The accessions used in this study are listed as follows: Col-0 [CS60,000], 

Ler-0 [CS20], Ws-2 [CS2360], abi1-1 [CS22], abi2-1 [CS23], abi3-1 [CS24], abi4-1 

[CS8104], abi5-1 [CS8105]. 
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Agrobacterium-mediated transformation of Arabidopsis  

Agrobacterium-mediated transformation of Arabidopsis using floral dip was 

performed according to previously published methods (Bechtold and Pelletier, 1998; 

Clough and Bent, 1998).  Briefly, Agrobacterium tumefaciens strain GV2260 carrying 

Pro-miR8426:GUS or Pro-At5g28520:GUS in pBI121 binary vector were resuspended to 

OD600 = 0.8  in a 5% Sucrose/ 0.03% (v/v) Silwet L-77 (LEHLE SEEDS, Round Rock, 

TX) solution.  Siliques of flowering Arabidopsis Col-0 plants were clipped off and the 

above-ground parts of the plants were submerged in the solution for 3 minutes under 

vacuum.  After dipping, plants were covered to maintain high humidity and were kept 

horizontally in the dark for 24 hours.  Plants were then transferred back to the normal 

growth condition until harvesting.  Transgenic seeds were screened on 0.5x Murashige & 

Skoog salts (Research Products International, Mt. Prospect, IL), 1% sucrose and 0.8% 

agar (Fisher, Fair Lawn, NJ) plates supplemented with 30μg/mL Kanamycin (Genlantis, 

San Diego, CA) and 100μg/mL Cefotaxime (Claforan®, Sanofi, Bridge water, NJ).  

ABA treatment 

Seeds were sown on plates containing 0.5x Murashige & Skoog salts (Research 

Products International, Mt. Prospect, IL), 1% sucrose and 0.5% phytagel (SIGMA-

ALDRICH, St. Louis, MO).  Plates were kept in the dark at 4°C for 3 days before 

transferring into the growth chamber.  The growth condition was 21°C with continuous 

light.  Plates were kept vertically in the chamber for 10 days before spraying with ABA 

solutions.  ABA ((±)-Abscisic acid, 98%; ACROS Organics, New Jersey) solutions were 

diluted with water from a 100µM stock in 70% ethanol.  The same amount of 70% 

ethanol was added to water to spray the control group. 

β-Glucuronidase assays 

Plant samples were developed at 37°C for 12 hr with a 1 mM solution of 

indigogenic GUS substrate 5-bromo-4-chloro-3-indolyl b-D-glucu-ronide (X-Gluc; Rose 

Scientific, Edmonton, Alberta, Canada) in50 mM KH2PO4 (pH 7.0), 0.1 mM EDTA, 0.5 

mM ferricyanide,0.5 mM ferrocyanide, 0.05% sodium azide, 0.1% Triton X-100.  After 
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staining, samples were immersed in 70% ethanol overnight.  Samples were then mounted 

in 30% glycerol on microscope slides for taking pictures or were imaged with an 

Olympus BX41 light microscope for details and photographed with QCapture software 

(v2.68.6, Silicon Graphics, Fremont, CA). 

RNA extraction 

Total RNA from roots, leaves of 10 day old seedlings or from whole seedlings 

was extracted with Iso-RNA Lysis Reagent (5 PRIME, Gaithersburg, MD).  

RT-PCR 

4µg total RNA was digested with RQ1 RNase-free DNase (Promega, Madison, 

MI) and reverse transcribed by M-MLV reverse transcriptase (Promega) with Anchored 

Oligo-dT (Thermo, Surrey, UK).  A cycle number of 38 was used for PCRs in Fig. 1.2. 

For quantitative analysis in Fig. 1.17, PCRs were performed at 30, 34, 38 and 40 cycles 

and the results at 34 cycles were used to avoid saturation.  Band intensities were 

quantified with ImageJ software (http://rsbweb.nih.gov/ij/index.html). 

Real-time PCR 

Real-time PCR was performed using FastStart Universal SYBR Green Master 

(Rox) (Roche, Mannheim, Germany) according to the supplier’s protocol.  PCRs were 

run on an AB7000 machine with default settings and results were analyzed with affiliated 

software.  cDNA preparation was the same as RT-PCR.  For detecting pre-miR846, 

random primers (Promega, Madison, MI) were used in reverse transcription.  

Rapid amplification of cDNA ends (RACE) 

RACE experiments were performed with GeneRacer Kit (Invitrogen, Carlsbad, 

CA) according to the manufacturer’s specification.  

Northern hybridization 

For high molecular-weight northern hybridization, samples of 10μg total RNA 

were resolved on a 1.2% denaturing agarose gel and blotted to a Hybond-N+ membrane 

(GE healthcare, Piscataway, NJ) according to the supplier’s protocol.  AT5G28520 
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template was amplified using primers ‘‘At5g28520CDS_F’’ and “At5g28520CDS_R’’ 

from a cDNA library and was gel eluted.  Probes were synthesized using Random Primer 

DNA Labeling Kit Ver.2 (TAKARA, Shiga, Japan) with [α-32P]-dCTP (PerkinElmer, 

Waltham, MA).  

For small RNA northern hybridization, 120μg total RNA from each sample was 

resolved on a 17% polyacrylamide/7 M urea /0.5x TBE gel and blotted to a Hybond-N+ 

membrane (GE healthcare, Piscataway, NJ) using a semi-dry transferring system.  To 

generate probes, oligonucleotides with the exact complementary sequence to miR842 or 

miR846 were end-labeled with [γ-32P]-ATP (PerkinElmer, Waltham, MA) and T4 

polynucleotide kinase (New England Biolabs, Ipswich, MA).  

For both high-molecular weight and small RNA northern, hybridization was 

carried out with the PerfectHyb Plus hybridization buffer (SIGMA-ALDRICH, Saint 

Louis, MO) according to the manufacturer’s instructions.  A storage phosphor screen (GE 

Healthcare, Piscataway, NJ) was used for autoradiography and it was scanned using a 

Storm 860 PhosphorImager (GE Healthcare).  Band intensities were quantified using the 

ImageQuant TL software (v2003, GE Healthcare). 

Bioinformatic analysis 

Potential targets of At-miR842 or At-miR846 were indentified with “miRU: Plant 

microRNA Potential Target Finder” (http://bioinfo3.noble.org/miRNA/miRU.htm). 

Potential targets of Aly-miR842 or Aly-miR846 were obtained by BLASTing miR842 or 

miR846 sequence against Expressed Sequence Tags (ESTs) of A. lyrata (GenBank, 

www.ncbi.nlm.nih.gov).   

Aly-miR842/846 genomic sequence was obtained by BLASTing Ath-miR842/846 

genomic sequence against A.lytrata genome (http://genome.jgi-

psf.org/Araly1/Araly1.home.html).  The alignment was performed with T-Coffee 

software (www.tcoffee.org). 
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Results 

miR842 and miR846 are processed from the same transcription unit 

AT-MIR842 and AT-MIR846 are oriented sequentially on the Watson strand of 

Chromosome 5, but despite mapping less than 200 bp away in the genome, a previous 

attempt failed to amplify any common transcript (Merchan et al., 2009).  I designed a pair 

of primers (Pair A, Fig. 1.1) covering the entire 610 bp stem-loop regions of both 

MIR842 and MIR846 and performed reverse transcription PCR (RT-PCR) to detect 

possible common transcripts in 10-d old seedlings.  A 372 bp fragment was amplified 

(Fig. 1.2A) and sequenced.  The ~240 bp difference comparing the predicted genomic 

amplicon to cloned cDNA revealed the presence of an intron, with characteristic intron 

junction sequences 5’-GU…AG-3’.  This intron mapped to the downstream leg of 

MIR842 hairpin but within the stem-loop of MIR846 such that the intron-spliced cDNA 

fragment included only mature miR846 part of pre-miR846.  This result suggested this 

species of mRNA could produce only mature miR842 but not miR846.   

In order to further characterize expression of the locus, standard 5’ Rapid 

Amplification of cDNA Ends (5’ RACE) was then performed independently with nested 

reverse strand gene-specific primers for MIR842 or MIR846 (Fig. 1.1; open and solid 

arrowheads, respectively).  Two amplicons were cloned and sequenced; when taken 

together with the results from primer Pair A amplicon, these results revealed the 

existence of two splice variants which have the same transcription start site (TSS) ~100 

bp upstream of a shared 5’ splice site (Fig. 1.1).   I then performed 3’ RACE, and results 

revealed variable 3’ termination sites within a 150 bp region downstream of pre-miR846 

(data not shown).  

Using a novel primer pair covering the whole region (Pair B, Fig. 1.1), RT-PCR 

was performed and three transcripts of the sizes 578 bp, 482 bp and 316 bp were 

amplified (Fig. 1.2B).  The 482 bp transcript, designated Isoform1, was the most 

abundant based on band intensities.  It contained the complete pre-miR846 in the second 

“exon” and the complete pre-miR842 in the first intron (Fig. 1.3). The 578 bp transcript, 

designated Isoform2, contained the complete pre-mir842 in exon 2.  It corresponded to 
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the initial amplicon characterized by primer Pair A (Fig. 1.1), where part of pre-mir846 

including the miR846* sequence was spliced out as an intron, which would preclude the 

production of miR846.  The 316 bp transcript, designated Isoform3, contained the first 

and third exons of Isoform2 and skipped exon 2.  These results prove that miR842 and 

miR846 are produced from the same transcription unit.  However, unlike polycistronic 

miRNAs, the mature miRNAs arise from different splicing products.  miR846 is 

expressed only from Isoform1 whereas mir842 arises from Isoform2, or possibly from the 

introns of Isoforms1 and -3. 

MIR842 and MIR846 express predominantly in roots 

To better understand the expression of both miRNAs, I constructed a T-DNA 

expression vector comprising presumed promoter of MIR482 and MIR846 (a ~1kb 

fragment between 3’UTR of the upstream  gene AT1G61215 and the shared TSS of 

MIR842 and MIR846) fused with the bacterial reporter gene uidA (GUS; β-

glucuronidase) in pBI121.  Histochemical GUS staining of 10-d old transgenic seedlings 

carrying the Pro-MIR842_MIR846:GUS reporter construct showed strong GUS activity 

in roots and leaf primordia but not in mature leaves (8 out of 10 independent lines) (Fig. 

1.4).  GUS staining did not show any difference between wild-type and Pro-

MIR842_MIR846:GUS transgenic plants in rosette leaves, inflorescence or siliques, 

where some background (non-transgenic) GUS activity could be seen in vascular tissue, 

floral organs, and at the junction between silique and petiole (Fig. 1.5).  These results are 

supported by small RNA deep sequencing datasets which showed that the normalized 

reads per million (rpm) of AGO1-associated miR846 in different tissues were 69.6 

(flowers), 458 (leaves), 2130 (roots) and 1170 (whole seedlings) and that of miR842 were 

4.4 (flowers), 11.6 (leaves), 75.8 (roots) and 76.7 (whole seedlings) (Wang et al., 

2011a)(see their Table S4).  These deep sequencing data also correlate with the observed 

relative high abundance of Isoform1 (482 bp band, expressing miR846) versus Isoform2 

(578 bp band, expressing miR842 but not miR846) by RT-PCR (Fig. 1.2B).  
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A common target AT5G28520 of miR842 and miR846 is highly up-regulated 

by ABA in roots 

Both miR842 and miR846 target several jacalin lectin family members containing 

mannose-binding lectin domains (InterPro IPR001229) (Rajagopalan et al., 2006; 

Fahlgren et al., 2007). The Arabidopsis genome encodes 112 mannose-binding domain-

containing genes (http://www.ebi.ac.uk).  An online tool “miRU: Plant microRNA 

Potential Target Finder” (http://bioinfo3.noble.org/miRNA/miRU.htm) was used to 

identify possible targets of miR842 and miR846 (Table 1.2).  Consistent with previous 

reports, miR842 and miR846 both were predicted to target several jacalin lectin family 

members with mismatch scores less than 2.5.  One of these targets, AT5G28520, was 

highly up-regulated by ABA and abiotic stresses in roots according to Arabidopsis eFP 

browser (http://bar.utoronto.ca/) (Fig. 1.6).  Real-time PCR confirmed the microarray 

result and showed a ~50 fold induction with 10μM ABA, 12hr treatment in 10-day old 

seedlings (Fig. 1.7).  Northern blot analysis of 10-d old seedlings showed that the ABA 

induction of AT5G28520 was specific in roots (Fig. 1.8).  Northern blot analysis further 

showed that this induction was time- and ABA dosage- dependent (Fig. 1.9A) and was 

strongly suppressed by ABA insensitive mutants such as abi1-1 (75% reduction), abi2-1 

(84% reduction), abi4-1 (35% reduction) and abi5-1 (32% reduction), whereas abi3-1 

mutant had a relatively weak effect (12% reduction) (Fig. 1.9B), consistent with previous 

results showing that ABI3 is expressed in seeds and ABI5 expression decreases 

progressively after germination (Finkelstein et al., 2005). 

In order to test the mechanism of AT5G28520 induction, transgenic plants were 

engineered that express GUS under control of the AT5G28520 promoter.  GUS staining 

of 10-d old Pro-AT5G28520:GUS seedlings had no detectable GUS activity  in the 

absence of exogenous ABA (Fig. 1.10A).  When treated with ABA (30 μM, 4 hr), strong 

GUS activity was observed in roots, especially in lateral root primordia, but not in leaves 

(Fig. 1.10B and C).  These results support the notion that ABA regulates AT5G28520 

expression at the transcription level.  
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Increased miR842 and miR846 represses AT5G28520  

The complementary sites to miR842 and miR846 are at the 5’ end of AT5G28520, 

each with 2 mismatches and one G:U-wobble (Fig. 1.11).  A search on TAIR 

(www.arabidopsis.org) identified the availability of one T-DNA insertion mutant, 

CS815868 (Alonso et al., 2003).  It carries a T-DNA insertion upstream of MIR842 and 

MIR846.  A genomic southern blot was performed and it showed that this T-DNA was 

inserted into the 5’ end of MIR842 (Fig. 1.12).  A 5’ RACE experiment using total RNAs 

from CS815868 confirmed that the TSS originated within the T-DNA (Fig. 1.12A).  Real 

time PCR showed enhanced expression of pre-miR842 and pre-miR846 in roots of 

CS815868 while target AT5G28520 mRNA was reduced (Fig. 1.13).  These results 

suggest a causal effect of elevated miR842 or miR846 expression, or both miRNAs, on 

down-regulation of AT5G28520, presumably by endonucleolytic cleavage of the target 

guided by the miRNA(s). 

miR846, but not miR842, triggers endonucleolytic cleavage of AT5G28520 in 

the absence of ABA 

Modified 5’ RACE (Llave et al., 2002) detected a cleavage event mapping to 

miR846 target site, between position 6 and 7, suggesting that only miR846 but not 

miR842 directs the cleavage of AT5G28520 mRNA.  Interestingly, this miR846- directed 

slicing was not detected after the root samples were treated with exogenous ABA (Fig. 

1.14).  

miR846 accumulation is under ABA regulation and correlates with 

alternative splicing of pri-miR846 

The modified 5’RACE results suggest that AT5G28520 expression might be 

partially due to decreased miR846 abundance in response to ABA.  To test this 

possibility, the expression of pre-miR846 was quantified with both semi-quantitative RT-

PCT and real-time PCR (Fig. 1.15).  Results showed that ABA treatment repressed pre-

miR846 in roots with the strongest (60% reduction) effect observed after 3 hr exposure to 

10μM ABA (Fig. 1.15B), which precedes slightly the kinetics of AT5G28520 mRNA 

accumulation (Fig. 1.9A), consistent with a causal relationship.  Small RNA northern blot 
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using total RNA from leaves or roots of 10-d old seedlings with or without exogenous 

ABA treatment showed that both miR842 and miR846 were repressed by increasing 

amounts of ABA in roots, with the strongest (~35% reduction for both miRNAs) effect 

observed after 3 hr exposure to ABA (Fig. 1.16).  The observation that both miRNAs 

expressed only in roots but not in leaves also supported the promoter analysis results 

(Fig. 1.4A). 

Moreover, when amplified with primer Pair B (Fig. 1A) to see the relative 

expression levels of the three Isoforms, RT-PCR results showed that without exogenous 

ABA treatment, the non-functional Isoform3 was below the detection limit and Isoform1, 

which generates miR846, was expressed at a high level.  In response to increasing 

concentrations of exogenous ABA, Isoform1 expression was reduced while Isoform3 

levels elevated (Fig. 1.17).  Isoform2, which produces miR842, was not detected in these 

experiments, probably due to the smaller number of cycles used in the PCR (34 instead of 

38) to avoid saturation.  Taken together, these results demonstrate that ABA represses 

miR846 expression by affecting the splicing of the pri-mRNA and changing the relative 

amounts of the isoforms, from Isoform1 that produces miR846 in the absence of ABA to 

Isoform3 that produces no functional miR842 or miR846 in the presence of ABA. 

A similar genomic arrangement for miR842 and miR846 exists in A. lyrata 

Recent studies revealed that miR842 and miR846 exist in A. lyrata, a close 

relative of A. thaliana (Fahlgren et al., 2010; Ma et al., 2010).  A BLAST search with A. 

thaliana miR842 and miR846 precursor sequences against the A. lyrata genomic 

sequence (http://genome.jgi-psf.org/Araly1/Araly1.home.html) identified a genomic 

region that contained both pre-Aly-miR842 and pre-Aly-miR846 hairpins. Alignments 

between A. thaliana and A. lyrata MIR842/MIR846 genomic sequences showed high 

similarity, especially in the pre-miRNA regions.  Noticeably, all GT…AG donor-

acceptor sequences were conserved in both species as well (Fig. 1.18).  A total of three 

substitutions were found in the star legs of A. lyrata pre-miRNAs (Fig. 1.19).  One of 

them converted an A:U pair in A. thaliana to a G:U wobble in A. lyrata; the other two 
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substitutions closed up gaps in the A. thaliana miRNA-miRNA* duplex, which is 

consistent with purifying selection operating on MIR842 and MIR846 to maintain 

function in these species.  One A. lyrata partial expressed sequence tag (EST) was found 

mapping to this region.  Interestingly, it carried multiple introns that disrupt pre-miR846 

and resembled Isoforms2 and -3 in A. thaliana (Fig. 1.20).  

To search for the jacalin lectin targets of Aly-miR842 and Aly-miR846, homologs 

of AT5G28520 were searched in A. lyrata using TBLASTN.  Mature miR842 or miR846 

sequences were then used to BLAST against the search results.  Two jacalin homologs 

were found to carry complementary sites to both miR842 and miR846 in A.lyrata (Fig. 

1.21), similar to AT5G28520 in A.thaliana (Fig. 1.11).  Six additional potential targets of 

miR846 were also found in A.lyrata.   

Discussion  

miR842 and miR846 are produced from splicing alternatives of the same 

transcription unit 

In this study, I found that miR842 and miR846 are produced from the same 

transcription unit but different splicing isoforms (Fig. 1.3).  miR846 is expressed only 

from Isoform1 because in Isoforms2 and -3, a part of pre-miR846 containing the 

miRNA* sequence is included in the intron, preventing the formation of a stem-loop 

structure after splicing.  miR842 is expressed from the exon of Isoform2, or possibly 

from the introns of Isoforms1 and -3.  The potential functionality of intronic miR842 is 

supported by the existence of miR838, which is also an intronic miRNA (Rajagopalan et 

al., 2006) and by the fact that in animals, the cropping of such intronic miRNAs and the 

splicing of the intron can happen independently on the same transcript (Kim and Kim, 

2007).  However, I postulate that Isoform2, which contains miR842 in the “exon” 

expresses the majority of miR842 based on two evidences: i) Isoform3, which contains 

miR842 in the intron (Fig. 1.3), is up-regulated by ABA (Fig. 1.17) whereas miR842 is 

repressed by ABA (Fig. 1.16); and ii) miR846 is much more abundant than miR842 

according to recent deep sequencing results (Wang et al., 2011a)(see their Table S4) and 

the abundance correlates with the relative strong signal of Isoform1 (Fig. 1.2B, 842 bp 
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band; source of miR846) versus weak signal of Isoform2 (Fig. 1.2B, 578 bp band; source 

of miR842) established by RT-PCR.   

Taken together, miR842 and miR846 are produced from splicing alternatives of 

the same transcription unit.  miR846 is only expressed from Isoform1 and therefore a 

change in the relative amounts of alternative splicing events between isoforms can affect 

mature miR846 abundance.  miR842 can be expressed from the exon of Isoform 2 or 

from the introns of Isoforms1 and -3.  Our results (Figs. 1.2B, 1.16 and 1.17) suggest that 

Isoform2 contributes to the majority of miR842 expression.  Whether Isoforms1 and -3 

express miR842 as intronic miRNA requires further investigation.  

miR846 is an intron-disrupted miRNA (ind-miRNA) 

Nat-miRNAs and the artificial inc-miRNAs have introns in their stem-loop 

sequences and by correctly splicing out the introns they are able to produce functional 

miRNAs (Lu et al., 2008; Zhang et al., 2011) (Fig. 1.22B).  Here I present a contrary 

mechanism, in which a functional miRNA, miR846, has been disrupted by evolving part 

of its pre-miRNA into an intron (Fig. 1.3).  I thus name this kind of miRNA as intron-

disrupted miRNAs (ind-miRNAs, Fig. 1.22A).  Ind-miRNAs are regulated through 

alternative splicing to switch between functional and non-functional isoforms as I have 

shown for miR846 (Fig. 1.17).  A nat-miRNA or inc-miRNA could be theoretically 

classed as ind-miRNAs if shown to be regulated in a similar way; i.e. evidence of 

retention (non-functional isoform) versus splicing away the intron in the stem-loop 

(functional isoform).  Furthermore, mirtrons in animals (Fig. 1.22C) could also be 

regulated by alternative splicing, as the production of pre-miRNAs of mirtrons relies on 

the flanking intron-exon junctions (Okamura et al., 2007; Ruby et al., 2007; Zhu et al., 

2008; Flynt et al., 2010).  Together, ind-miRNAs, nat-miRNAs/inc-miRNAs and 

mirtrons illustrate the complexity of MIRNA genes and the importance of introns in the 

biogenesis and regulation of miRNAs.  
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ABA represses miR846 by affecting its alternative splicing 

ABA is known to affect the steady-state levels of some miRNAs in Arabidopsis. 

However, despite claims of ABA-regulated miRNAs, little has been done to study how 

miRNA expression might be controlled by ABA.  Our findings demonstrate that ABA 

can regulate miRNAs post- transcriptionally by affecting the alternative splicing of their 

primary transcripts (Fig. 1.17).  I speculate the advantage of affecting alternative splicing 

of pri-miRNAs over transcriptional inhibition by ABA would be to facilitate rapid 

change- the relative amounts of splicing isoforms could be modulated rather than changes 

in transcription rates per se. This would allow plants to rapidly turn on and off the 

expression of the miRNA and would in turn allow a rapid and drastic induction of the 

target in the presence of ABA.  Given the fact that many plant miRNAs have intron 

structures and splicing isoforms (e.g. MIR156C, MIR160A, MIR160B, MIR166B) (Xie et 

al., 2005; Szarzynska et al., 2009) and that there are plant mirtrons which require correct 

splicing to be expressed (Zhu et al., 2008; Meng and Shao, 2012), this mechanism of 

regulation of miRNA abundance may function beyond MIR846.  How this mechanism is 

related to transcriptional control of the target of MIR842/MIR846, AT5G28520 jacalin 

lectin (Fig. 1.11), remains to be elucidated.  However, reports of miRNAs associated with 

antisense transcription (Luo et al., 2009) and DNA methylation (Chellappan et al., 2010) 

of targets in Arabidopsis may provide some clues.  

miR846 but not miR842 directs the cleavage of AT5G28520 

miR842 and miR46 are predicted to target several jacalin lectin family members 

and one of them, AT5G28520 is expressed specifically in roots in the presence of 

exogenous ABA (Fig. 1.10).  miR842 and miR846 are also enriched in roots and their 

abundances are affected by ABA (Fig. 1.16).  Using modified 5’-RACE, a cleavage event 

was found within miR846 complementary site between position 7 and 8 right at the point 

of an A-G mismatch (Fig. 1.14).  Conventionally, miRNAs result in RISC cleavage of 

mRNAs between position 10 and 11 and the shift observed might be a result of the 

mismatch.  Although the observed cleavage position is non-canonical for typical 

miRNAs, it is noteworthy that quantitative analysis of reads abundances documented in 
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miRBase (www.mirbase.org) (Kozomara and Griffiths-Jones, 2011) show ~4% of 

miR846 species actually begin at nt -2 of the published mature sequence (25 RPM; GEO 

dataset GSM118375) (Rajagopalan et al., 2006; Mi et al., 2008).  If this particular species 

is more abundant in roots, then the observed cleavage position would be one nucleotide 

offset from the canonical active site.  Also, there is extended homology between miR846 

flanking sequences and AT5G28520.  If a variant species of miR846 were shifted 3nt 

towards 5’ direction on miR846 stem loop, it would form a canonical pairing with 

AT5G28520 (Fig. 1.23) and its postulated expression in roots could contribute to the 

detected slicing event.  Furthermore, both miR842 and miR846 pair perfectly with 

AT5G28520 in the 2-7 nt ‘seed’ regions (Fig. 1.11) (Bartel, 2009).  Given the fact that 

there is widespread translational inhibition by plant miRNAs (Brodersen et al., 2008), it 

is worth considering whether miR842 and miR846 regulate AT5G28520 through 

translational inhibition.  

ABA, MIR846 and AT5G28520 are in a regulatory network 

In this study, I have shown that (1) miR846 and AT5G28520 co-localize in roots 

(Figs. 1.4A and 1.10B); (2) miR846 directs the cleavage of AT5G28520 in the absence of 

ABA (Fig. 1.14); (3) ABA up-regulates At5g28520 transcriptionally (Fig. 1.9); and (4) 

ABA down-regulates miR846 post-transcriptionally by alternative splicing (Figs. 1.16 

and 1.17).  Based on these results, I propose a model in which ABA, MIR846 and 

AT5G28520 form a regulatory network in roots (Fig. 1.24).  In the absence of exogenous 

ABA (and presumably low concentrations of endogenous ABA), expression of 

AT5G28520 is low and the expression of miR846 would direct the jacalin mRNA to be 

degraded.  In the presence of exogenous ABA (or high endogenous ABA concentrations, 

e.g. in response to stress), transcription of AT5G28520 is elevated, and at the same time 

miR846 is repressed to allow AT5G28520 mRNA accumulation.  This synergistic effect 

could account for the drastic induction of AT5G28520 by exogenous ABA at as low as 

1μM, which is within the physiological range found in plants (Zeevaart, 1980).  The 

function of jacalin lectins in plants are poorly understood and recent studies link their 

functions to virus resistance and biotic stress (Nagano et al., 2005; Nagano et al., 2008; 
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Yamada et al., 2011; Yamaji et al., 2012).  Future work will focus on the function of 

AT5G28520 and the importance of this regulatory network between ABA, MIR846 and 

AT5G28520 regarding root development and function. 

ABA, MIR846 and jacalin interaction may be conserved in A.lyrata 

miR842 and miR846 are non-conserved miRNAs, i.e. recently evolved and found 

in narrow clades and subject to relatively frequent birth and death, which raise questions 

of their functional significance (Rajagopalan et al., 2006; Fahlgren et al., 2007).  The 

finding of a conserved genomic arrangement of MIR842 and MIR846 (Fig. 1.18) and one 

partial EST with a similar intron-disrupted pattern for miR846 in A. lyrata (Fig. 1.20) 

suggests that Aly-MIR842 and Aly-MI846 are also transcribed from different isoforms in 

A. lyrata.  The better base pairings between miRNA and miRNA* legs in A. lyrata 

supports that both miRNAs are active and under purifying selection to maintain the 

hairpin structure (Figure 1.19).  Furthermore, I was able to find jacalin homologs which 

have miR842 and miR846 complementary sites in A. lyrata (Fig. 1.21).  The fact that 

there are more jacalin targets and better complimentarity for miR846 than miR842 

suggests that, as in A. thaliana, miR846 is also important for regulation of jacalin 

expression in A. lyrata.  Taken together, the conserved genomic arrangement, similar 

primary transcript structure, better miRNA-miRNA* paring and the presence of target 

jacalin homologs in A.lyrata suggest that the interactions between ABA, MIR846 and 

jacalins are functionally conserved in A. lyrata.  I was able to find extended homology (E 

> 10
-11

; data not shown) in Brassica rapa and Thellungiella halophila (now T. 

salsuginea) to At-MIR846 hairpin (www.phytozome.org), however the structural 

significance of the homologies could not be established by folding these sequences into 

stable hairpins, suggesting that MIR842 and MIR846 are dead in these genera whose 

tribes (Brassicae and Eutremeae, respectively) diverged from each other and the Arabidae 

an estimated 40 million years ago (Bailey et al., 2006).  Three significant aspects of 

understanding the evolution of MIR842/MIR846 are the adaptation of ABA signaling into 

the regulatory network involving its target jacalin lectin AT5G28520, its function in root 

development, and insight into the evolution of stress tolerance, since Thellungiella lives 
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in extreme salt, cold, and freezing conditions and is a model system for study efficient 

mobilization of resources in poor or degraded soils (Inan et al., 2004). 
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Table 1.1 List of primers and probes used in Chapter I 

Promoter cloning, 

MIR842/846 

Pro842&6_F GAGAAAGCTTATTTGATGTAG 

Pro842&6_R AACGGATCCGATCTGGATCGAGAAC 

Promoter cloning, 

AT5G28520 

Pro5g28520_F ACCAAGCTTAGAGCTTCAAATCATT 

Pro5g28520_R AACGGATCCCACGAACTGTTTTGA 

RT-PCR 

Pair A_F TAAGCGGGATGATGAATCCGACCA 

Pair A_R CGAATTTACCGGGATACACGAGCA 

Pair B_F ACACGAATGCATCTCCTTTGGT 

Pair B_R same as Pair A_R 

Actin8_F GGAATGGTTAAGGCTGGATTCG 

Actin8_R ACGCATCTTTCTGATTCATCCC 

Real-time PCR 

Pre846_F ACGATTGGAAGCTGAATGGTTGCG 

Pre846_R same as Pair A_R 

18S_F AAATACCGCGGCTGCTGGCA 

18S_R CGGCTACCACATCCAAGGAA 

5' RACE 

Pri842_R GGATGACGGATCTGACCATGA 

Pri842_R_nested TGATGGTGTTTCGATCCCTGGACA 

Pri846_R CCTTGAATGAAACCGGATGTGGCA 

Pri846_R_nested CGAGGCGGTTAATCTCAAACTGCT 

3' RACE 

Pri842_F TAAGCGGGATGATGAATCCGACCA 

Pri842_F_nested ACGATTGGAAGCTGAATGGTTGCG 

Pri846_F TGCCACATCCGGTTTCATTCAAGG 

Pri846_F_nested ACGATTGGAAGCTGAATGGTTGCG 

Modified 5' RACE 

on AT5G28520 

At5g28520_900R AGGCGGAGAAGGAATAAACGAAGAGAAA 

At5g28520_793R CGAGCAGCAGGGTATCCAAATATCG 

Northern blot 

At5g28520CDS_F ATGGCTCAGAAGTTAGAAGCAATAG 

At5g28520CDS_R TCACTCGCGCGTGATGGGC 

18S primer pair same as 18S_F and 18S_R pair used in real-time PCR 

miR842 Probe GGATGACGGATCTGACCATGA 

miR846 Probe 
A+ATTCA+AGCACTTC+AATTC+AA (+A indicates that 

A is LNA) 

U6 Probe TCGATTTGTGGGTGTCAT 
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Table 1.2 Common targets of miR842 and miR846 

 
miR842 miR846 

Gene Site Score Mismatch Site Score Mismatch 

At1g57570 231 - 251 1.5 3 453 - 473 1 2 

At5g38550 160 - 180 2 2 382 - 402 2 3 

At1g52070 135 - 155 2.5 3 354 - 374 2 3 

At2g25980 95 - 115 2.5 3 317 - 337 1.5 3 

At5g28520 42 - 62 2.5 3 264 - 284 2 3 

At5g35940 48 - 68 2.5 5 270 - 290 3 4 

At1g52130 57 - 77 3 3 720 - 740 1 2 

At1g52060 48 - 68 3 4 267 - 287 2 3 

At5g38540 339 - 359 3 4 126 - 146 3 4 

At5g35950 48 - 68 3 5 270 - 290 3 4 
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Figure 1.1 Genomic arrangement of pre-miR842 and pre-miR846. Thick gray lines 

(labels below) represent pre-miR842 or pre-miR846. Open boxes represent miRNA* and 

black boxes represent mature miRNA sequences. Open arrowheads represent primers 

used in 5’-RACE for pri-miR842; solid arrowheads represent primers used in 5’-RACE 

for pri-miR846; gray arrow heads represent primers used in reverse transcriptase (RT)-

PCR. Black lines between the arrow heads represent exons and gray bent lines represent 

introns identified by RT-PCR. Scale bar, 100bp. 
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Figure 1.2 (A) RT-PCR with primer pair A. (B) RT-PCR with primer pair B.  

gDNA, genomic DNA control. L, DNA ladder.  
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Figure 1.3 Genomic structure of Isoforms1, -,2 and -3. Thick black lines represent 

“exons,” thin gray lines represent introns. Labels are as described in Fig. 1.1. Black right-

angle lines with arrows indicate the TSS. Broken gray lines represent variable 3’ 

termination sites. The GT..AG intron 5’- and 3’- splice boundaries are shown in bold 

letters. 
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Figure 1.4 Expression of GUS reporter gene driven by the 1 kbp promoter of At-MIR842 

and At-MIR846.  (A) GUS staining of a 10-d old Pro-MIR842_MIR846:GUS transgenic 

seedlings, showing strong GUS expression in roots. Scale bar, 5 mm. (B) Strong GUS 

expression in the zone of elongation in root tips. Scale bar, 1 mm. (C) Leaf primordia-

specific GUS expression. Red arrows point to leaf primordia. Scale bar, 1 mm. 
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Figure 1.5 GUS staining of wild type (A, C, E) and Pro-MIR842_MIR846:GUS 

transgenic plants (B, D, F). Similar background staining in inflorescence (A, B), the 

junction between siliques and petioles (C, D), and in the midrib of rosette leaves (E, F).  
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Figure 1.6 Expression of AT5G28520 in seedlings treated with (A) 300mM Mannitol or 

150mM NaCl or (B) 10μM ABA. Results were obtained from Arabidopsis eFP Browser 

(http://bar.utoronto.ca/). 

  

http://bar.utoronto.ca/
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Figure 1.7 Real-time PCR showing the expression of AT5G28520 in 10-day old seedlings 

treated with water or 10μM ABA for up to 24 hours. Numbers above the bars indicate 

fold changes (comparing to no ABA at the same time point). Error bars are ± S.E.M., n = 

3. 
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Figure 1.8 Northern blot showing AT5G28520 mRNA abundance in roots or leaves of 

Col-0 seedlings treated with water or 10uM ABA. EtBr-stained total RNA served as 

loading controls.  
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Figure 1.9 (A) Northern blot of RNAs from roots treated for increasing treatment times or 

dosages of ABA. (B) Northern blot using RNA from roots of different ABA signaling 

mutants and their corresponding wild types treated with 30μM ABA for 3hr. Numbers 

below the panels are normalized band intensities compared to 18S rRNA signal. 
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Figure 1.10 GUS staining of Pro-AT5G28520:GUS transgenic seedlings after 4hr 

treatment in the absence (A) or presence (B) of exogenous 30μM ABA. A lateral root 

primordium in (B) is imaged under higher magnification light microscope in (C). Red 

arrows point to lateral root primordia. Scale bars in (A) and (B) represent 5 mm. Scale 

bar in (C) represents 1 mm. 
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Figure 1.11 A cartoon illustrating the target sites of miR842 and miR846 on AT5G28520 

mRNA. Vertical lines represent perfect matches. “o” represents a G:U wobble. 
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Figure 1.12 (A) Genomic structure around MIR842 and MIR846 in T-DNA insertion line 

CS815868. TSS revealed by 5’ RACE is shown with a black arrow head. (B) Genomic 

Southern blot. wt, Col-0; lanes 1,2, and 3 are HindIII-digested genomic DNAs from three 

individual CS815868 plants. Genomic DNA blots were probed with BASTA sequence 

from the vector as shown in (A). 
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Figure 1.13 Real-time PCR results showing the different expression of AT5G28520 (A) 

and precursors of miR842 and miR846 (B) in roots of Col-0 and CS815868. Error bar, 

±S.E.M., n=2.  
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Figure 1.14 Modified 5’RACE on AT5G28520 mRNA in roots treated with increasing 

amounts of ABA for 3hrs. C, 5’RACE negative control. L, 100bp DNA ladder. Black 

arrow points to the miR846 cleavage product. Arrowheads point to additional cleavage 

products. Numbers flanking the sequence indicate positions on AT5G28520 cDNA. Black 

line indicates detected cleavage site within miR846 target site. Number above the black 

line represents number of sequenced clones mapping to the cleavage site.  
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Figure 1.15 (A) RT-PCR with primer pairs amplifying pre-miR846 from leaves or roots 

of 10 day-old seedlings treated with water (-) or 10μM ABA (+) for 3 hours. Numbers 

below the panel are relative intensities of the bands normalized to 18S rRNA abundance.  

(B) Real-time PCR results showing the expression levels of pre-miR846 in 10-day old 

seedlings treated with water or 10μM ABA for up to 12 hours. Error bar, ± S.E.M., n = 2. 
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Figure 1.16 Small RNA northern blot of miR846 and miR842 in roots or leaves of 10-day 

old seedlings treated with increasing concentrations of ABA for 3hr. Numbers below the 

bands are normalized intensities relative to zero ABA treatment, after internal 

normalization to U6 snRNA.    
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Figure 1.17 RT-PCR with primer pair B (Fig. 1.1) using RNA from roots treated with 

increasing amounts of ABA for 3 hrs. Numbers below panels are relative intensities of 

the bands normalized to ACTIN 8. 
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Figure 1.18 Alignment between A. thaliana and A. lyrata genomic sequences containing 

MIR842 and MIR846. Gray lines represent pre-miRNAs. Black boxes represent mature 

miRNA or miRNA* sequences. Black arrowheads represent GT..AG intron 5’ and 3’ 

splice boundaries. Alignment performed with tcoffee (www.tcoffee.org). 
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Figure 1.19 The miRNA-miRNA* pairing of miR842 and miR846 in A. thaliana and A. 

lyrata. Vertical lines between the arms represent perfect matches. “o” represents a G:U 

wobble. X represents a mismatch.  Letters in brackets represent the substitutions in A. 

thaliana.    
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Figure 1.20 Illustration of A. lyrata partial EST XM002888052.1 mapping to the Aly-

MIR842 and Aly-MIR846 genomic region producing a disrupted pre-miR846. For the 

EST, black boxes represent exons and gray lines represent introns. For A. lyrata MIR842 

and MIR846 genomic structure, gray bars (labeled below) represent pre-mir842 or pre-

mir846, open vertical rectangles represent miRNA* and black vertical rectangles 

represent mature miRNA sequences.   
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Figure 1.21 A. lyrata jacalin homologs which carry miR842 or miR846 complementary 

sites. Lines between the sequences (mRNA above, miRNA below) represent perfect 

matches; “o” represents a G:U wobble; X represents a mismatch.   
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Figure 1.22 Models of (A) an Ind-miRNA, (B) a Nat-miRNA/Inc-miRNA, and (C) a 

mirtron. Stem-loops represent pre-miRNAs; horizontal lines, Watson-Crick base pairs.  
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Figure 1.23 A potential miR846 variant can target AT5G28520. Top, a part of miR846 

stem-loop sequence. The mature miR846 sequence is marked in pink. Bottom, base 

pairing between the potential miR846 variant and AT5G28520 showing extended 

complementarity at the 5’ end. Numbers represent positions in the mRNA. Vertical lines 

represent perfect matches. “o” represents a G:U wobble. X represents a mismatch. The 

thick black line represents the cleavage site shown by modified 5’-RACE. 



Texas Tech University, Fan Jia, August 2012 

45 

 

 

Figure 1.24 A model showing the interaction network between MIR846, AT5G28520 and 

ABA in roots. 
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Chapter II 

Study of ABA hypersensitive1/suppressor of gene silencing 3  

double mutant 

Introduction 

Interactions between mRNA processing and miRNA biogenesis pathways 

miRNAs arise from primary transcripts (pri-miRNAs) that are produced from 

MIRNA genes.  These primary transcripts are rapidly turned into shorter hairpin structures 

called precursor miRNAs (pre-miRNAs).  It was first shown in animals that pri-miRNAs 

are transcribed by RNA polymerase II (Pol II), because they possess 5’ cap and 3’ poly-A 

tail structures (Bracht et al., 2004; Cai et al., 2004; Lee et al., 2004) and more 

importantly, a MIRNA promoter can drive the robust expression of a reporter gene 

(Johnson et al., 2003).  Following the discovery in animals, the primary transcript of At-

MIR163 was cloned and was shown to carry 5’ cap and 3’ poly-A tail structures, and also 

an intron in one of its isoforms (Kurihara and Watanabe, 2004).  A more detailed study 

revealed that a majority of the MIRNA genes have capped primary transcripts and possess 

TATA box in their promoters (Xie et al., 2005).  Therefore like animal miRNAs, plant 

miRNAs are also transcribed by Pol II. 

Since pri-miRNAs are transcribed by Pol II and share the common structures with 

mRNAs, it is rational that mRNA processing machinery that is responsible for pre-

mRNA maturation and mRNA stability can also process pri-miRNA and thereby affect 

miRNA biogenesis pathways.  The first evidence of such interaction comes from a whole 

genome screen in Caenorhabditis elegans for genes that affect let-7 biogenesis which 

identified multiple genes in RNA processing (Parry et al., 2007).  The identified genes 

are: F37E3.1, which encodes a conserved nuclear cap-binding complex subunit (CBP80) 

orthologous to budding yeast STO1 and human NCBP1; F01F1.7, predicted to interact 

with F37E3.1 (Zhong and Sternberg, 2006); F32B6.3, which encodes a U5 snRNP-

associated RNA splicing factor, and eif-3.D, which encodes the C. elegans ortholog of 

the budding yeast TRANSLATION INITIATION FACTOR 3 SUBUNIT D 
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(EIF3D/MOE1) (Parry et al., 2007).  BLAST analysis demonstrates the existence of 

homologs of all these genes in Arabidopsis, suggesting the possible roles of the 

homologous genes in miRNA biogenesis in plants.  Interestingly, Arabidopsis 

ABH1/CBP80, which has more than 80% similarity to F37E3.1 (input, ncbp-1 spliced 

coding region; BLASTX query on TAIR9 protein sequences), was later shown 

genetically to also function in the biogenesis of some Arabidopsis miRNAs (Reyes and 

Chua, 2007; Gregory et al., 2008; Kim et al., 2008).  

Another piece of evidence comes from the analysis of Arabidopsis hyponastic 

leaves1 (hyl1) mutant.  A canonical miRNA biogenesis pathway includes pri-miRNA 

transcription, pre-miRNA production, mature miRNA generation, and miRNA* 

metabolism.  While in animals RNase III protein Drosha and Dicer act sequentially to 

produce pre-miRNAs and mature miRNAs, in plants this process is solely carried out by 

Dicers and associated proteins.  Arabidopsis has four Dicer homologs and DICER-LIKE1 

(DCL1) is involved in this process (Reinhart et al., 2002).  HYL1 is a double stranded 

RNA binding protein that interacts physically with DCL1 to increase its efficiency and 

precision of the cleavage events (Vazquez et al., 2004a; Kurihara et al., 2006; Szarzynska 

et al., 2009).  Null mutants of hyl1 affect the expression of many miRNAs and results in 

over-accumulation of pri-miRNA transcripts.  Studying pri-miRNA in hyl1 null mutant 

overcomes the technical problem of rapid turn-over of pri-miRNA in normal plants and 

has provided insight into pri-miRNA processing intermediates.  The results of 

transcriptome analysis showed that besides miR163, many other miRNA genes also 

possess introns and some of them have different splicing variants (e.g. miR160a, 

miR156c, miR166b) (Xie et al., 2005; Szarzynska et al., 2009).  In addition, it was seen 

that the 3’ end of the primary transcript is more variable compared to the 5’ transcription 

starting site, presumably due to less selection pressure outside the hairpin structures.  It 

has also been shown that Arabidopsis cap-binding complex affects the splicing of 

MIR161 and MIR166B (Szarzynska et al., 2009). 

Arabidopsis ABA HYPERSENSITIVE1 (ABH1)/CAP BINDING PROTEIN80 

(CBP80) encodes the large subunit of the nuclear cap-binding complex (CBC) and when 
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combined with the small subunit CBP20 is capable of binding to the m
7
G-cap structure of 

mRNAs in vitro. Consistent with this, CBP80 and CBP20 co-localize in the nucleus and 

knockout mutants manifest similar phenotypes including serrated rosette leaves, 

increased ABA sensitivity and drought tolerance (Hugouvieux et al., 2001; Papp et al., 

2004).  Besides the cap-binding property, CBCs in human and yeast cells are also 

involved in pre-mRNA splicing, RNA 3’ end formation and RNA nuclear export 

(Izaurralde et al., 1994; Lewis and Izaurralde, 1997).  Given the previous evidences, it is 

not surprising that cbp80 and cbp20 mutants of Arabidopsis have reduced mature miRNA 

levels and increased pri-miRNA levels for many miRNAs, including miR173 and 

miR390 which trigger the production of trans-acting siRNAs (ta-siRNAs) (Gregory et al., 

2008; Kim et al., 2008).  More importantly, co-immunoprecipitation experiments have 

revealed that pri-miR159, -166, -168 and -172 directly associate with CBP20 and CBP80; 

strongly supporting that CBP binds to the 5’ cap of these pri-miRNAs and facilitates the 

generation of mature miRNAs in Arabidopsis (Kim et al., 2008).  

Arabidopsis also has other 5’ cap-binding complexes, namely elF4F and elFiso4F 

(Browning, 1996; Rodriguez et al., 1998; Browning, 2004).  Their homologs in animals 

play important roles in translation initiation as they recruit elF3 complex to mRNAs to 

start translation (Gray and Wickens, 1998).  It is noteworthy that the genetic screen in C. 

elegans discussed above also identified eIF3d/Moe1 mutants (Parry et al., 2007) as 

effectors of let-7 biogenesis.  Thus, Arabidopsis elF4F or elFiso4F may be possible 

alternatives for CBP to function in miRNA biogenesis.  The recent discovery that elF4E 

(the cap-binding subunit of elF4F) accumulates in the nucleus while elF4isoE 

accumulates mainly in the cytoplasm (Bush et al., 2009) suggests that elF4F is a better 

candidate. 

The cbp80 and cbp20 mutants have serrated leaves and reduced miRNA 

expression, indicating that CBP functions in miRNA biogenesis.  Another mutant serrate 

(se) exhibits similar phenotypes. SE gene encodes a Zinc finger C2H2-like protein.  

Mature miR164, -165 and -167 abundances are decreased in cbp80, se, and hyl1 mutants 

while pri-miRNA transcripts accumulate (Yang et al., 2006; Gregory et al., 2008; Kim et 
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al., 2008).  In addition to this, se mutants show similar patterns of intron retention as 

cbp80 and cbp20 mutants, suggesting that CBP, SE and HYL1 have overlapping 

functions (Laubinger et al., 2008).  Genetic crosses between se-1, cbp80 and cbp20 

exhibit comparable phenotypes as single mutants, suggesting that CBP and SE function 

in the same pathway (Kim et al., 2008).  The fact that SE also physically interacts with 

HYL1 implicates SE as a dual function protein in miRNA biogenesis and pre-mRNA 

processing.  A plausible model is that in miRNA biogenesis, SE associates with HYL1, 

DCL1 and possibly DAWDLE (Yu et al., 2008) to process pri-miRNAs; during pre-

mRNA processing, SE associates with spliceosome components to promote intron 

splicing and recruit partners to CBP (Yang et al., 2006; Laubinger et al., 2008).   

In summary, most miRNAs are transcribed by Pol II from endogenous MIRNA 

genes, which are processed very similarly to mRNA transcripts. Therefore mRNA 

processing machinery may also affect miRNA biogenesis.  Previous studies have shown 

that 5’ cap binding complex CBP, especially CBP80 is crucial in miRNA biogenesis in 

both animals and plants.  In plants the current hypothesis is that CBP binds to 5’ cap of 

pri-miRNAs and recruits SE, HYL1 and DCL1 to process pri-miRNAs into mature 

miRNAs.  To prove this model to be true, a physical interaction, either stable or transient 

between SE and CBP80 or CBP20 is required; alternatively, an intermediate protein is 

necessary to bridge this interaction.  Furthermore, other cap-binding complexes also exist 

in Arabidopsis, and the mild effects of cbp80 or cbp20 mutations on some miRNAs 

comparing to se and hyl1 mutants (Kim et al., 2008) implies that other complexes  might 

potentially compete with CBP in promoting miRNA biogenesis.  

While the roles of the 5’ cap and cap-binding complex have been proven to be 

important in miRNA biogenesis, the importance of splicing factors remains questionable. 

As shown in hyl1 mutants, several pri-miRNAs have splicing variants (miR160a, 

miR156c, miR166b) (Szarzynska et al., 2009), but because pri-miRNAs are rapidly 

truncated into pre-miRNAs and because the alternative splicing of these species does not 

disrupt the hairpin structure, they will unlikely have trouble producing mature miRNAs. 

However, another particular matter is the case of intronic miRNAs.  Intronic miRNAs are 
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rare in plants but are relatively more common in animals, where about one quarter of all 

human miRNAs are intronic (Gregory et al., 2004).  Most intronic miRNAs are 

transcribed under control of the exon-coding gene, and thereby coordinate the expression 

of a miRNA and a protein (Bartel, 2004).  In the case of At-miR838, which arises from 

intron 14 of DCL1, the miRNA biogenesis pathway (i.e. DICER itself as the product of 

said transcription) presumably competes with splicing machinery in that the miR838 

hairpin production by DCL1 causes truncation of DCL1 mRNA that is no longer 

functional (Rajagopalan et al., 2006).  Therefore, splicing machinery has positive effects 

on mature miRNA levels which in turn participate in a homeostatic DCL feedback loop 

that negatively regulates DCL1 and miRNA activities.  

A more direct case of alternative splicing affecting ind-miR842/miR846 

expression was described in Chapter I.  Three splicing isoforms of MIR842 and MIR846 

can change their relative abundance in response to ABA, which in turn effects the levels 

of mature miR842 and miR846.  As discussed in Chapter I, such ind-miRNAs are 

regulated through alternative splicing to switch between functional and non-functional 

isoforms.  A nat-miRNA or inc-miRNA could theoretically be regulated in a similar way.  

Furthermore, mirtrons in animals (Fig. 1.22C) could also be regulated by alternative 

splicing, as the production of pre-miRNAs of mirtrons relies on the flanking intron-exon 

junctions (Okamura et al., 2007; Ruby et al., 2007; Zhu et al., 2008; Flynt et al., 2010).  

Together, ind-miRNAs, nat-miRNAs/inc-miRNAs and mirtrons show the importance of 

splicing in miRNA biogenesis and regulation. 

Interactions between mRNA processing and siRNA pathways 

siRNAs are different from miRNAs in that they are not generated from bona fide 

genes but rather by antisense transcription by non-Pol II polymerases PolIV and V or 

RNA-dependent RNA polymerases to produce dsRNAs. Therefore the link between their 

biogenesis and mRNA processing machinery is less obvious.  However, recent studies on 

siRNA biogenesis, especially on siRNAs produced from transgenes have revealed a deep 

connection to mRNA processing.  siRNA mediated post-transcriptional gene silencing 
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(PTGS) shares targets with 5’-3’ exoribonuclease and nonsense-mediated decay (NMD) 

pathways (Chiba and Green, 2009; Xu and Chua, 2011).  The model that has emerged is 

that defects in mRNA processing machinery give rise to aberrant RNAs, which lead to 

siRNA proliferation. 

siRNAs act as a defense mechanism against transposable elements in plants and 

against foreign RNAs including viral RNAs and transgenes in both plants and animals 

(Chapman and Carrington, 2007).  Studies trying to understand how plants identify 

foreign RNAs have revealed connections between siRNA biogenesis and mRNA 

processing component EXORIBONUCLEASE 4 (XRN4).  Arabidopsis XRN4 is a 5’ to 

3’ exoribonuclease localized in the cytoplasm.  It functionally resembles yeast Xrn1p 

(Kastenmayer and Green, 2000) and degrades certain uncapped mRNAs including the 3’ 

products of miRNA-directed mRNA cleavage (Souret et al., 2004; German et al., 2008).  

Interestingly, XRN4 represses siRNAs involved in RNA silencing. In one study, null 

mutation of xrn4 triggers the silencing of a transgene, which co-suppresses the expression 

of its endogenous homolog, SHOOT MERISTEMLESS and causes inhibition of cotyledon 

and leaf development (Gazzani et al., 2004).  The hypothesis is that transgenes 

accumulate un-capped mRNAs in xrn4 which would otherwise be degraded by the 5’ to 

3’ exoribonuclease activity in wild type background.  These un-capped mRNAs trigger 

the production of siRNAs by recruiting RNA-DEPENDENT RNA POLYMERASE6 

(RDR6) to generate dsRNA, which in turn cause co-suppression (Gazzani et al., 2004).  

This hypothesis is supported by smRNA deep-sequencing results that show knock-out of 

xrn4 produces siRNAs from uncapped endogenous transcripts (Gregory et al., 2008). 

In addition to XRN4 metabolism of uncapped RNAs, the processes involved in 3’ 

end formation can also influence siRNA biogenesis.  In a screen for enhanced transgene 

silencing phenotype, four Enhanced Silencing Phenotype (ESP) genes were identified, 

including homologs to yeast Cleavage Polyadenylation Factor (CPF) and mammalian 

Cleavage Polyadenylation Specificity Factor (CPSF).  These esp mutants have been 

shown to cause read-through on the 3’ end of the transgene.  The hypothesis is that read-



Texas Tech University, Fan Jia, August 2012 

52 

 

through disrupts 3’ end polyadenylation and produces aberrant RNAs which then trigger 

siRNA production (Herr et al., 2006). 

 A recent paper provides yet another connection between siRNA biogenesis and 

mRNA processing.  Computational analyses demonstrated that intron-bearing genes 

spawn significantly fewer siRNAs comparing to intronless genes (Christie et al., 2011). 

To validate this observation, a reporter gene (Green Fluorescence Protein, GFP) was 

introduced into plants with or without an intron.  Interestingly, the intronless transgene 

triggered much higher level of silencing comparing to the intron-bearing transgene.  The 

interpretation is that intronless transcripts, like transposons, are considered aberrant by 

cellular machinery and thus will enter the RNA silencing pathway (Christie et al., 2011). 

In summary, siRNA biogenesis is also affected by mRNA processing machinery, 

including capping, splicing and 3’ end formation.  siRNAs presumably can be triggered 

by aberrant RNAs such as uncapped, intronless, or non-polyadenylated mRNAs.  In other 

words, defects in cap binding complexes (e.g. CBP80), splicing, and 3’ end formation 

processes can give rise to aberrant RNAs and thereby trigger siRNA biogenesis.  

ABA HYPERSENSITIVE1 

As discussed above, the Arabidopsis ABA HYPERSENSITIVE1 (ABH1)/CAP 

BINDING PROTEIN80 (CBP80) gene encodes the large subunit of the nuclear cap-

binding complex (CBC).  Arabidopsis nuclear CBC contains a large subunit CBP80 and a 

small subunit CBP20 that physically interact and together are capable of binding to the 

m
7
G-cap structure of mRNAs in vitro.  The abh1 mutant was first described as an ABA-

hypersensitive mutant isolated from a seed germination genetic screen.  It is also ABA-

hypersensitive for stomatal closing and is more resistant to drought stress as a 

consequence (Hugouvieux et al., 2001).  Besides altered ABA sensitivity, abh1 null 

mutants manifest serrated leaves, slightly slower vegetative growth rate, and reduced 

fertility (Hugouvieux et al., 2002; Kuhn et al., 2007).  At the molecular level, abh1 

mutants affect intron splicing and null alleles show intron retention preferentially in the 

first intron of many genes including Flowering Locus C (FLC), a negative regulator of 
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flowering which leads to early flowering (Bezerra et al., 2004; Kuhn et al., 2007; 

Laubinger et al., 2008; Raczynska et al., 2010).  ABH1 is expressed throughout the plant 

and is localized in the nucleus.  ABH1 is also linked to miRNA biogenesis, as mutants 

result in the accumulation of several pri-miRNAs including pri-miR159 and pri-miR319 

(Gregory et al., 2008).  Both these mature miRNAs function to repress two transcription 

factors MYB33 and MYB101 that are positive regulators of ABA response.  Loss-of-

function in abh1 leads to up-regulation of MYB33 and MYB101, which can partially 

account for the ABA-hypersensitive phenotype that suppresses seed germination of abh1 

(Reyes and Chua, 2007; Kim et al., 2008).   

SUPPRESSOR OF GENE SILENCING3 

Arabidopsis SUPPRESSOR OF GENE SILENCING3 (SGS3) encodes a plant-

specific RNA binding protein that plays a crucial role in PTGS of foreign RNAs 

produced by viruses or sense-transgenes (Mourrain et al., 2000; Muangsan et al., 2004; 

Fukunaga and Doudna, 2009; Wang et al., 2011b).  It is also responsible for the 

generation of endogenous trans-acting siRNAs (ta-siRNAs) (Vazquez et al., 2004b; 

Yoshikawa et al., 2005; Adenot et al., 2006) and natural antisense siRNAs (nat-siRNAs) 

(Borsani et al., 2005).  Null mutants of sgs3 manifest accelerated juvenile to adult 

transformation, elongated and downward-curling leaves, reduced silencing of transgenes 

and increased susceptibility to viral infections (Mourrain et al., 2000; Muangsan et al., 

2004; Peragine et al., 2004).  SGS3 encodes a coiled-coil protein that contains a novel XS 

domain shared with a large family of uncharacterized plant proteins (Bateman, 2002).  In 

cells, SGS3 acts as a homodimer and interacts with RNA DEPENDENT RNA 

POLYMERASE6 (RDR6) to presumably stabilize the target RNA (Elmayan et al., 2009; 

Kumakura et al., 2009).  The template RNA is copied by RDR6 and then enters the PTGS 

pathway.  The resultant siRNAs function in cis, meaning that they can trigger cleavage by 

action of the RISC of the same target from which they originate.  In ta-siRNA pathway, 

siRNAs can also guide cleavage of other loci in trans.  The biogenesis of ta-siRNAs in 

Arabidopsis involves AGO1 as well as AGO7 (Montgomery et al., 2008; Mallory and 

Vaucheret, 2010) and this process is interpreted as an adoption of the PTGS to regulate 
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endogenous genes.  Nonetheless, SGS3 is involved in PTGS that degrades ‘aberrant’ 

endogenous or foreign RNAs.  

smRNA in gametophytes 

In Arabidopsis, the functions of smRNAs in haploid male and female 

gametophytes are only recently starting to be unveiled.  The power of PTGS appears to 

have been harnessed by gametes to control many important processes relevant to 

evolutionary fitness, but the functions and basis of such activities, and the molecular 

mechanisms of gametophyte gene silencing and their significance to reproduction are not 

yet understood (Grant-Downton et al., 2009; Le Trionnaire and Twell, 2010; Olmedo-

Monfil et al., 2010; Ron et al., 2010) 

Statement of purpose and objectives 

In an approach to addressing the role of PTGS in ABA responses and RNA 

processing, I crossed alleles of abh1 (abh1-285) and sgs3 (sgs3-14) and isolated 

recombinant double mutant lines.  The double mutant manifests pleiotropic phenotypes 

including altered ABA sensitivity, fused cotyledons, accelerated phase transition, and 

interestingly, altered silique shape and significantly reduced seed set partially due to poor 

adherence of pollen grains on the stigma, suggesting ABH1 and SGS3 interact in related 

processes.  The potential significance of the work is to elucidate the network and 

molecular mechanisms linking RNA processing, PTGS and ABA signaling and also shed 

light on the importance of RNA silencing and hormone signaling during gametophyte 

development. 

Materials and methods 

Plant materials and growth conditions 

Arabidopsis thaliana seeds were soaked in water and kept in the dark at 4°C for 3 

days before transferring into soil.  The growth condition was 21°C with a 16 hr light and 

8hr dark cycle unless otherwise stated.  The accessions used in this study are listed as 

follows: Col-0 [CS60,000], abh1-285 [SALK_024285c], sgs3-14 [SALK_001394]. 
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ABA Germination assay 

At least 50 seeds of each Col-0, abh1-285, sgs3-14 and abh1 sgs3 were sown on 

plates containing 0.5x Murashige & Skoog salts (Research Products International, Mt. 

Prospect, IL), 1% sucrose, 0.5% phytagel (SIGMA-ALDRICH, St. Louis, MO) and 

different concentrations of ABA [0, 0.32 (10
-0.5

), 0.56 (10
-0.25

)] [(±)-Abscisic acid, 98%; 

ACROS Organics, New Jersey].  Plates were kept in the dark at 4°C for 3 days before 

transferring into growth chamber.  The growth condition was 21°C with continuous light. 

Plates were kept horizontally in the chamber and the numbers of germinated seeds were 

counted at Day 5.  Pictures of the plates were taken at Day 10.  This experiment was 

performed twice with different batches of seeds and included three replicates each time. 

Analysis of cotyledon fusion 

About 150 seeds of each Col-0, abh1-285, sgs3-14 and abh1 sgs3 were sown on 

plates containing 0.5x Murashige & Skoog salts (Research Products International, Mt. 

Prospect, IL), 1% sucrose, and 0.5% phytagel (SIGMA-ALDRICH, St. Louis, MO). 

Plates were kept in the dark at 4°C for 3 days before transferring into growth chamber. 

The growth condition was 21°C with continuous light.  Plates were kept horizontally in 

the chamber for 6 days and the numbers of seedlings with fused cotyledons were counted. 

Pictures were also taken for each kind of cotyledon fusion.  This experiment was 

performed twice with different batches of seeds and included three replicates each time. 

Root elongation assay 

About 20 seeds of each Col-0, abh1-285, sgs3-14 and abh1 sgs3 were sown on 

plates containing 0.5x Murashige & Skoog salts (Research Products International, Mt. 

Prospect, IL), 1% sucrose, and 0.5% phytagel (SIGMA-ALDRICH, St. Louis, MO). 

Plates were kept in the dark at 4°C for 3 days before transferring into growth chamber. 

The growth condition was 21°C with continuous light.  Plates were kept vertically in the 

chamber for 9 days.  Pictures were taken every day since Day 4.  Root lengths were 

measured on the picture using ImageJ software (http://rsbweb.nih.gov/ij/index.html).  To 

calculate the growth rate, for each seedling, a plot was drawn with x axis as day number 
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and y axis as loge(root length).  The slope was calculated as the growth rate of that root. 

This experiment was performed twice with different batches of seeds. 

Leaf production rate assay 

6 of each Col-0, abh1-285, sgs3-14 and abh1 sgs3 were grown under short day 

(10hr light and 14hr dark) condition and 8 of each line were grown under long day (16hr 

light and 8hr dark) condition.  Number of leaves for each plant was counted every week 

(short day) or every 3 days (long day) until flowering.  

Measuring flowering time 

24 of each Col-0, abh1-285, sgs3-14 and abh1 sgs3 were grown under short day 

(10hr light and 14hr dark) and long day (16hr light and 8hr dark) conditions.  The date 

each plant started bolting and flowering was documented.  The rosette leaf number was 

also counted when a plant started flowering.  

Measuring juvenile-adult phase change 

About 20 of each Col-0, abh1-285, sgs3-14 and abh1 sgs3 were grown in the soil 

and the first leaf that produced abaxial trichomes of each plant was documented. 

RT-PCR 

Total RNA from 10-day old seedlings were extracted with Trizol reagent 

(Invitrogen, Carlsbad CA).  4µg total RNA was digested with RQ1 RNase-free DNase 

(Promega, Madison, MI) and reverse transcribed by M-MLV reverse transcriptase 

(Promega) with Anchored Oligo-dT (ABgene, Surrey, UK).  PCR conditions are: 54°C 

annealing temperature, 1.5minute extension time and 35 cycles (ABH1); 60°C annealing 

temperature, 1.5minute extension time and 30 cycles (SGS3); 68°C annealing 

temperature, 1 minute extension time and 25 cycles (ACTIN8).  PCR products were 

resolved on a 1.5% agarose gel.  Band intensities were quantified with ImageJ software 

(http://rsbweb.nih.gov/ij/index.html).  Primers used in this study are listed in Table 2.5. 
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Real-time PCR 

cDNA from flowers or 10-day old seedlings was prepared the same as for RT-

PCR.  Real-time PCR was performed using Absolute SYBR Green Fluorescein (Thermo, 

Surrey, UK), mixed with ROX Passive reference Dye (Bio-Rad, Hercules, CA) according 

to the supplier’s specification.  PCRs were run on an AB7000 machine with default 

settings and results were analyzed with affiliated software. 

In Vitro Pollen Germination 

In vitro pollen germination was performed according to previously published 

methods (Li et al., 1999; Wu et al., 2010).  Briefly, pollens were germinated on a pollen 

germination medium [1 mM CaCl2, 1 mM Ca(NO3)2, 1 mM MgSO4, 0.01% (w/v) 

H3BO3, and 18% (w/v) sucrose solidified with 0.5% (w/v) agar, pH 7.0].  Pollen grains 

were transferred to the medium by dipping the flowers on agar.  Pollens were germinated 

at 25°C under moist condition and continuous light for 5 hr.  The slide was examined 

under an Olympus BX41 light microscope and photographed with QCapture software 

(v2.68.6, Silicon Graphics, Fremont, CA). 

Study of abh1 sgs3 flower and silique using scanning electron microscopy  

Newly opened flowers and green siliques of col-0 and abh1 sgs3 were submerged 

in SEM fixative [2% Glutaraldehyde, 0.1M Sörensen’s phosphate buffer (pH7.0)] for 24 

hours and were subsequently washed with 0.1M Sörensen’s phosphate buffer (pH7.0) for 

three times.  Samples were then dehydrated with an ethanol series (10%, 30%, 50%, 

70%, 95%, 100%).  Dehydrated samples were dried with BAL-TEC Critical Point Dryer 

CPD030 and were sputter coated with Technics Hummer V Sputter Coater according to 

the manufacturers’ specifications.  Samples were then observed and photographed with a 

Hitachi S570 Scanning Electron Microscope. 

Powdery mildew infection experiment 

To test the susceptibility to PM infection, Col-0, abh1-285, sgs3-14 and the 

double mutant plants were grown in a PM-contaminated chamber.  The infection 

symptom started to exhibit toward the end of the plants’ life cycle.  Siliques were used to 



Texas Tech University, Fan Jia, August 2012 

58 

 

rate the severity of the infection.  One silique every other two along the main stems was 

sampled from 10 week-old plants.  These siliques were rated as no infect, mild infection 

if less than half the surface was infected or severe infection if more than half the surface 

was infected, and the percentage of each type was than calculated. 

Mutagenesis of abh1 sgs3 seeds for identification of second site 

enhancer/suppressor mutations 

50,000 double mutant seeds were treated with 0.3% (v/v) EMS for 18 hours. 

Mutated seeds were transferred to big trays at a density of ~1000 seeds per tray.  Plants 

that produced abundant seeds were harvested individually and the rest seeds were 

harvested in pools.  M1 plants were first grown vertically on 0.5x Murashige & Skoog 

salts (Research Products International, Mt. Prospect, IL), 1% sucrose, and 0.5% phytagel 

(SIGMA-ALDRICH, St. Louis, MO) plates for two weeks before transfer into soil. 

Silique phenotypes were accessed and candidate suppressor, enhancer or novel mutants 

were isolated. 

Results and discussion 

The abh1 sgs3 double mutant 

To study the potential interaction between ABH1 and SGS3, I crossed two T-DNA 

insertion mutants (Alonso et al., 2003), abh1-285 (SALK_024285) and sgs3-14 

(SALK_001394).  abh1-285 has a T-DNA insertion into its 13
th

 intron (Fig. 2.1A) and 

was previously used in studying ABH1and SERRATE gene interaction (Laubinger et al., 

2008).  Homozygous abh1-285 mutant plants have serrated leaves, a slightly slower 

growth rate, and are hypersensitive to ABA in seed germination and exhibit early 

flowering.  These traits resemble the phenotypes of abh1-1, a null allele (Hugouvieux et 

al., 2001; Hugouvieux et al., 2002; Kuhn et al., 2006; Kuhn et al., 2007).  The sgs3-14 

mutant allele has a T-DNA insertion into its 2
nd

 exon (Fig. 2.1B) and was previously 

reported to have morphological phenotypes including elongated and downwardly curling 

leaves that are typical of sgs3 null alleles (Peragine et al., 2004; Adenot et al., 2006).  
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Real time RT-PCR results demonstrated that both mutants are null alleles at the mRNA 

level (Fig. 2.2).  

abh1 sgs3 has reduced sensitivity to ABA than does abh1 during seed 

germination 

ABH1 was originally identified in a screen for an ABA hypersensitive mutant 

phenotype in seed germination (Hugouvieux et al., 2001).  ABA sensitivity of each abh1-

285, sgs3-14 and abh1 sgs3 genotype during germination was therefore tested.  sgs3-14 

showed no change of ABA sensitivity compared to wild type.  abh1 sgs3 was 

hypersensitive to ABA, but the sensitivity was reduced comparing to abh1-285 (Fig 2.3).   

MIR159 precursor transcripts and mature miR159 are up-regulated by ABA and 

drought in an ABI3-dependent manner (Reyes and Chua, 2007).  In abh1 null mutants, 

expression of MIR159 and MIR319 are repressed due to accumulation of pri-miRNAs 

(Gregory et al., 2008).  miR159 and miR319 repress two transcription factors MYB33 and 

MYB101 that are positive regulators of ABA response by endonucleolytic cleavage of the 

mRNAs (Reyes and Chua, 2007; Kim et al., 2008).  The reduction of miR159, miR319 in 

abh1 leads to increased MYB33 and MYB101 expression and ABA hypersensitivity in 

inhibition of seed germination.  A real-time PCR experiment was designed to detect the 

abundance of MYB33 as well as other miRNA or ta-siRNA targets in the double mutant 

and results are shown in Fig. 2.4.  Consistent with published results, MYB33 mRNA level 

was increased in abh1-285 but was slightly more abundant in the double mutant, which 

contradicts the germination results.  SQUAMOSA PROMOTER-BINDING-LIKE4 (SPL4, 

target of miR156) mRNA levels were unchanged in all three mutants.  Interestingly, 

ARF3 (a target of TAS3 siRNAs) was elevated in both abh1-285 and sgs3-14, but was 

unchanged in the double mutant (Fig. 2.4). 

abh1 sgs3 has enhanced fused cotyledon phenotype  

In the seed germination assay, abh1 sgs3 occasionally produced seedlings that had 

fused cotyledons (Fig 2.5).  A careful analysis revealed that both abh1-285 single and 

abh1 sgs3 double mutants gave rise to seedlings with partially fused cotyledons, but only 
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the double mutant showed a complete fusion phenotype, although the occurrence rate was 

low (~2%).  This enhanced cotyledon fusion phenotype resembles that of abh1 ein5/ xrn4 

double mutant (Gregory et al., 2008).  Moreover, abh1 sgs3 double mutants even more 

rarely produced an extra cotyledon, reminiscent of the see mutant (Prigge and Wagner, 

2001).  

CUP-SHAPED COTYLEDON1 (CUC1), CUC2, and CUC3 genes define the 

boundary domain around organ primordia in A. thaliana shoot meristem.  cuc1, cuc2 and 

cuc3 mutants also have fused cotyledons.  Moreover, CUC1 and CUC2 are targeted by 

miR164 (Hibara et al., 2006; Nikovics et al., 2006).  Microarrays and Real-time PCR 

experiments previously showed that CUC1 and CUC2 levels, respectively, are increased 

in abh1, possibly because of decreased miR164 abundance (Gregory et al., 2008; Kim et 

al., 2008).  However, our real-time PCR experiment showed no significant difference in 

CUC1 or CUC2 expression between abh1-285 and abh1 sgs3 (Fig 2.6). 

abh1 sgs3 double mutant has enhanced juvenile phase change phenotypes  

abh1 mutants have slightly slower growth rate and are early flowering 

(Hugouvieux et al., 2002; Bezerra et al., 2004; Kuhn et al., 2007); on the other hand, sgs3 

mutants transition prematurely from juvenile to adult stage (Peragine et al., 2004).  I 

therefore looked at the phase transition and the growth rate of abh1 sgs3 double mutants 

compared to single mutants.  abh1 sgs3 showed a synergistic effect on juvenile phase 

change (first appearance of abaxial trichomes) and flowering time, producing much fewer 

rosette leaves than either single mutant at time of bolting in both long and short day 

growth conditions (Table 2.1).   

abh1 sgs3 is delayed in root growth initiation 

In root elongation assays, root lengths of abh1-285, sgs3-14 and abh1 sgs3 were 

significantly shorter than Col-0 at Day 4, 7 and 9 after germination.  abh1 sgs3 roots were 

also significantly shorter than sgs3 but were not significantly different from abh1 (Fig. 

2.7, Table 2.2).  Despite the difference in root lengths, the rates of root elongation were 

not significantly different between the mutants and Col-0 (Table 2.3, see Materials and 
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Methods for the calculations).  Therefore the different root lengths were likely due to 

delayed root growth initiation.   

abh1 sgs3 has reduced leaf production 

The rate of leaf production was also tracked as a measurement of the vegetative 

growth rate.  In both long-day and short-day conditions, abh1 and abh1 sgs3 double 

mutant plants showed similar reduced leaf number phenotype compared to sgs3 and Col-

0 (Fig. 2.8).  abh1 sgs3 double mutant produced leaves that were both serrated and 

downwardly curled (Fig 2.9), showing an additive effect of the two single mutants on leaf 

morphology.  

abh1 sgs3 has altered silique shape and significantly reduced seed set 

In Col-0 background, abh1 does not have reduced seed set, but abh1-7, a mutant 

in C24 background, has reduced seed set and reduced fertility (Kuhn et al., 2007).  sgs3-

11 mutants have split septum and produce stigmatic tissue in the middle of the septum at 

the apical end of the carpels and reduced seed set due to a lack of coordination between 

stamen and carpel elongation affecting fertilization (Peragine et al., 2004).  For sgs3-14, I 

observed a slightly reduced stamen elongation (Fig. 2.10).  abh1 sgs3 double mutant did 

not show major difference in flower morphology except a slightly reduced stamen 

elongation similar to sgs3-14 (Fig. 2.10).  However, the double mutant produced short 

and curling siliques (Fig. 2.11) and exhibited severely reduced seed set.  For abh1-285, a 

few un-fertilized ovules were consistently found in siliques (Fig. 2.12C&E, arrow).  The 

double mutant siliques tended to fill at the apical end and become hollow towards the 

base due to lack of fertilization (Fig. 2.12D).  Moreover, the double mutant produced 

ectopic tissues within the basal end of siliques, a phenotype that was never seen in Col-0, 

abh1-285 or sgs3-14 (Fig. 2.12F-H). 

Reciprocal crosses suggest a maternal effect on the reduced seed phenotype of 

abh1 sgs3 

I then took a genetic approach to study the reduced seed set phenotype of abh1 

sgs3 double mutant.  ABH1/abh1, SGS3/sgs3 double heterozygous plants were grown 
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and set seed naturally.  The number of seeds per silique was counted (52.8±1.2, n=10) 

which showed no significant difference from Col-0 (52.8±1.4, n=10) (Table 2.4).  The 

seeds produced from self-fertilization of the double heterozygous plants were grown and 

15 out of 358 plants showed the abh1 sgs3 mutant phenotype, which was not 

significantly different from the expected 1:16 ratio (Table 2.4, 
c
).  I then performed 

reciprocal crosses with Col-0 and Abh1/abh1, SGS3/sgs3 double heterozygous plants. 

From the genotypes of the offspring, the genotypes of the ovules (in the case of 

♀ABH1/abh1, SGS3/sgs3 X ♂Col-0) or pollens (in the case of ♀Col-0 X ♂ABH1/abh1, 

SGS3/sgs3) produced by the double heterozygotic plants that participated in fertilization 

could be deduced (Table 2.4, 
a
 & 

b
).  No significant deviation from the expected 1:1:1:1 

testcross ratio due to independent assortment was found.  These results showed that all 

possible genotypes of haploid gametophytes were produced equally in ABH1/abh1, 

SGS3/sgs3 double heterozygotic plants and could participate in fertilization.  Therefore, 

the reduced seed set phenotype of double mutants was not due to nonviable abh1 sgs3 

ovules or pollens.  Consistent with this conclusion, a pollen germination assay did not 

show obvious difference between Col-0 and abh1 sgs3 pollen (Fig. 2.13).  

A reciprocal cross with Col-0 and abh1 sgs3 was also performed (Table 2.4).  

Consistent with previous results, ♀Col-0 X ♂abh1 sgs3 produced similar seeds per 

silique as Col-0 selfing did, suggesting that pollen activity was not affected.  In stark 

contrast, ♀abh1 sgs3 X ♂Col-0 and abh1 sgs3 self fertilization produced very few seeds.  

These results demonstrate that maternal genotype is responsible for the reduced seed set 

phenotype.  In line with this result, ♀abh1 sgs3 X ♂Col-0 siliques were bent and ♀Col-0 

X ♂abh1 sgs3 siliques were not (Fig. 2.14).  Interestingly, a similar maternal effect of 

sgs3 on apospory via specification of gametic cell fate mediated through a non-cell-

autonomous siRNA pathway expressed only in somatic megaspore companion cells has 

been reported (Olmedo-Monfil et al., 2010). 
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ab1 sgs3 has poor pollen adherence to the stigma  

To further characterize the silique phenotype of abh1 sgs3, I used scanning 

electron microscope (SEM) to image flowers and siliques at high magnification.  For 

newly opened flowers, abh1 sgs3 double mutants showed no difference in anther 

development (Fig. 2.15) but fewer pollen grains were present adhering to stigma 

compared to Col-0 (Fig. 2.16).  For siliques, there was a major difference at the stigma. 

Col-0 stigmata had numerous pollen grains adhering to the tips.  In contrast, no pollen 

grain was found on the stigmata of abh1 sgs3 carpels and the papillae were normally 

exposed (Fig. 2.17).  Furthermore, the embryos of abh1 sgs3 in the expanding siliques 

were shrunken with wrinkled surface (Fig. 2.18).  This phenomenon is possibly an 

artifact due to the dehydration process during sample preparation.  Nonetheless, the fact 

that most Col-0 seeds showed very mild or no shrinkage suggests that there is a 

difference in turgor pressure or cellular structure of integument cells surrounding the 

double mutant embryos.  

abh1 sgs3 is resistant to powdery mildew infection 

abh1 sgs3 produces mostly empty siliques containing unfertilized ovules, 

suggesting reduced fertility.  A recent study established a link between female fertility 

and resistance to fungal infection, in particular powdery mildew (PM), caused by fungal 

species of the Erysiphales.  Pollen tube reception and leaf PM infection share molecular 

components namely NORTIA (NOR) and FERONIA (FER) which are expressed in the 

synergids.  Mutant fer plants have reduced female fertility yet are more resistant to PM 

infection (Kessler et al., 2010).  Susceptibility of the single abh1, sgs3, and abh1 sgs3 

double mutant plants to PM infection was uncovered by clinical observation of genotypes 

propagated in a growth chamber with a chronic infestation of PM.  The abh1 sgs3 double 

mutant was much more resistant than the other plants (Fig. 2.19).  The abh1-285 single 

mutant was also resistant compared to sgs3-14 and Col-0, but to a lesser extent than the 

double mutant.  In contrast, sgs3-14 was slightly more susceptible to PM than Col-0 (Fig. 

2.19D).  
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Conclusion and future prospects 

In summary, I have shown in this Chapter that abh1 sgs3 double mutant manifests 

pleiotropic phenotypes including i) altered ABA sensitivity (Fig. 2.3), ii) fused 

cotyledons (Fig. 2.5), iii) delayed growth in root initiation (Fig. 2.7) and leaf production 

(Fig. 2.8), iv) accelerated phase transition (Table 2.1), v) short and bending siliques with 

ectopic tissues (Figs. 2.11 & 2.12), vi) reduced seed set due to poor adherence of pollen 

grains on the stigma (Fig. 2.17), and vii) increased resistance to PM infection (Fig. 2.19).  

These results suggest that there is a broad spectrum of gene interactions between abh1 

and sgs3 mutants, presumably between mRNA processing and PTGS pathways.  

Furthermore, abh1 sgs3 has altered ABA sensitivity in seed germination comparing to 

abh1 single mutant (Fig. 2.3), which revealed an unexpected role of sgs3 on ABA 

signaling in the double mutant, suggesting an interaction between ABA signaling and 

PTGS.  The novel silique phenotypes and reduced fertility shows that the development of 

reproductive organs is also affect in the double mutant.  Recent studies have revealed 

important roles of PTGS in gametophyte development (Grant-Downton et al., 2009; Le 

Trionnaire and Twell, 2010; Olmedo-Monfil et al., 2010; Ron et al., 2010).  To identify 

genes which are responsible for documented phenotypes, mutagenesis of abh1 sgs3 seeds 

is being carried out for isolation of second site enhancer/suppressor mutations (see 

materials and methods).   We have also done a custom tilling-array experiment to study 

gene expression in the double mutant without any bias.  The microarray experiment and 

results will be discussed in Chapter III.  
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Table 2.1 Phase change-related phenotypes of Col-0, abh1, sgs3 and abh1 sgs3 

            Genotype         Number of days                  Number of days                  Number of            First leaf with 
                                  when plants start boltinga   when first flower opensa    Rosette leavesa    abaxial trichomes 

Long 
Day 
(16hrs) 

Col-0                         44.9±0.6e                          47.6±0.5e                            24.1±0.5e                9.6±0.4b,e          
abh1                         38.6±0.6                           44.2±0.7                               16.3±0.4                 6.2±0.2c 

sgs3                          39.7±0.6                            43.0±0.6                              17.2±0.4                 6.6±0.2d 

abh1/sgs3               37.1±0.6e                          43.3±0.8                              13.3±0.3e                5.0±0.1c,e 

Short 
Day 
(10hrs) 

Col-0                         60.4±0.4e                          62.9±0.5e                             46.2±0.5e                            
abh1                         47.6±0.5                            54.4±0.5                               29.9±0.6 
sgs3                          56.5±0.6                             59.8±0.6                              40.3±0.4 
abh1/sgs3               49.0±0.6                             56.5±0.7                              24.0±1.0e 

 an=24. bn=10. cn=25. dn=30. Error bars are S.E.M. 
eSignificant difference from every other tested genotype (p<0.01, two-tailed Student’s t-test). 
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Table 2.2 Two-tailed Student’s T-test analysis of root elongation results 

 
Day 4 Day 7 Day 9 

 
col-0 sgs3 abh1 col-0 sgs3 abh1 col-0 sgs3 abh1 

col-0 
         

sgs3 0.0127 
  

0.0001 
  

0.0002 
  

abh1 0.0000 0.0001 
 

0.0000 0.0063 
 

0.0000 0.0195 
 

double 0.0000 0.0003 0.4513 0.0000 0.0008 0.4222 0.0000 0.0006 0.3012 

For Col-0 and sgs3 n=18; for abh1 n=16; for abh1 sgs3 n=15 
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Table 2.3 Root elongation rates of Col-0, abh1, sgs3 and abh1 sgs3 

 
col-0 abh1 sgs3 double 

Rate of elongation
a
 0.1589 0.1654 0.1573 0.1715 

 
col-0 

    

Two-tailed abh1 0.1108 
   

T-test sgs3 0.6610 0.0103 
  

 
double 0.0580 0.3477 0.0205 

 

For col-0 and sgs3 n=18, for abh1 n=16, for abh1 sgs3 n=15. 

a
See Material and Methods section for the calculation. 
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Table 2.4 Results and statistical analysis of reciprocal crosses 

 
Number of offspring 

 
ABH1/ABH1, ABH1/ABH1, ABH1/abh1, ABH1/abh1, 

 
SGS3/SGS3 SGS3/sgs3 SGS3/SGS3 SGS3/sgs3 

(♀)Col-0 X 
12

a
 10

a
 6

a
 7

a
 

(♂)ABH1/abh1,SGS3/sgs3 

(♀)ABH1/abh1,SGS3/sgs3 X 
4

b
 10

b
 15

b
 11

b
 

(♂)Col-0 

 
Number of seeds per silique 

Col-0 selfing 52.8±1.4
d
 

ABH1/abh1, SGS3/sgs3 selfing 52.8±1.2
d
, 15 double mutant out of 358 offspring

c
 

(♀)Col-0 X (♂)Col-0 23.7±3.2
e
 

(♀)Col-0 X (♂)abh1 sgs3 22.7±4.3
e
 

(♀)abh1 sgs3 X (♂)Col-0 0.2±0.1
f
 

(♀)abh1 sgs3 X (♂)abh1 sgs3 0.4±0.2
f
 

a
p=0.457, 

b
p=0.102, chi-square test against 1:1:1:1 ratio. 

c
p=0.119, chi-square test against 16:1 ratio. 

d
n=10, 

e
n=7, 

f
n=12. Error bar, S.E.M. (♀), female. (♂), male. 
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Table 2.5 List of primers and probes used in Chapter II 

Genotyping 

sgs3_LP AAATTTGGAGTCCAGAATCGG 

sgs3_RP AATTCCATCCTCCTCCAAAG 

abh1_LP AATACTTGGCCATATCGCTCC 

abh1_RP TAATTTAGGCTCTTCCGGGTG 

RT-PCR 

SGS3_919F GCATCTGTCATTCCTTGTGGT 

SGS3_1920R AGCCTCATCAAATTCTTTCTCCAG 

ABH1_1247F CCCAGCCACCATTCAAGACTC 

ABH1_R same as abh1_LP 

Actin8_642F 
 

Actin8_1523R 
 

Real-time 

ARF3_QRT_f
1
 CAACACTTGTTCGGATGGTG 

ARF3_QRT_r
1
 CCCACACCAAATGTTCCTCT 

ACT2_QRT_F
1
 GCACCCTGTTCTTCTTACCG 

ACT2_QRT_R
1
 AACCCTCGTAGATTGGCACA 

SPL3_QRT_F AAAGCACAACTGACTAAAGACGG 

SPL3_QRT_R ATGGAGAAACAGACAGAGACACAG 

MYB33_bF ATTCAGTCTCCACCACCACCAAC 

MYB33_bR CAGAAGCAACATATCGAGCAGACC 

CUC1_bF TCATACATTCCTTCCCGCTC 

CUC1_bR ATCGAAATCAATCTGTCCCG 

CUC2_bF ACTACTACGGCCTTGGGCTT 

CUC2_bR AACGAAACGAGGAAAAGGGT 
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Figure 2.1 Schematic representation of the genomic structure of the ABH1 (A) and SGS3 

(B) with exons (filled boxes) and introns (lines) and the positions of abh1 (A) and sgs3 

(B) mutations for several alleles. The two mutant alleles used in this study are underlined. 

Scale bar, 500bp. 
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Figure 2.2 ABH1 and SGS3 mRNA levels in Col-0, abh1-285, sgs3-14 and abh1 sgs3 

detected by RT-PCR.  
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Figure 2.3 ABA inhibition of seed germination of Col-0, abh1-285, sgs3-14, and abh1 

sgs3. Top, Germination percentages of Col-0, abh1-285, sgs3-14, and abh1 sgs3 double 

mutant seeds treated with ABA. Error bars, ±S.E.M, n=3. Col-0 and sgs3 responses are 

superimposed on the graph. Bottom, 10 day-old seedlings of various genotypes grown on 

plates with or without 0.3μM ABA.  
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Figure 2.4 Expression of SPL3, ARF3 and MYB33 in flowers of Col-0, abh1-285, sgs3-14 

and abh1 sgs3 detected by real-time PCR. Signals are normalized against ACTIN2. Error 

bars, ± S.D., n=2.  
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Figure 2.5 Fused cotyledon phenotype of abh1-285 and abh1 sgs3. Top panel: examples 

of normal cotyledon morphology in wild type Col-0 and sgs3-14. Middle panel: partial 

cotyledon fusion phenotype of abh1-285 and abh1 sgs3 double mutant. Bottom panel: 

complete cotyledon fusion and extra cotyledon phenotypes of the abh1 sgs3 double 

mutant. The rate of occurrence is indicated in brackets. Error bar, ±S.E.M, n=3, at least 

120 seedlings scored per line per replicate.  
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Figure 2.6 CUC1 and CUC2 mRNA levels in 10-day old seedlings of Col-0, abh1-285, 

sgs3-14, and abh1 sgs3 detected by real-time PCR. Signals are normalized against 

ACTIN2. Error bar, ±S.D., n=2.  
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Figure 2.7 Root lengths of 4-day, 7-day and 9-days-old seedlings of Col-0, abh1-285, 

sgs3-14 and abh1 sgs3. Error bar, ±S.E.M, n=18 (Col-0 and sgs3-14), 16 (abh1-285), 15 

(abh1 sgs3).  
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Figure 2.8 Leaf number of growing Col-0 (diamond), sgs3-14 (cross), abh1-285 (box) 

and abh1 sgs3 (triangle) quantified under short day (A) or long day (B) conditions. Error 

bar, ±S.E.M, n=6 (short day) or 8 (long day). 
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Figure 2.9 Leaf morphology of one-month-old Col-0, abh1-285, sgs3-14, and abh1 sgs3. 

Scale bar, 1cm. 
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Figure 2.10 Flowers of Col-0, abh1-285, sgs3-14 and abh1 sgs3 observed under a 

dissecting microscope. 
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Figure 2.11 The main inflorescence stems of matured Col-0 (A), sgs3-14 (B), abh1-285 

(C) and abh1 sgs3 (D). 
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Figure 2.12 Bisected siliques of Col-0 (A), sgs3-14 (B), abh1-285 (C, E) and abh1 sgs3 

(D, F-H) viewed under a dissecting microscope. (A-D) 0.9x magnitude; (E-H) 2x 

magnitude. Arrow, unfertilized ovule. Triangle, ectopic tissues. Scale bar, 2mm. 
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Figure 2.13 In vitro pollen germination with Col-0, abh1-285, sgs3-14 and abh1 sgs3 

pollen grains.  
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Figure 2.14 Reciprocal crosses between Col-0 and abh1 sgs3, 4 days post pollination.  

Left, ♀abh1 sgs3 X ♂Col-0. Right, ♀Col-0 X ♂abh1 sgs3. White circle highlights 

manually pollinated expanding siliques.  

  



Texas Tech University, Fan Jia, August 2012 

84 

 

 

Figure 2.15 Anthers of long stamens from newly opened flowers of Col-0 and abh1 sgs3.  

Scale bar, 150μM. 
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Figure 2.16 Stigmata from newly opened flowers of Col-0 and abh1 sgs3. Note relative 

absence of pollen on mutant stigma. Scale bar, 150μM. 
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Figure 2.17 Stigmata from green siliques of Col-0 and abh1 sgs3. Top panel, top view; 

Bottom panel, side view. Scale bar, 200μM. 
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Figure 2.18 Embryos of Col-0 (top) and abh1 sgs3 (bottom) in young, expanding green 

carpels. Right panel, surface of the embryos at higher magnitude.  
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Figure 2.19 PM infection of Col-0, abh1-285, sgs3-14 and abh1 sgs3.  

(A-C) Representation of (A) a mildly infected silique and (B) a severely infected silique 

of either Col-0, sgs3-14, or abh1-285 (not all genotypes shown). (C) A severely infected 

silique of abh1 sgs3. 

(D) Percentages of healthy, mildly and severely infected siliques of Col-0, sgs3-14, abh1-

285, and abh1 sgs3. About 20 siliques per plants were scored. Error bar, ± S.E.M., n=6.   
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Chapter III 

Gene expression profiling in abh1 sgs3 double mutant  

in response to exogenous ABA by meta-analysis-based design of, and 

interrogation by a custom microarray 

Introduction 

Basic research on plants has provided fundamental insights into eukaryotic post-

transcriptional gene silencing (PTGS) in fungi and animals, terms quelling and RNA 

interference (RNAi), respectively (Baulcombe, 2006; Ambros and Chen, 2007; 

Baulcombe, 2008).  It is becoming clear that smRNAs and other non-coding RNAs 

(ncRNAs) are not obscure biological curiosities, but fundamental to the integrity and 

cohesion of the genome, and a powerful influence on genome evolution (Johnson, 2007) 

which has been selected for during domestication of crops (Chen, 2007).  There is rapid 

progress being made in understanding the diversity, biogenesis, mechanisms, and roles of 

ncRNAs in the elaboration of multi-cellular complexity, even for cognition, intelligence, 

memory, and behavior (Sananbenesi and Fischer, 2009).  However, understanding post-

transcriptional control of gene expression in plants cannot be extrapolated from other 

eukaryotes.  Because higher plants have evolved in recent evolutionary time (<140 

million years ago), produce gametes from somatic tissues, tolerate polyploidy and inter-

specific hybridization and are a huge repository of genetic diversity (>250,000 species), 

they are an excellent subject for understanding organic evolution, genome 

structure/function, and physiological significance of epigenetics and associated ncRNAs.   

Plants have evolved sophisticated means to tolerate or exploit amplified gene silencing 

under specific biological circumstances; there is correlative evidence for a regulatory 

function of antisense in animals and plants (Finocchiaro et al., 2007; Gyorffy et al., 2007; 

Jin et al., 2008; Li et al., 2008).  Plant stress, symbiotic development, and antibacterial 

and viral responses are dependent on natural-cis-antisense and other ncRNAs, but it is 

still under debate to what extent those antisense transcripts are associated with siRNAs 

that couple exogenous signals to gene regulation (Borsani et al., 2005; Katiyar-Agarwal 

et al., 2006; Henz et al., 2007; Katiyar-Agarwal et al., 2007; Laporte et al., 2007; Yi and 
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Richards, 2007; Agudelo-Romero et al., 2008; Hilbricht et al., 2008; Jiao et al., 2008; Jin 

et al., 2008; Matsui et al., 2008; Mlotshwa et al., 2008; Navarro et al., 2008; Voinnet, 

2008; Xu et al., 2008; Zhang, 2008).   Recent results in plants demonstrate that RNA Pol 

II is indispensable for endogenous siRNA-mediated transcriptional gene silencing (TGS) 

at intergenic low-copy-number loci which produce non-coding scaffold transcripts 

originating outside of siRNA-generating loci (Zheng et al., 2009).  Understanding the 

biogenesis and the expression patterns of ncRNAs may lead to new insights into 

fundamental processes such as tissue-specific and developmental gene regulation, 

chromatin dynamics, and genome evolution. 

Materials and methods 

Plant materials 

Col-0, abh1-285, sgs3-14 and abh1 sgs3 seeds were sown on plants containing 

0.5x Murashige & Skoog salts (Research Products International, Mt. Prospect, IL), 1% 

sucrose and 0.5% phytagel (SIGMA-ALDRICH, St. Louis, MO).  The plates were kept in 

the dark at 4°C for 3 days and then were kept vertically under continuous light at 21°C 

for a week before spraying with 30uM ABA solution or water.  After 3hr treatment with 

ABA or water, seedlings were collected in Eppendorf tubes, snap-chilled in liquid 

nitrogen and frozen at -80°C before RNA extraction. 

RNA extraction 

For each replicate, ten seedlings (~70mg plant material) of each Col-0, abh1-285, 

sgs3-14 and abh1 sgs3 with or without ABA treatment were ground in liquid nitrogen 

before loading on to the columns.  Total RNA was extracted using RNAqueous Kit 

(Ambion, Austin, TX) according to manufacturer’s specification.  In the end, total RNAs 

were eluted three times (50uL, 50uL and 30uL) from the columns and collected in 

separate tubes.  10ug RNA from the first elution were diluted to 20uL in elution buffer 

and treated with TURBO DNase (Ambion) (1uL DNase and 20min reaction time).  After 

DNase treatment, 2uL of each sample was used for RNA gel analysis and ~15uL 

were left for labeling. 
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Sample preparation and hybridization 

We designed a custom dual-strand synthetic oligonucleotide microarray 

(NimbleGen; described below) and performed two-color labeling and hybridization 

(Brown and Botstein, 1999) to obtain differential abundance of complementary target 

molecules in a pair of mRNA samples.  Briefly, the two samples (targets) were reverse 

transcribed into cDNA, transcribed in vitro into strand-specific cRNA which was labeled 

with either Cyanine 5 (Cy5), or Cyanine 3 (Cy3), then mixed in equimolar proportions 

and hybridized to the arrayed DNA probes (Table 3.1).  After this competitive 

hybridization for 20 hrs, the slides were washed and imaged using a scanner at 

wavelengths (550 nm or 650 nm) that excite Cy3 or Cy5 dyes, respectively, and 

fluorescence measurements were recorded separately for each dye emission at each spot 

on the array.  The ratio of red (Cy5) and green (Cy3) fluorescence intensities for each 

spot are interpreted as indicative of the relative abundance of the corresponding molecule 

in the two mRNA target samples. 

Experimental design 

The data set consisted of two replicated slides (Barcode#: Rep1_454250 

/Rep2_454462) each containing 12 arrays (total of 24 samples by two colors, or 48 

datasets) that were hybridized with triplicate biological samples extracted from whole 7 

day-old seedlings from four genotypes (wild type, abh1-285, sgs3-14, and abh1 sgs3 

double mutant) by two treatments (plus or minus exogenous 30μM ABA for 3 hrs).  The 

final volume in hybridization buffer was 14μL (a larger volume in consideration of 

pipetting errors), and 12 μL of dye-paired master mix sample was loaded onto each 

duplicate slide.  Table 3.1 shows the actual total volumes of equimolar dye-labeled 

sample master mixes.  OID# is 29651; Design file is 100902_CELE_CR_exptil_HX12. 

Half of the experimental factorial direct design (i.e., a connected design with no 

common reference; genotype experimental dimensions) is shown in Fig. 3.1.  The other 

six arrays (#7-12) were used for “plus ABA” 7-day-old seedling treatments and the dyes 

were inverted from the arrangement shown. 
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Together, the 12 arrays comprise two differential effects being tested: genotype 

interactions (direct factorials of competitive hybridizations on the same array) and 

unconnected ABA treatments (indirect measurements across different arrays, where a dye 

swap between biological replicates of the same genotype balances for such technical bias, 

which is not measured but nonetheless accounted for).  These direct and indirect designs 

have the utility of maximizing the biological complexity possible with a limiting number 

of available arrays.  There were 24 target RNAs (three biological replicates x four 

genotypes x two environmental treatments [±30μM ABA spray]) that were hybridized to 

two technical replicate slides with 12 microarrays. 

Custom microarray design 

Each custom microarray contained 136,756 probes, plus 3907 random sequence 

control probes.  The probes comprised both strands of 26 select genes, 211 genes chosen 

as checks based on published reports of differential expression in response to ABA 

treatment or genotype, and 457 genes of interest based on a clustering meta-analysis.  The 

chip also included 142 short and 1488 long ncRNAs described by (Matsui et al., 2008), 

55 small nucleolar RNAs (snoRNAs), and 208 MIRNA genes (At-miR156 - At-miR2939) 

from miRBase (Kozomara and Griffiths-Jones, 2011).  The MIRNA and snoRNA probes 

were tiled 40mers overlapping by 20 nt spacing, the ncRNAs were tiled 50-60mers 

overlapping by 20 nt spacing, and the genes were tiled 60mers overlapping by 20 nt 

spacing.  

Data processing 

Each array was scanned using an Axon GenePix 4000B 2μm scanner, and images 

were processed using GenePix 5.0 software.  The RMA (Robust Microarray Average) 

method for computing an expression measure which has become the de facto standard for 

preprocessing expression data was used to normalize the datasets at the probe level 

during the scanning step.  The RMA method analyzes all arrays in a study to estimate 

expression values and has been shown to improve the accuracy and precision of 

expression measurements relative to other competing single-array models.  The RMA 
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method computes background-corrected perfect match intensities for each perfect match 

cell on every microarray in such a way that all background-corrected values must be 

positive, using a linear model that takes into account the probe affinity effect.  RMA 

method has the effect of rendering the datasets insensitive to small changes from any 

assumptions made in order to make further comparisons meaningful.  The details of this 

background probe-level correction method are described in (Irizarry et al., 2003).   

After background correction, the base-2 logarithm of each background-corrected 

perfect-match intensity is obtained.  These background-corrected and log-transformed 

perfect-match intensities are normalized across arrays to make the distributions the same 

using the quantile normalization method developed by (Bolstad et al., 2003).  In the 

quantile normalization method, the highest background-corrected and log-transformed 

perfect-match intensity on each microarray is determined.  These values are averaged, 

and the individual values are replaced by the average.  This process is repeated with what 

were originally the second highest background-corrected and log-transformed perfect-

match intensities on each array, the third highest, etc.  The effect is to correct for array-

specific bias and allow comparison of expression levels between arrays while protecting 

against outliers.  Following quantile normalization, an additive linear model is fit to the 

normalized data to obtain an expression measure for each probe on each microarray, 

where Tukey's median polish (Mosteller and Tukey, 1977) is used to obtain estimates of 

expression for normalized probe set data.   It finds an additively-fit model for data in a 

two-way layout table (usually, results from a factorial experiment) of the form: row effect 

+ column effect + overall median.  This method weights (assigns an affinity for) each 

probe intensity based on its distance from the mean.  The median polish algorithm, 

although robust, behaves differently depending on the number of samples analyzed 

(Giorgi et al., 2010).  It should be noted that RMA yields variances that are smaller 

(higher precision) and stable across a range of intensities, however fold-change estimates, 

while more consistent, are underestimated.  For example it may hide real changes, 

especially at low expression levels (false negatives).  Additionally, RMA makes quality 
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control after normalization difficult and assumes Gaussian measurement noise 

distribution, which may hide biological changes. 

Limma (Smyth, 2005) is a package written in R language under the BioConductor 

platform (Gentleman et al., 2004) for the analysis of gene expression microarray data, 

especially the use of linear models for analyzing designed experiments and the 

assessment of differential expression.  Dye normalization for two color arrays is achieved 

by local regression (Smyth and Speed, 2003).  Limma provides a set of tools for 

background correction and scaling, as well as an option to average on-slide duplicate 

spots and the ability to analyze comparisons between many RNA targets simultaneously.  

It has features which make the analyses stable even for experiments with small number of 

arrays, which is achieved by borrowing information across genes.  The linear model and 

differential expression functions apply to all microarrays including duplicate spots and 

technical replicates (Smyth et al., 2005), allowing very general experiments to be 

analyzed just as easily as a simple replicated experiment.  The approach requires one or 

two matrices to be specified.  The first is the design matrix which indicates in effect 

which RNA samples have been applied to each array and serves to model systematically 

the data.  If there are at least two arrays with each dye-orientation for the same target 

samples, then it is possible to estimate and adjust for any probe-specific dye effects.  

Including the dye-effect in the model in this way uses up one degree of freedom which 

might otherwise be used to estimate the residual variability, but it is valuable if many 

genes show non-negligible dye-effects.  With direct-design two-color data, one needs one 

fewer design matrix coefficients than distinct RNA sources; however, if one estimates a 

dye-effect for each gene, then the number of RNA sources and the number of contrast 

coefficients is the same.  The second optional file is the contrast matrix, which specifies 

which comparisons to make between the RNA samples using the coefficients estimated 

from the design matrix. 

Each row of the design matrix corresponds to an array in an experiment and each 

column corresponds to a coefficient which is used to describe the RNA sources in that 

experiment.  The main purpose of this step is to estimate the variability in the data, hence 
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the systematic part needs to be modeled so it can be distinguished from random variation, 

and thus the creation of the design matrix may require more statistical knowledge.  The 

contrasts step is provided so that one can take the initial coefficients and compare them in 

as many ways as desired to answer any number of questions.  A straightforward strategy 

is to set up the simplest possible design matrix and then to extract from the fit the 

contrasts of interest.  Factorial and indirect designs are those where more than one 

experimental dimension is being varied and each combination of treatment conditions is 

observed.  It is especially important with a factorial design with direct (competitive 

hybridizations within arrays) and indirect (unconnected arrays) tests to decide what are 

the comparisons of interest, in this case, i) which genes respond to stimulation in wild-

type cells (indirect); ii) which genes respond to stimulation in mutant cells (indirect); iii) 

which genes respond differently in mutant compared to wild-type cells (direct); iv) which 

genes respond differently in double mutant compared to single mutant cells (direct 

factorial); v) which genes respond differently to stimulation compared between wild type, 

mutant and double mutant cells (indirect factorial) as these are the questions which are 

most relevant in a molecular biology context.  The first two of these questions relate to 

WT versus treatment indirect comparisons and the third through fifth to WT versus 

mutant versus treatment direct or indirect factorials, which are difference of differences 

called interaction terms.  For the treatment comparisons, these are unconnected designs in 

that there are no arrays linked by competitive hybridization reactions the ABA-treated 

versus untreated targets.  It is not possible to make comparisons between untreated and 

treated samples on the basis of log-ratios (i.e. competitive hybridizations to the same 

spot) alone.  To do this it is necessary to analyze the intensities separately, i.e., to analyze 

log-intensities across the same spot on different arrays instead of log-ratios of spots 

within arrays.  It is possible to do this using a mixed model representation which treats 

each spot as a randomized block (Wolfinger et al., 2001).  Limma implements mixed 

model methods for separate channel analysis which make use of shrinkage methods to 

ensure stable and reliable inference with small numbers of arrays.  What is essential is 

between-array normalization to prepare for separate channel analysis to scale the 
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intensities so that all values have the same distribution across arrays.  Inference proceeds 

as for within-array replicate spots except that the correlation to be estimated is that 

between the two channels for the same spot rather than between replicate spots.  For 

statistical analysis and assessing differential expression, limma uses an empirical Bayes 

method to moderate the standard errors of the estimated log-fold changes.  This results in 

more stable inference and improved power, especially for experiments with small 

numbers of arrays (Smyth, 2004).   

A common method for evaluating how well normalized an array is, is to plot an 

MA plot of the data.  Curiously, the p-values associated with particular genes do not 

reproduce well between replicate experiments, and lists generated by straight fold change 

perform much better (Guo et al., 2006).  This represents an extremely important 

observation, since the point of performing experiments has to do with predicting general 

behavior.  The MAQC group (Shi et al., 2006) recommended using a “fold change” 

assessment plus a non-stringent p-value cutoff, demonstrating that changes in the 

background correction and scaling process have only a minimal impact on the rank order 

of fold change differences, but a substantial impact on p-values.   

We used the ‘duplicateCorrelation’ function of limma to estimate the consensus 

average correlation within the technical replicate slides each containing 12 arrays having 

two color channels.  This analysis is analogous to mixed model analysis of variance 

except that information has been borrowed between genes by constraining the within-

block correlations to be equal between genes and by using empirical Bayes methods to 

moderate the standard deviations between genes.   

Results and Discussion 

Meta-analysis 

We previously showed with a custom high-resolution dual-strand tiling 

microarray that miRNA target mRNAs and MIRNA genes produce antisense transcripts 

associated with small RNA production (Luo et al., 2009).  This ‘transitivity’ involving 

RNA interference is seen in rice and C. elegans MIRNA genes and some non-miRNA 
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target genes in Arabidopsis (Richardson et al., 2010), but existence of crosstalk between 

genome-wide stress response-, epigenetic-, and RNA metabolism pathways which may 

provide clues to underlying molecular mechanisms and the physiological significance of 

RNA interference is unknown.  We performed a meta-analysis using standard clustering 

methods (Eisen et al., 1998) on whole genome tiling microarray transcriptome datasets 

for ABA, salt, cold, drought, and ncRNA induction (Matsui et al., 2008), RNAi 

knockdown mutants of the exosome (Chekanova et al., 2007) and other miRNA/RNA 

metabolism and epigenetic mutants: xrn4 abh1 double mutant (Gregory et al., 2008); 

hyponastic leaves1 (hyl1) and argonaute1 (ago1) (Kurihara et al., 2009a); nonsense-

mediated decay effectors upf1 and upf3 (Kurihara et al., 2009b); RNA-dependent RNA 

polymerase2 (rdr2) and DNA methylation triple mutants drm1 drm2 cmt3 (Kurihara et 

al., 2008).  We analyzed select topological features (exons, 5’ and 3’ UTRs, antisense 

exons) for altered expression in mutants and abiotic stress treatments and identified genes 

whose antisense expression was altered > 2-fold, or sense expression altered >2.3-fold in 

at least two of the mutants and an abiotic stress treatment, or both time points (2, 10 hr) 

of an abiotic stress treatment and a mutant genotype.  Our rationale was a systems 

approach to identify candidate nodes in a network affecting stress-responses associated 

with RNA processing and ncRNAs, and to then test the crosstalk model by correlating the 

novel morphological and physiological phenotypes of the abh1 sgs3 double mutant with 

transcriptome profiles of candidate genes using a custom 135k feature tiling microarray 

synthesized by maskless photolithography (Nuwaysir et al., 2002).  Evidence that our 

meta-analysis is value-added is the finding that we captured a majority of those MIRNA 

genes shown previously to be altered in the xrn4 abh1 double mutant (Gregory et al., 

2008) and the exosome RNAi knockdown mutants rrp4 or rrp41 (Chekanova et al., 

2007).  Furthermore, the tiling array antisense signals for MIR172b, MIR398b, and 

MIR171c genes are also elevated in the hyl1/drb1 mutant, consistent with our previous 

findings (Luo et al., 2009).  Remarkably, elevated MIRNA expression in the xrn4 abh1 

and rrp4 rrp41 general RNA processing mutants was also found in the hyl1/ drb1 mutant 

and inversely correlated with the expression of the same MIRNAs in ago1 mutants, 
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supporting and extending a homeostatic mechanism for miRNA activities by AGO1  

(Vaucheret et al., 2006; Mallory and Vaucheret, 2009) and HYL1/DRB1 (Eamens et al., 

2009).  Several miRNAs (MIR166a, MIR168b, MIR169j, MIR777a, MIR390a, MIR173, 

MIR393a, MIR164a) were identified by the meta-analysis as being deregulated in two 

mutants.  MIR156a, MIR850a-MIR863a cluster, MIR859a, MIR163, MIR822a, MIR833a, 

MIR167d, and TAS1-TAS3a are down-regulated in response to ABA, drought, and salt 

treatments, whereas MIR858a, MIR419, and MIR160c are up-regulated by ABA (and 

other stresses for MIR419) and MIR398b by cold.  Taken together, these results support 

the working hypothesis that smRNA pathways intersect RNA processing pathways.  The 

microarray contains both coding and antisense strands of ~500 genes identified by meta-

analysis, ~ 1500 ncRNAs reported to be differentially expressed in response to abiotic 

stress (Matsui et al., 2008), plus all MIRNA genes and 86 validated miRNA target genes.   

Custom microarray 

It has been previously shown that non-coding RNAs and MIRNA gene transcripts 

are elevated in mutants of cap binding protein80/ABA hypersensitive1 (Gregory et al., 

2008), the splicing and miRNA biogenesis effector serrate (Laubinger et al., 2008), and 

the exosome (rrp4/41) (Chekanova et al., 2007).  More cases of interactions between 

RNA interference and RNA processing are discussed in the introduction section of 

Chapter II.  Furthermore, many ncRNAs have been shown to be induced by ABA, salt, 

cold, and drought (Matsui et al., 2008).  However the mechanisms and functional 

significance of the interactions between RNA interference, RNA processing and stress 

response is unknown.  Our previous results from a MIRNA and ncRNA prediction 

pipeline trained on whole genome tiling microarray transcriptome datasets (Yamada et 

al., 2003; Stolc et al., 2005) identified strong antisense signals associated with 

MIR842/846 gene cluster (studied in detail in Chapter I) and nearly all of their 14 

predicted jacalin targets (Richardson et al., 2010).  Furthermore, an ABA- and stress-

inducible ncRNA (Group6767) was described that overlaps with the miR842/846 

predicted target gene AT5G28520 (Matsui et al., 2008).  In order to characterize the roles 

of and potential interactions between the RNA interference and RNA processing 
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pathways, we synthesized a custom dual strand tiling microarray.  This array was 

hybridized with strand-specific copy RNAs labeled by random-primed labeling of total 

RNAs from 7-day old seedlings of Arabidopsis Col-0, sgs3-14, abh1-285, and sgs3 abh1 

double mutant (characterized in Chapter II) untreated or treated with 30μM ABA for 3 

hours.  The results were processed with limma package using R software.  An average 

probe signal, fold changes in abh1-285, sgs3-14, abh1 sgs3 double mutant with and 

without ABA treatment for each probe were generated (see materials and methods for 

details).  For studying gene expression, all the probes covering the coding region of the 

same gene are combined and an average signal for each effect is calculated. 

To verify the microarray data, I first looked at genes that are most affected by 

ABA treatment (Table 3.2).  Two of the top three up-regulated genes encode Late 

Embryogenesis Abundant (LEA) proteins, which accumulate in desiccated seeds and the 

top geneLEA4-5 (AT5G06760) has been shown to respond to ABA and water deficiency 

(Olvera-Carrillo et al., 2010).  When analyzed at probe level, a significantly higher signal 

as well as ABA response was observed for probes that cover the coding region but not the 

intronic or intergenic regions of the gene (Fig. 3.2).  A transcription factor, MYB41, 

which had more than 10 fold induction by ABA in our data was also reported to respond 

to drought, ABA and salt treatments (Cominelli et al., 2008).  Gene ontology terms for 75 

most ABA up-regulated genes identified by our microarray were analyzed using the 

virtualplant software (www.virtualplant.org) (Katari et al., 2010).  The result showed a 

significantly over-represented portion of genes that respond to abiotic stress and ABA. 

Taken together, we successfully reproduced high quality results of ABA responsible 

genes in our microarray experiment.  

Next I looked at genes that were altered in abh1 sgs3 double mutant (Table 3.4). 

Interestingly, many non-coding RNAs or regulatory RNAs were affected in the double 

mutant, including MIR164b, U1A small nuclear RNA, a small non-messenger RNA 

(AT1G26235) (Marker et al., 2002) and UPSTREAM OPEN READING FRAME 32 

(Hayden and Jorgensen, 2007).  To gain a comprehensive view of the result, I did a 

network analysis of all 117 genes that were altered (log2 fold change smaller than -0.5 or 
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greater than 0.5) in the double mutant (Fig. 3.3) using virtualplant software 

(www.virtualplant.org) (Katari et al., 2010).  In accordance with our observasion, genes 

involved in gene silencing were significantly over-represntated amoung this 117 genes 

(e=3.76E-9) and there was a even higher degree of over-representation for genes involved 

specificly in miRNA pathway (e=7.93E-10).  Because our custom microarray also 

included probes detecting precursors for all miRNAs, I then analyzed the expression of 

pre-miRNAs in the mutants or in response to ABA. 

26 miRNA precursors were found up-regulated by ABA and/or in the double 

mutant. Only one pre-miRNA (pre-miR163) was down-regulated in the double mutant 

(Table 3.5).  Many of these pre-miRNAs are also affected in abh1 single or abh1 xrn4 

double mutants (Gregory et al., 2008) or in rrp4 or rrp41 exosome mutants (Chekanova 

et al., 2007), suggesting multiple post transcriptional regulations on these miRNAs.  The 

result includes precursors of miR159 and miR168.  miR159 regulates two MYB 

transcription factor MYB33 and MYB101 that function in ABA response during seed 

germination (Reyes and Chua, 2007).  miR168 targets ARGONAUTE1(AGO1) which is 

the slicer responsible for miRNA production (Rhoades et al., 2002; Baumberger and 

Baulcombe, 2005; Li et al., 2012).  Both miRNAs have been shown to be ABA inducible 

which again proves the quality of our microarray analysis.  In addition, I found potential 

novel ABA regulated miRNAs, including miR156, miR166, miR2936, miR395, miR398, 

miR408, miR414, miR415, miR824 and miR854.  This result is supported by previous 

studies.  miR395 targets ATP sulfurylases and is induced with low sulfate (Jones-

Rhoades and Bartel, 2004).  Overexpression of MIR395c in Arabidopsis results in 

hypersensitivity to drought, salt stresses and ABA.   miR398 targets both COPPER/ZINC 

SUPEROXIDE DISMUTASE(CSD) and CYTOCHROME-C (CytC) OXIDASE family 

members (Jones-Rhoades and Bartel, 2004).  miR408 targets laccases in Arabidopsis 

(Sunkar and Zhu, 2004; Jones-Rhoades et al., 2006).  Our microarray analysis showed 

that one of its potential target, LACCASE12 (AT5G05390) was up-regulated by ABA 

(data not shown).  Both miR398 and miR408 are regulated by transcription factor 

SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7) and respond to copper 
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and sucrose (Yamasaki et al., 2009; Ren et al., 2012).  miR824 targets AGAMOUS-

LIKE16 and regulates stomatal development.   

In addition, precursors of miR156, miR158, miR159, miR164, miR166, miR168, 

miR395, miR398 and miR408 are induced in abh1 sgs3 double mutant.  miR156 targets 

SPL3, 4 and 5 that regulate vegetative phase change (Rhoades et al., 2002; Wu and 

Poethig, 2006).  miR158 is up-regulated by flg22, a conserved peptide derived from 

Pseudomonas syringae flagellin, suggesting its function in biotic stress (Li et al., 2010).  

miR164 regulates CUP SHAPED COTYLEDON1 and 2 which define boundary domain 

around organs in the meristem (Hibara et al., 2006; Nikovics et al., 2006).  miR166 

associates with AGO10 and can target several HD-ZIPIII family members regulating 

vascular development (Zhu et al., 2011).  miR167 targets AUXIN RESPONSE FACTOR 6 

(ARF6)and ARF8 which regulate both female and male reproduction (Wu et al., 2006).  

Specifically, over-expression of MIR167A, but not MIR167B, C or D can cause twisted 

leaves, short inflorescences and arrested flower development and our data showed a 

induction of only pre-miR167a in the double mutant.  These miRNAs are related to the 

increased phase transition, increased resistance to powdery mildew infection, fused 

cotyledons, bending siliques and reduced seed set phenotypes of the double mutant.  

Future work will focus on validating these microarray results and quantify the expression 

of targets of miRNAs that are confirmed to change in the double mutant or in response to 

ABA. 
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Table 3.1 Sample preparation for on-chip hybridization 

A01     STC 1 
                                 -ABA 2.1*  VS   -ABA 1.3 
pmol/ul                   Cy5  9.84         Cy3   5.64  
Final volume(ul)          7.5                   13 

A02     STC 3 
                                 -ABA 4.1   VS  -ABA 2.3 
  pmol/ul                 Cy5   10.86     Cy3  4.41 
  Final volume(ul)          6.5                 16 

A03   STC 5 
                                  -ABA 3.3   VS   -ABA 4.3 
pmol/ul                    Cy5   8.1            Cy3  3.77 
Final volume(ul)            8.8                  19 

A04    STC 7 
                                 -ABA  1.1   VS   -ABA 3.1 
pmol/ul                    Cy5  8.63       Cy3  2.64 
Final volume(ul)            5.8                19 

A05    STC 9 
                                 -ABA 3.2   VS   -ABA 2.2 
pmol/ul                     Cy5   9.9           Cy3  5.13 
Final volume(ul)            7.3                   14 

A06    STC 11 
                                 -ABA  1.2   VS   -ABA 4.2 
pmol/ul                    Cy5  9.71       Cy3  2.54 
Final volume(ul)             4.3              16.2 

A07    STC 13 
                                 +ABA 2.1   VS  +ABA 1.3     
pmol/ul                     Cy3  4.77         Cy5  5.73 
Final volume(ul)             15                  12.5 

A08    STC 15 
                                 +ABA  4.1   VS  +ABA  2.3   
pmol/ul                    Cy3   4.9         Cy5  8.29 
Final volume(ul)              15                8.9 

A09     STC16 
                                  +ABA 3.3   VS  +ABA 4.3     
pmol/ul                     Cy3   4.27        Cy5  8.3 
Final volume(ul)              17                  8.8 

A10   STC 17 
                                 +ABA  1.1   VS  +ABA 3.1     
pmol/ul                   Cy3   5.05        Cy5  11.05 
Final volume(ul)               15                6.9 

A11  STC 18 
                                   +ABA 3.2   VS  +ABA 2.2   
pmol/ul                      Cy3  3.89       Cy5  11.61 
Final volume(ul)               19                 6.4 

A12   STC 20 
                                 +ABA 1.2    VS   +ABA  4.2 
pmol/ul                   Cy3  4.83         Cy5  11.64 
Final volume(ul)               15                6.2 

 
*See Fig. 3.1 for the numbering of the samples. 
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Table 3.2 Genes that are most affected by ABA treatment 

AGI Annotation ABA 

sgs3 

vs 

WT 

abh1 

vs 

WT 

abh1 

sgs3 

vs 

WT 

Up-regulated genes, log2 fold change 

AT5G06760 LATE EMBRYOGENESIS ABUNDANT 4-5, LEA4-5 5.31 0.04 0.18 -0.11 

AT3G03341 unknown 4.88 0.34 0.35 -0.14 

AT1G52690 LATE EMBRYOGENESIS ABUNDANT 7, LEA7 4.61 0.15 -0.15 -0.20 

AT5G13170 SWEET sucrose efflux transporter family protein 4.24 0.39 0.32 0.14 

AT2G37870 
Bifunctional inhibitor/lipid-transfer protein/seed storage 

2S albumin superfamily protein 
4.01 0.37 0.95 1.08 

AT4G28110 MYB DOMAIN PROTEIN 41, MYB41 3.39 -0.04 0.21 -0.01 

AT1G05100 
MITOGEN-ACTIVATED PROTEIN KINASE 

KINASE KINASE 18, MAPKKK18 
3.27 0.00 -0.02 -0.14 

AT5G03210 
DBP-INTERACTING PROTEIN 2, DIP2, encodes a 

small polypeptide contributing to resistance to potyvirus 
2.98 0.34 0.15 -0.25 

AT2G42530 COLD REGULATED 15B, COR15B 2.97 -0.49 -0.36 -0.44 

AT3G17790 PURPLE ACID PHOSPHATASE 17, PAP17 2.87 0.27 0.21 0.24 

Down-regulated genes, log2 fold change 

AT4G19690 
IRON-REGULATED TRANSPORTER 1 (IRT1),  

encodes Fe2+ transporter protein 
-3.47 0.29 -0.72 -0.77 

AT5G62360 
Plant invertase/pectin methylesterase inhibitor 

superfamily protein 
-2.04 -0.40 -1.19 -1.08 

AT4G34770 SAUR-like auxin-responsive protein family -1.91 0.17 -0.28 -0.20 

AT5G63180 Pectin lyase-like superfamily protein -1.91 -0.05 0.35 0.47 

AT4G08770 
PEROXIDASE 37 (Prx37), encodes a putative 

apoplastic peroxidase 
-1.86 -0.03 0.03 0.12 

AT5G02760 Protein phosphatase 2C family protein -1.73 0.04 -0.19 0.14 

AT1G73602 
CONSERVED PEPTIDE UPSTREAM OPEN 

READING FRAME 32 (CPuORF32) 
-1.71 -0.17 -1.62 -1.43 

AT1G73600 
S-adenosyl-L-methionine-dependent methyltransferases 

superfamily protein 
-1.70 -0.29 -1.42 -1.24 

AT1G01580 FERRIC REDUCTION OXIDASE 2 (FRO2) -1.66 -0.01 -0.44 -0.63 

AT2G40610 
member of Alpha-Expansin Gene Family, EXPANSIN 

A8 (EXPA8) 
-1.63 0.32 -0.21 -0.09 
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Table 3.3 Over-represented gene ontology terms for 75 most ABA up-regulated genes
1
  

Term Observed Frequency Expected Frequency p-value 

response to stress 
22 out of 73 genes,  

30.1% 

2058 out of 27870 genes, 

7.4% 
4.84E-06 

response to abiotic stimulus 
17 out of 73 genes,  

23.3% 

1246 out of 27870 genes, 

4.5% 
5.62E-06 

response to chemical stimulus 
19 out of 73 genes,  

26% 

1824 out of 27870 genes, 

6.5% 
3.25E-05 

laccase activity 
4 out of 73 genes,  

5.5% 

17 out of 27870 genes, 

0.1% 
3.53E-05 

transcription factor activity 
17 out of 73 genes, 

23.3% 

1678 out of 27870 genes, 

6% 
9.16E-05 

response to ABA 
8 out of 73 genes, 

11% 

287 out of 27870 genes, 

1% 
9.16E-05 

1
 Table was generated using the BioMap function of virtualplant program (www.virtualplant.org). 
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Table 3.4 Genes that are most affected in abh1 sgs3 double mutant 

AGI annotation ABA 

sgs3 

vs 

WT 

abh1 

vs 

WT 

abh1 

sgs3 

vs 

WT 

Up-regulated genes, log2 fold change 

AT5G01747 MIR164B 0.36 0.62 2.34 2.15 

AT1G08115 U1A small nuclear RNA -0.23 0.24 1.64 1.89 

AT4G04223 unknown -0.10 -0.05 1.66 1.75 

AT2G41240 
basic helix-loop-helix transcription factor family 

protein 
-1.38 1.14 1.91 1.44 

AT2G14610 PATHOGENESIS-RELATED GENE 1, PR 1 -0.29 0.66 1.72 1.30 

AT3G28899 unknown 0.14 0.30 1.08 1.28 

AT2G14247 unknown -0.93 0.77 1.24 1.26 

AT1G26235 small non-messenger RNA 0.45 0.77 1.16 1.25 

AT4G38410 Dehydrin family protein 0.19 0.05 0.91 1.16 

AT2G37870 
Bifunctional inhibitor/lipid-transfer protein/seed 

storage 2S albumin superfamily protein 
4.01 0.37 0.95 1.08 

AT4G22880 
Leucoanthocyanidin dioxygenase, involves in 

proanthocyanin biosynthesis 
0.62 0.49 1.04 1.07 

Down-regulated genes, log2 fold change 

AT3G01345 unknown -0.11 -4.15 -3.56 -3.84 

AT5G39580 Peroxidase superfamily protein -0.72 -0.55 -1.48 -1.97 

AT5G48490 
Bifunctional inhibitor/lipid-transfer protein/seed 

storage 2S albumin superfamily protein 
0.35 0.89 -1.87 -1.83 

AT5G44420 
Encodes an ethylene- and jasmonate-responsive plant 

defensin 
0.21 0.30 -0.79 -1.52 

AT2G26020 
Predicted to encode a PR (pathogenesis-related) 

protein. Belongs to the plant defensin (PDF) family 
-0.37 0.19 -1.21 -1.46 

AT1G73602 
CONSERVED PEPTIDE UPSTREAM OPEN 

READING FRAME 32, CPUORF32 
-1.71 -0.17 -1.62 -1.43 

AT4G22517 
Encodes a Protease inhibitor/seed storage/LTP family 

protein 
0.26 -0.34 -0.78 -1.43 

AT5G47980 HXXXD-type acyl-transferase family protein -1.02 -0.47 -1.33 -1.33 

AT4G15210 ARABIDOPSIS THALIANA BETA-AMYLASE 0.47 -0.02 -1.07 -1.26 

AT5G44430 
Predicted to encode a PR (pathogenesis-related) 

protein. Belongs to the plant defensin (PDF) family 
0.15 0.39 -0.55 -1.25 
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Table 3.5 miRNA precursors that are changed by ABA treatment  

and/or in the double mutant 

Annotation ABA? double? abh1
1
? abh1 xrn4

1
? rrp4

2
? rrp41

2
? 

ath-MIR156a y y 
  

y y 

ath-MIR156c 
 

y 
    

ath-MIR156e y 
   

y y 

ath-MIR156f y 
    

y 

ath-MIR158a y y y y 
  

ath-MIR159a y 
 

y y y y 

ath-MIR159b y y y y y y 

ath-MIR163
3 

 
y (down)

3 

    

ath-MIR164b 
 

y y y 
  

ath-MIR166a 
 

y 
    

ath-MIR166b y y 
    

ath-MIR166e 
 

y 
    

ath-MIR167a 
 

y y y 
  

ath-MIR168a y y y y 
 

y 

ath-MIR2936 y 
     

ath-MIR395a y 
     

ath-MIR395b 
 

y 
    

ath-MIR395c y y 
    

ath-MIR395d y 
     

ath-MIR398b y y 
 

y 
  

ath-MIR398c y y 
    

ath-MIR408 y y 
    

ath-MIR414 y 
     

ath-MIR415 y 
     

ath-MIR824 y 
     

ath-MIR854b y 
     

1 
(Gregory et al., 2008).  

2
 (Chekanova et al., 2007). 

3
 pre-MIR163 is the only down regulated pre-miRNA. 
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Figure 3.1 Half of the experimental factorial direct design. Arrowheads indicate Cy3 

(550ex) and the line tail indicates Cy5 (ex650) labels.  
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Figure 3.2 Visulized tiling array result for gene AT5G06760. 
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Figure 3.3 Network analysis of genes altered in abh1 sgs3. Result is generated using 

virtualplant software (www.virtualplant.org). 
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