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Abstract

Genetic analysis of microRNA function in Arabidopsis 

thaliana development

by Diana V. Toups Dugas

MicroRNAs (miRNAs) are 21-24-nucleotide RNAs that negatively regulate gene 

expression. Plant miRNAs play important roles in gene regulation by directing cleavage 

of target mRNAs. The high degree of complementarity between plant miRNAs and their 

target mRNAs has allowed rapid progress in identifying the targets of these small 

riboregulators, although much remains to be discovered about the biological roles of 

many miRNA:mRNA relationships.

I analyzed the roles of miR170/171, miR398c, and miR164b in plant 

development. Like many plant miRNAs, the miR170/171 and miR164 families both 

target mRNAs encoding transcription factors. miR170/171 targets three uncharacterized 

GRAS-domain transcription factors, SCARECROW-like (SCL) 6-11, SCL6-III, and SCL6- 

IV  mRNAs. I found that overexpressing miR170/171 in Arabidopsis results in altered 

shoot development, including reduced outgrowth of axillary meristems and alterations of 

meristem identity.

miR164 targets six NAC-domain transcription factors, three of which had 

previously characterized roles in root and shoot development. I found that plants 

overexpressing miR164b display cotyledon, sepal, and stamen fusions reminiscent of
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mutants defective in two of the miR164 target genes. Plants overexpressing miR164b 

displayed additional vegetative fusions, including leaf-leaf and leaf-stem fusions, 

implicating additional NAC genes in vegetative organ separation.

miR398 targets mRNAs encoding two copper superoxide dismutases and the 

cytochrome C oxidase subunit Vb, making it a member of the growing class of 

Arabidopsis miRNAs that target non-transcription factor mRNAs. Copper has been 

reported to negatively regulate miR398 accumulation. I found that miR398 is induced in 

plants grown on medium supplemented with sucrose and that miR398 accumulation is 

independently regulated by copper and sucrose.

This work helped elucidate not only the roles of three miRNA families, but also 

the functions of some of the target mRNAs in Arabidopsis. Conservation of these 

miRNA families and their targets among flowering plants suggests that knowledge 

gained in Arabidopsis may be applicable across multiple species.
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1

Chapter 1: MicroRNAs -  Biogenesis to function 

l.A. microRNA discovery

The first microRNA (miRNA) was discovered in Caenorhabditis elegans in the 

early 1990s in a genetic screen for mutants with aberrant cell lineage progression (Lee et 

al., 1993). lin-4 was identified as a tiny gene with two transcripts, 22 and 61 nucleotides 

(nt) in length, that are complementary to a 22-nt repeated sequence in the 3'-UTR of the 

lin-14 mRNA (Lee et al., 1993). let-7 was isolated several years later as a 21-nt negative 

regulator of five C. elegans genes (Reinhart et al., 2000). Again, this small gene product 

displays complementarity to the 3'-UTRs of the genes it regulates (Reinhart et al., 2000).

miRNAs became recognized as a class of small RNAs almost ten years after the 

discovery of lin-4. Two genes suddenly became more than 50, as more small RNAs were 

found through cloning (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,

2001) and bioinformatics (Lee and Ambros, 2001). These small RNAs share similar 

characteristics: (i) the mature RNA is 21-24 nt in length; (ii) the transcripts map to 

non-protein coding sequences formerly thought to be non-coding intergenic sequences; 

(iii) the small RNA is conserved across species; and (iv) the mature RNA is processed 

from a longer transcript that can form a stem-loop (Lagos-Quintana et al., 2001; Lau et 

al., 2001; Lee and Ambros, 2001).

The first plant miRNAs, published in 2002, were found through small RNA 

cloning and consisted primarily of miRNAs that target transcription factors (Llave et al., 

2002a; Park et al., 2002; Reinhart et al., 2002). Subsequent miRNAs were found through 

conservation between Arabidopsis and rice (Adai et al., 2005; Bonnet et al., 2004; Jones-
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Rhoades and Bartel, 2004; Wang et al., 2004), and later by deep sequencing of cloned 

small RNAs (Lu et al., 2006; Rajagopalan et al., 2006).

Currently, there are 42 known miRNA families in Arabidopsis, with over 118 

members (miRBase, release 10.0 (Griffiths-Jones, 2004) (Jones-Rhoades et al., 2006)).

A miRNA family is defined as a collection of genes encoding near-identical miRNAs and 

can contain between one and 14 members in Arabidopsis. These members are denoted 

by the name of the miRNA followed by a letter to identify the loci (e.g. miR164 is 

encoded in three loci, MIR164a, MIR164b, and MIR164c).

Unlike animal miRNAs, which usually display limited complementarity to the 

3'-UTRs of their target mRNAs (Lee et al., 1993; Reinhart et al., 2000), most plant 

miRNAs display high complementarity to a site in the coding region of the target mRNA 

(Rhoades et al., 2002). This extensive complementarity allows plant miRNA targets to 

be identified at a much faster pace than animal miRNA targets using bioinformatics 

(Rhoades et al., 2002).

l.B. Plant miRNA biogenesis

Plant miRNA genes are likely to be transcribed by RNA polymerase II (Pol II), as 

suggested by TAATA boxes preceding many miRNAs loci (Megraw et al., 2006; Xie et 

al., 2005). Additionally, some primary miRNA transcripts (pri-miRNAs) are spliced 

(Aukerman and Sakai, 2003; Kurihara and Watanabe, 2004), polyadenylated (Kurihara 

and Watanabe, 2004), and capped (Xie et al., 2005). Pri-miRNAs can be over 1 kb in 

length, also implicating Pol II in miRNA transcription (Xie et al., 2005). RNaselll-type 

endonucleases, such as Dicer, recognize double-stranded RNA, similar to the stem-loop 

pri-miRNA structure. Dicer excises the ~21 nt double-stranded RNA (dsRNA) with 2-nt
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3' overhangs (Bernstein et al., 2001; Grishok et al., 2001; Hutvagner et ah, 2001; Lee et 

ah, 2003) from the pri-miRNA. One of these strands of RNA is the active miRNA that 

acts on the target mRNAs through either translational attenuation or target mRNA 

cleavage; the other is designated as the miRNA*. This process is summarized in 

Figure 1-1.

Dicer ribonucleases are characterized by an N-terminal DExH box RNA helicase 

domain, a PAZ domain involved in RNA binding, two RNaselll domains, and one or two 

C-terminal dsRNA binding domains (Finnegan et ah, 2003). Arabidopsis has four 

DICER-LIKE (DCL) proteins. DCL1 (also known as CARPEL FACTORY, SHORT 

INTEGUMENTS1, or SUSPENSOR1) is required for miRNA processing, as suggested 

by reduced levels of miRNAs in del mutants (Park et ah, 2002; Reinhart et ah, 2002). 

dell plants exhibit pleiotropic phenotypes, including embryonic arrest at the globular 

stage, ovule formation defects, female sterility, altered leaf shape, and delayed transition 

to flowering (Schauer et ah, 2002), implicating a broad range of developmental pathways 

requiring DCL1 activity, and, by extension, miRNAs. dell-9 is disrupted in the dsRNA 

binding motif (Schauer et ah, 2002), and, in the dell-9 background, aberrant pri-miR163 

cleavage is observed, suggesting that the dsRNA-binding domains are important for 

determining cleavage position (Kurihara and Watanabe, 2004).

HYPONASTIC LEAVES1 (HYL1) (Han et ah, 2004; Vazquez et ah, 2004a) and 

HU A ENHANCER1 (HEN1) (Boutet et ah, 2003; Park et ah, 2002) are also required for 

miRNA accumulation and normal plant development. The hyll null mutant displays 

reduced miRNA levels but is not required for post transcriptional gene silencing (PTGS) 

(Han et ah, 2004; Vazquez et ah, 2004a). HYL1 is a dsRNA-binding protein that is
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Figure 1-1. miRNA biogenesis and function in plants

miRNAs are transcribed by Pol II. After the transcripts (pri-miRNAs) form into a 
stem-loop shape, they become a substrate for DCL1. DCL1, probably with the aid of 
HYL1 and SE, cleaves the pri-miRNA into the miRNA/miRNA* duplex, which has two- 
nucleotide 3' overhangs that are methylated by HEN1. miRNAs are transported from the 
nucleus by HST as either the miRNA/miRNA* duplex or after being incorporated into an 
RNA-induced silencing complex (RISC). This complex includes AGOl, which acts as a 
slicer to cut mRNAs that display high complementarity to miRNAs. Alternatively, some 
plant miRNAs may direct translational attenuation, identified by a decrease in target 
protein accumulation unaccompanied by a decrease in mRNA levels. After the miRNA 
is incorporated into RISC, either in the nucleus or cytoplasm, many miRNA*s are 
degraded. This figure was adapted from (Dugas and Bartel, 2004; Jones-Rhoades et al., 
2006).
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found in a high molecular weight complex (Han et al., 2004). DCL1 and HYL1 interact 

and localize to the nucleus (Hiraguri et al., 2005; Kurihara et al., 2006). In both the dell 

and hyll background, some pri-miRNAs overaccumulate, whereas the mature miRNAs 

are present at reduced levels, suggesting HYL1 functions in miRNA processing (Han et 

al., 2004; Kurihara et al., 2006). As in the dell-9 background, aberrant processing of the 

miR163 pri-miRNA is observed in hyll (Kurihara et al., 2006), also supporting the 

hypothesis that HYL1 and DCL1 function together in miRNA biogenesis.

SERRATE (SE), a C2H2 zinc finger protein, also interacts with HYL1 and DCL1 

and affects miRNA accumulation at the level of pri-miRNA processing (Fujioka et al., 

2007; Grigg et al., 2005; Yang et al., 2006a). serrate mutants display reduced miRNA 

levels (Grigg et al., 2005; Lobbes et al., 2006; Yang et al., 2006a) and increased target 

mRNA levels (Lobbes et al., 2006). se-3 mutants accumulate pri-miRNA 165/166 and the 

miR165/166 target PHABULOSA mRNA, and mature miR165/166 levels are reduced 

(Grigg et al., 2005). Moreover, se mutants show general defects in miRNA and trans

acting short interfering RNA (tasi-RNA) (discussed further in l.C.2.) accumulation 

suggesting SE plays a role in the biogenesis of both types of small RNAs (Yang et al., 

2006a).

HEN1 contains a methyl-transferase domain and can methylate the 3' ends of 

miRNA/miRNA* duplexes (Yang et al., 2006b; Yu et al., 2005). This methylation 

protects miRNAs from 3' uridylation activity, which may protect the miRNAs from 

poly-uridylation-mediated degradation (Li et al., 2005). The 5' cleavage products of the 

miRNA-guided mRNA cleavage can be uridylated, which is correlated with cleavage 

product degradation (Allen et al., 2005). Whereas neither HEN1 nor HYL1 are essential
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for miRNA biogenesis, the double mutant is infertile, suggesting a coordinated action 

between these two proteins is required for a complete life cycle (Vazquez et al., 2004a).

Plant miRNAs are thought to be processed in the nucleus. Cellular fractionation 

experiments reveal high levels of mature miR156 in the nuclear fraction (Park et al., 

2005). DCL1, HYL1, and SE colocalize in the nucleus and are associated with some 

Cajal body markers, but not with others, also suggesting pri-miRNA processing occurs in 

the nucleus (Fang and Spector, 2007; Fujioka et al., 2007; Song et al., 2007). Cajal 

bodies are possible locations within the nucleus for the assembly or modification of 

transcription machinery. Minute quantities of miR156* are detected compared to 

miR156 in both the nuclear and cytoplasmic fractions, suggesting that miR156 exists 

mainly as a single stranded RNA (Park et al., 2005). The presence of mature miRNA in 

both nuclear and cytoplasmic fractions supports a model in which nuclear excision of 

miRNAs is followed by export into the cytoplasm.

The exportin5/MSN5 Arabidopsis ortholog, HASTY (HST) (Bollman et al.,

2003), assists in miRNA export, as well as other RNAs, from the nucleus (Park et al., 

2005). hst was isolated in a screen for precocious juvenile to adult vegetative phase 

change (Telfer and Poethig, 1998), and hst mutants also display leaf (Berna et al., 1999; 

Serrano-Cartagena et al., 2000) and floral (Berna et al., 1999; Eshed et al., 2001; Serrano- 

Cartagena et al., 2000) morphological alterations. HST is localized to the nuclear 

periphery and interacts with RAN, further supporting a role in nuclear export (Bollman et 

al., 2003). The hst-3 mutant contains a 3 nt deletion that disrupts the interaction between 

HST and RAN (Bollman et al., 2003) and accumulates miRNA at lower levels the wild 

type, supporting the hypothesis that HST binds some miRNAs in a RAN-dependent
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manner (Park et al., 2005). The accumulation of miRNAs in the hst background varies 

depending on the miRNA and the tissue investigated (Park et al., 2005), suggesting that 

some miRNAs may use alternate methods to leave the nucleus, such as binding their 

targets in the nucleus and being exported together.

DCL1 is itself negatively regulated by miR162, and DCL1 mRNA accumulates in 

several mutants deficient in miRNA processing (Xie et al., 2003). miRNAs appear to be 

single stranded RNAs in the nucleus, and, in the hst background, the DCL1 mRNA and a 

small 3' fragment are elevated (Park et al., 2005) suggesting that a RNA-induced 

silencing complex (RISC) is present and active in the nucleus.

RISCs are multiprotein complexes that cleave (slice) mRNAs guided by an 

incorporated miRNA or short interfering RNA (siRNA) (discussed further in l.C.2.) 

(Tang et al., 2003). ARGONAUTE1 (AGOl) associates with miRNAs and siRNAs and 

functions as Slicer in RISCs (Baumberger and Baulcombe, 2005). AGOl is required for 

PTGS as indicated by an inability of agol mutants to silence GUS overexpression lines 

(Juarez et al., 2004; Morel et al., 2002). Certain miRNAs also fail to accumulate in agol 

mutants, and several miRNA target mRNA levels are increased (Vaucheret et al., 2004), 

suggesting that some functional miRNA-containing RISCs require AGOl. AGOl can 

also function independently of the multiprotein RISC to direct mRNA slicing 

(Baumberger and Baulcombe, 2005). The Argonaute family is defined by the presence of 

PAZ and PIWI domains (Carmell et al., 2002) and includes 10 members in Arabidopsis. 

PAZ domains bind single-stranded small RNA 3' ends. PIWI domains have a tertiary 

structure reminiscent of RNase enzymes (Lingel et al., 2003; Song et al., 2003; Yan et al., 

2003). The diversity of Argonaute proteins may provide specificity to various RISCs.
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l.C. Plant miRNAs

l.C .l. Identifying putative miRNAs

The first cloning of miRNAs from plants revealed 13 miRNA families composed 

of 37 loci in Arabidopsis (Llave et al., 2002a; Park et al., 2002; Reinhart et al., 2002). 

Many of these miRNA sequences are conserved from Arabidopsis to rice (Reinhart et al.,

2002). Sequence conservation was subsequently used to identify many miRNAs not 

previously cloned (Adai et al., 2005; Bonnet et al., 2004; Jones-Rhoades and Bartel,

2004; Wang et al., 2004), either due to low expression levels or tissue-specific 

expression. New technologies, including high-throughput nucleodtide 454 and Solexa 

sequencers, now allow deep sequencing of total RNA to reveal new miRNAs (Lu et al., 

2006; Rajagopalan et al., 2006), which may be species specific or accumulate to such low 

levels that no detection method was previously able to verify expression. These methods, 

along with massively parallel signature sequencing (MPSS) (Lu et al., 2005, Lu, 2006 

#2091), have allowed identification of new miRNAs by not limiting the data set to small 

RNAs that are conserved and highly expressed.

I.C.2. Verifying miRNAs

As the small RNA population is probed more deeply, more small RNAs with 

miRNA-like features have surfaced. To be classified as a miRNA a small RNA must be 

expressed and display the potential to be encoded by a hairpin structure (Ambros et al.,

2003). Conservation across species and decreased accumulation of the mature miRNA in 

dell mutants also supports classification of a small RNA as a miRNA (Ambros et al.,

2003), although conservation is not observed for species-specific miRNAs.
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Many miRNAs predicted by bioinformatics have had their expression verified 

using several methods, including RNA gel-blot assays (Jones-Rhoades and Bartel, 2004; 

Reinhart et al., 2002; Sunkar and Zhu, 2004; Wang et al., 2004), PCR validation (Jones- 

Rhoades and Bartel, 2004), MPSS data, and presence in small RNA databases (Wang et 

al., 2004).

miRNAs overlap in function and characteristics with siRNAs and tasi-RNAs. 

These RNAs are all 20-24 nt in length and act to post-transcriptionally regulate mRNAs 

(Ambros et al., 2003). In contrast to miRNAs, an RNA-dependent RNA polymerase 

(RDR) is required to create the dsRNA that serves as the precursor of short interfering 

RNAs (siRNAs). siRNAs often act upon the mRNA from which the siRNAs are derived 

and are not conserved across species, thus differentiating siRNAs from miRNAs (Ambros 

et al., 2003), which act upon mRNAs different from their precursor and are often 

conserved (Table 1-1) (Adai et al., 2005; Bonnet et al., 2004; Jones-Rhoades and Bartel, 

2004; Reinhart et al., 2002; Wang et al., 2004). tasi-RNAs derive from specific loci 

where the resulting mRNA is acted upon by RDR6/SGS3 to form a double-stranded RNA 

that is processed by DICER and acts to silence another mRNA. These tasi-RNA genes 

are normally not protein-coding, whereas siRNAs may be derived from protein-coding 

genes. Intriguingly, some miRNAs function in the phasing of tasi-RNAs (Allen et al., 

2005; Peragine et al., 2004; Rajagopalan et al., 2006; Vazquez et al., 2004b; Yoshikawa 

et al., 2005), where the cleavage directed by the miRNA denotes the end of the first tasi- 

RNA and therefore the subsequent cleave sites.
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Table 1-1. Conserved miRNA families and their predicted target families

miRNA
family Conservation* Predicted target family

Target
type

miR156/157 At, Os, Pt, Zm, Sb, 
Mt, So, Gm, Pp, Bn, 
Pta, Sm

SBP TF

miR159 At, Os, Sb, So, Gm, 
Zm, Pt, Pta, Sm, Ta

MYB TF

miR160 At, Os, Zm, Sb, Mt, 
Gm, Pt, Pp, Sm, Ta

ARF TF

miR162 At, Os, Zm, Mt, Pt, 
Pta

DCL1 nTF

miR164 At, Os, Zm, Sb, Pt, 
Ta

NAC TF

miR167 At, Os, Zm, Sb, So, 
Gm, Pt, Pp, Ta

ARF TF

miR168 At, Os, Sb, So, Gm, 
Zm, Pt

A G 01 nTF

miR169 At, Os, Zm, Sb, Mt, 
Gm, Pt

HAP2 TF

miR170/171 At, Os, Zm, Sb, Mt, 
Pt, Pp, Bn, Sm, Ta

SCL TF

miR172 At, Os, Zm, Sb, Gm, 
Pt

AP2 TF

miR319 At, Os, Sb, Mt, Gm, 
Zm, Pt, Pp, Sm

TCP TF

miR390 At, Os, Pt, Pp tasi-RNA nTF

miR393 At, Os, Sb, Mt, Zm, 
Pt, Bn

F-box proteins and bHLH transcription factors nTF

miR394 At, Os, Sb, Zm, Pt F-box proteins nTF

miR395 At, Os, Mt, Sb, Zm, 
Sb, Pt

ATP sulfurylases nTF

miR396 At, Os, Sb, So, Gm, 
Zm, Pt, Bn, Pta, Sm

GRF, rhodenase-like protein, kinesin-like 
protein B

nTF

miR397 At, Os, Pt laccases, beta-6 tubulin nTF

miR398 At, Os, Gm, Pt, Pta CSD, cytochrome C oxidase nTF
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Table 1-1. (continued) Conserved miRNA families and their predicted target families

miRNA
family Conservation* Predicted target family

Target
type

miR399 At, Os, Sb, Mt, Zm, 
Pt, Bn, Ta

phosphate transporter, E2 UBC nTF

miR403 At, Pt unknown nTF

miR408 At, So, Zm, Pt, Pp, 
Pta, Sm, Ta

laccase, plantacyanin nTF

miR413 At, Os splicing factor, MYB, PPR both

miR414 At, Os, Pp DEAD-box RNA helicase, F-Box proteins nTF

miR415 At, Os cellulose synthase, PPR nTF

miR416 At, Os F-box proteins nTF

miR417 At, Os RNA-directed RNA polym erase, ARF, 
SNF2domain/helicase domain-containing 
protein

both

miR418 At, Os homeobox protein TF

miR419 At, Os, Pp histadine kinase nTF

miR420 At, Os unknown

miR426 At, Os unknown

miR444 Os, Ta MADS TF

miR472 At, Pt putative d isease-resistance protein nTF

miR473 Pt, Pp UV-B-resistant protein, GRAS both

miR477 Pt, Pp GRAS, NAC, zinc finger protein both

miR482 Pt, Pta putative d isease  resistance protein nTF

miR529 Os, Pp unknown
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Table 1-1. (continued) Conserved miRNA families and their predicted target families

miRNA
family Conservation* Predicted target family

Target
type

miR535 Os, Pp unknown

miR536 Pp, Sm unknown

miR783 At, Pt unknown

‘Conservation established using miRBase, release 10.0 (Griffiths-Jones, 2004)
At ̂ Arabidopsis thaliana', Bn=Brassica napus; Gm=Glycine max', Mt=Medicago 
truncatula; Os=Oryza sativa', Pt=Populus trichocarpa\ Pta=Pinus taeda;
Pp=Physcomitrella patens', Sb=Sorghum bicolor, Sm=Selaginella moellendorjfii', 
So=Saccharum officinarum', Ta.=Triticum aestivum; Zm—Zea mays
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l.C.3. Conservation of plant miRNAs

Many miRNAs are conserved between Arabidopsis and rice (Jones-Rhoades and 

Bartel, 2004; Reinhart et al., 2002; Sunkar and Zhu, 2004; Wang et al., 2004). As 

additional plant genomes and small RNA populations are sequenced and bioinformatics 

approaches are refined, conserved and species-specific miRNAs have been found in a 

broad range of plants, ranging from moss (Arazi et al., 2005; Axtell and Bartel, 2005; 

Axtell et al., 2007; Fattash et al., 2007; Talmor-Neiman et al., 2006) to poppy (Barakat et 

al., 2007) to pine (Lu et al., 2007) (Table 1-1). Some miRNA families, such as miR160 

and miR390, appear to have a long history, as they are conserved from Arabidopsis to 

moss (Table 1-1) (Arazi et al., 2005; Axtell and Bartel, 2005; Axtell et al., 2007; Talmor- 

Neiman et al., 2006).

miRNAs can be derived from gene duplication events in which the resulting genes 

gain the ability to negatively regulate the parent gene (Allen et al., 2004). This miRNA 

evolution pathway is supported by certain Arabidopsis-specific miRNAs, such as miR161 

and miR163, which retain similarity in the miRNA flanking sequence to the gene that 

they regulate (Allen et al., 2004). It is possible that all miRNAs arose in this manner, and 

that miRNAs conserved across multiple species resulted from gene duplications early in 

plant evolution.

l.D. Plant miRNA mode of action

Small RNAs (sRNAs) can modulate target gene expression in three ways: 

transcriptional silencing, translational repression, and mRNA cleavage. The mode of
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regulation depends on several factors, such as genomic origin and the degree of 

sRNA:mRNA complementarity.

sRNAs can derive from retrotransposons and centromeric repeats and result from 

Pol IV transcription. These sRNA transcripts can be acted on by RDR2 and DCL3 to 

create cis-acting siRNAs (casi-RNAs) (Xie et al., 2004). casi-RNAs can promote DNA 

or histone modifications at the loci from which they derived, causing transcriptional 

silencing (Chan et al., 2004; Lippman et al., 2004; Xie et al., 2004).

l.D .l. Plant miRNAs direct mRNA cleavage

Most plant miRNAs direct mRNA cleavage. This mode of action is supported by 

several lines of evidence: overexpression of miRNAs can cause a reduction in target 

mRNA levels (Achard et al., 2004; Aukerman and Sakai, 2003; Baker et al., 2005; Bari et 

al., 2006; Chen, 2004; Chiou et al., 2006; Fujii et al., 2005; Guo et al., 2005; Kim et al., 

2005; Laufs et al., 2004; Mallory et al., 2004a; Nikovics et al., 2006; Palatnik et al., 2003; 

Schwab et al., 2005; Wang et al., 2005b; Williams et al., 2005; Yamasaki et al., 2007; 

Zhou et al., 2007), and some viral repressors of RNA silencing accumulate miRNA target 

mRNAs because of miRNA-pathway impairment (Chapman et al., 2004; Dunoyer et al., 

2004; Kasschau et al., 2003; Lakatos et al., 2004; Mallory et al., 2002; Vargason et al., 

2003; Ye et al., 2003). Wheat germ assays show and Arabidopsis lysates contain 

miRNA-guided Slicer activity (Qi et al., 2005; Tang et al., 2003). Moreover, many of the 

3'-cleavage products that result from miRNA guided Slicer activity in vivo can be 

detected by 5'-rapid amplification of cDNA ends (5'-RACE) assays (Allen et al., 2005; 

Chen et al., 2004; Jones-Rhoades and Bartel, 2004; Kasschau et al., 2003; Llave et al., 

2002b; Mallory et al., 2005; Mallory et al., 2004a; Mallory et al., 2004b; Palatnik et al.,
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2003; Sunkar et al., 2005; Vazquez et al., 2004a; Xie et al., 2003), and the 5' ends of 

these 3'-cleavage products are found at the expected position for RISC-mediated 

cleavage. Finally, RNA gel-blot assays have demonstrated that 3' cleavage products can 

be observed and that these cleavage products do not accumulate in miRNA-pathway 

mutants (Kasschau et al., 2003; Llave et al., 2002b; Mallory et al., 2005; Souret et al.,

2004).

High complementarity between the miRNA and target mRNA correlates with the 

likelihood that the target mRNA will be cleaved (Emery et al., 2003; Mallory et al., 

2004b; Palatnik et al., 2003; Vaucheret et al., 2004). Conversely, as complementarity 

decreases, translational attenuation is more likely to be the mode of action (Zeng et al.,

2003), wherein mRNA levels remain unchanged, but protein levels decrease.

I.D.2. A miRNA with an alternate mode of action

Most animal miRNAs, which display limited complementarity with their target 

mRNAs, regulate targets via translational repression (reviewed in (Leung and Sharp, 

2006; Zhang et al., 2007)). Whereas most plant miRNAs regulate mRNA by directing 

cleavage, one miRNA has been identified which negatively regulates its target mRNA by 

transcriptional repression.

Although miR172 is highly complementary to its target, APETALA2 (AP2), 

miR172 overexpression results in high accumulation of AP2 mRNA, but a severe 

reduction in AP2 protein levels (Aukerman and Sakai, 2003; Chen, 2004). This 

discrepancy in mRNA expression and protein accumulation is observed even though a 

high degree of complementarity exists between miR172 and the coding region AP2 

(Rhoades et al., 2002).
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Microarray analysis reveals that only TOE2 mRNA is significantly decreased in 

accumulation when miR172 is overexpressed (Schwab et al., 2005), although cleavage 

products for AP2 and TOE1, TOE2, TOE3, SMZ, and SNZ, the other miR172 targets, are 

identified using 5'-RACE (Kasschau et al., 2003; Schwab et al., 2005). TOE1 also 

displays an inverse relationship with miR172: as plants mature, TOE1 accumulation 

decreases, whereas miR172 accumulation increases (Jung et al., 2007). Moreover, TOE1 

and AP2 cleavage product accumulation increases when miR172 is overexpressed, 

although no significant changes in total TOE1 or AP2 mRNA levels are observed 

(Schwab et al., 2005). When a miR172-resistant AP2 is overexpressed, reduced 

endogenous AP2 levels suggest the miR172 targets negatively regulate their own 

expression levels, resulting in steady-state mRNA levels (Schwab et al., 2005).

miR172 is positively regulated by GIGANTEA (GI) (Jung et al., 2007), a nuclear 

gene involved in photosensitive flowering and circadian rhythms (Park et al., 1999), 

independent of CONSTANS (Jung et al., 2007), which is a Gl-regulated component of 

the photoperiodic flowering pathway (Mizoguchi et al., 2005). miR172 can promote 

flowering by downregulating TOE1, which also acts in the photoperiodic flowering 

pathway (Jung et al., 2007). Thus, miR172 affects both floral organ development and 

time to flowering by regulating a family of AP2-domain transcription factors.

I.E. Predicting miRNA targets

As previously mentioned, unlike animal miRNAs, which exhibit only about seven 

nucleotides of complementarity to their targets, plant miRNA target prediction is 

facilitated by a high complementarity between the miRNA and the target mRNA 

(Rhoades et al., 2002). This complementarity has led to the development of many
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bioinformatic approaches for scanning genomes to identify miRNAs, as well as mRNAs 

with a high likelihood of being miRNA targets (Bonnet et al., 2004; Jones-Rhoades and 

Bartel, 2004; Rhoades et al., 2002; Sunkar and Zhu, 2004; Wang et al., 2004). These 

approaches vary slightly in the criteria that query must meet to distinguish a miRNA 

target from background noise.

The first cloned miRNAs (Llave et al., 2002a; Park et al., 2002; Reinhart et al., 

2002) target mainly transcription factors (Rhoades et al., 2002), such as a subset of the 

NAC domain transcription factors (discussed in Chapter 4). To date, 65 out of 95 

confidently predicted or confirmed targets of conserved miRNAs encode transcription 

factors (Jones-Rhoades et al., 2006). Although the majority of currently known miRNAs 

regulate transcription factor families, several enzyme encoding mRNAs, such as 

superoxide dismutase (discussed further in Chapter 5), have also been identified as 

miRNA targets (Rhoades et al., 2002; Sunkar and Zhu, 2004).

Because plant miRNAs direct cleavage of target mRNAs, the primary method of 

target verification is the 5'-RACE assay, in which the exact cleavage site of the mRNA is 

mapped (reviewed in Jones-Rhoades et al., 2006). Other miRNA targets have been 

verified by altering the miRNA complementary site while maintaining the amino acid 

sequence (reviewed in Jones-Rhoades et al., 2006). Thus any derived phenotype is due 

solely to the inability of the miRNA to regulate the target.

Various mutants are also used to validate computationally predicted miRNAs and 

their targets. For example, because dell-9 has reduced levels of miRNAs (Park et al., 

2002; Reinhart et al., 2002), some miRNAs have been validated by a failure to 

accumulate or accumulating low levels in del mutants (Xie et al., 2005). Conversely,
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target mRNAs accumulate to higher levels in dell (Vazquez et al., 2004a). dell plants 

exhibit pleiotropic morphological phenotypes, including embryonic arrest, ovule defects, 

female sterility, altered leaf shape, and delayed transition to flowering (Schauer et al.,

2002). Therefore it is likely that DCL1 activity, and by extension miRNAs, are required 

for a broad range of developmental pathways. As more miRNA-resistant targets are 

engineered (discussed further in 1.F.2), the phenotypes of dell mutants are starting to be 

explained. For example, miR172-resistant AP2 plants display several phenotypes similar 

to dell, including delayed flowering (Chen, 2004).

Plant viruses have evolved silencing suppressors that can disable sRNA-based 

host defenses, which has allowed further insights into miRNA function. For example, the 

tombusvirus pl9 protein and the Beet yellows virus p21 protein bind siRNA or miRNA 

duplexes, inhibiting functional incorporation of both siRNAs and miRNAs into RISCs 

(Chapman et al., 2004; Dunoyer et al., 2004; Lakatos et al., 2004; Vargason et al., 2003; 

Ye et al., 2003). Turnip mosaic virus Pl/HC-Pro also affects miRNA function (Dunoyer 

et al., 2004; Kasschau et al., 2003; Mallory et al., 2002) and displays an increased 

accumulation of several miRNA target mRNAs (Kasschau et al., 2003), but appears to 

interfere at a different point than pl9 (Lakatos et al., 2004).

l.F . Uncovering the biological functions of miRNA-target pairs

Although miRNAs negatively regulate complementary target mRNAs, the 

biological roles of this regulation must be elucidated for each miRNA-mRNA pair.

These roles can be explored in several ways, as discussed in further detail below.
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l.F.l. miRNA overexpression

miRNA overexpression is a commonly used method for establishing the function 

of both a miRNA family and the target mRNA family. Some miRNAs, such as miR319 

(discussed in l.F.l.A.), have even been isolated through overexpression. Many miRNAs 

target several members of the same protein family. Therefore, by overexpressing a single 

miRNA locus, multiple members of a protein family can be downregulated (Achard et al., 

2004; Fujii et al., 2005; Guo et al., 2005; Kidner and Martienssen, 2004; Laufs et al., 

2004; Mallory et al., 2005; Mallory et al., 2004a; Palatnik et al., 2003; Schwab et al., 

2005; Wang et al., 2005b; Williams et al., 2005; Yamasaki et al., 2007). This family 

knock-down approach can be especially useful when multiple targets have overlapping 

function and may provide an alternative to the production of multiple loss-of-function 

mutants that are unobtainable by crossing due to gene linkage or difficult to obtain 

because of multiplicity (e.g. quadruple or quintuple mutants).

Whereas siRNAs can cause off-target effects (Hannon and Rossi, 2004; Jackson 

et al., 2003), in which not only the intended target is downregulated, but also targets with 

more limited complementarity, and microarray analysis of plants overexpressing various 

miRNAs reveals that plant miRNAs specifically regulate only their target mRNAs with 

little to no discernable effects on non-target mRNAs (Schwab et al., 2005); whether 

miRNA overexpression has effects on off-target protein accumulation has not been 

investigated. Others and I have overexpressed many miRNAs (Table 1-2; see also Table 

3-2). Analysis of these overexpression lines has revealed that miRNA function in many 

aspects of plant development, from shoot development (miR170/171 is discussed further
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in Chapter 3) to flower formation (discussed further in Chapter 4) to growth tolerances 

(discussed further in Chapter 5).

l.F .l.A . The miR319/159 family affects leaf morphology

Whereas most plant microRNAs were discovered through cloning, a few have 

been identified through mutant screens. For example, miR319 (miR-JAW) was first 

identified out of an activation tagging screen (Weigel et al., 2000). Overexpression of 

miR-JAW results in uneven leaf shape and curvature (Palatnik et al., 2003) reminiscent 

of the snapdragon cin mutants (Nath et al., 2003). Microarray analysis reveals that five 

TCP transcription factor transcripts, related to CIN, are decreased in jaw-D (mir319) 

mutants (Palatnik et al., 2003). A seven amino acid stretch near the TCP domain is 

highly conserved in the subset of TCP genes that are decreased in jaw-D  mutants 

(Palatnik et al., 2003). The RNA encoding this stretch displays few synonymous 

substitutions among the affected genes and is partially complementary to miR159 and 

also to a portion of the JAW locus (Palatnik et al., 2003).

RNA gel-blots probed with a 20-nt probe complementary to miR-JAW displayed 

accumulation in various plant tissues, whereas a 21-nt probe for miR159 did not show 

increased accumulation (Palatnik et al., 2003), illustrating that miR-JAW (miR319) is 

itself a miRNA distinct from, but related to, the miR159 family. Target mRNA 

regulation was confirmed by 5'-RACE assays and exposed an overlap in miR-JAW and 

miR159 (targets MYB33 and MYB65) function, as miR-JAW directed cleavage sites are 

detected in the MYB33 and MYB65 mRNAs (Palatnik et al., 2003). However, MYB33 

and MYB65 are not downregulated in the jaw-lD  mutant, reconfirming that miR-JAW 

primarily targets a subset of five TCP genes (Palatnik et al., 2003).
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Table 1-2. Consequences of miRNA overexpression

miRNA Locus Target family C onsequences of overexpression
miR156 M IR156tf SPL transcription 

factors
increased leaf number, decreased  apical 
dominance, delayed flowering time

miR159 MIR159ab MYB transcription 
factors

smaller rounder leaves, increased leaf 
number, male sterility, delayed flowering

miR319 MIR31SF TCP transcription 
factors

uneven leaf shape and curvature, late 
flowering

miR160 MIR 160c? ARF transcription 
factors

agravitropic roots, disorganized root 
caps, increased lateral roots

miR164 MIR164aeb

MIR164bem

MIR164<fb

NAC domain 
transcription factors

weak vegetative and floral organ fusions, 
cup-shaped cotyledons, low levels of leaf 
serrations

vegetative and floral organ fusions, cup
shaped cotyledons, low levels of leaf 
serrations, fewer lateral roots

floral organ fusions, low levels of leaf 
serrations

miR165/166 MIR165d

MIR 166at 

MIR166ct

HD-ZIP transcription 
factors

loss of shoot apical meristem, alteration 
of organ polarity, abnormal formation of 
carpels, inhibition of vascular 
development, aberrant differentiation of 
interfascicular fibers

altered vasculature, female sterility, 
fasciated apical m eristems

vasculature patterning defects, fasciated 
apical m eristem s, female sterility, 
epinastic leaves

miR167 MIR 1 6 7 ^ ,  
MIR167bfn, 
MIR167dn, 
MIR 167cT

ARF transcription 
factors

twisted leaves, short inflorescences and 
arrested flower developm ent to wild-type 
phenotypes depending on the locus

m iRl72 MIR172cf° AP2-like transcription 
factors

early flowering, ab sen ce  of petals, 
transformation of sepa ls  to carpels

miR398 M IR398tf CSD, cytochrome C 
oxidase

no increase in CSD1 and CSD2 protein 
after exposure to high copper

miR399 MIR399aP,
MIR399C?,
MIR399cf,
M IR399fs

Phosphate 
transporter, E2 UBC

phosphate accumulation

“(Schwab et al., 2005), b(Achard et al., 2004), c(Palatnik et al., 2003), d(Wang et al., 
2005b), e(Laufs et al., 2004), f(Mallory et al., 2004a), g(Baker et al., 2005), h(Nikovics et 
al., 2006), '(Guo et al., 2005), j(Zhou et al., 2007), k(Kim et al., 2005), '(Williams et al., 
2005), m(Wu et al., 2006), "(Aukerman and Sakai, 2003), °(Chen, 2004), p(Yamasaki et 
al., 2007), q(Chiou et al., 2006), r(Bari et al., 2006), s(Fujii et al., 2005)
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l.F.2. miRNA loss-of-function mutants

In addition to overexpression, miRNA loci can sometimes be knocked-down to 

reveal the functions of a single miRNA or miRNA family (Nikovics et al., 2006; Sieber 

et al., 2007). As with any gene family, there can be overlap in both function and 

expression of the miRNAs, which can result in the need for double or triple mutants. The 

only miRNA family that has been investigated in this way is miR164 ((Nikovics et al., 

2006; Sieber et al., 2007), discussed in Chapter 3). Due to the small size of the miRNA 

primary transcript, generally less than 1 kb (Jones-Rhoades and Bartel, 2004; Xie et al.,

2005), and the even smaller pre-miRNA (miRBase, release 10.0 (Griffiths-Jones, 2004)), 

generally several hundred nucleotides, T-DNA insertions are not often found near or 

within miRNA loci. Additionally, many miRNAs are generated from families containing 

four or more members (miRBase, release 10.0 (Griffiths-Jones, 2004)), suggesting that a 

single knock-down mutant would yield limited, if any, information about the action of the 

family. I isolated various T-DNA mutants near or within loci from several small miRNA 

families (Table 3-1); the results of the analysis of these mutants are discussed in 

Chapters 3 through 5.

I.F.3. miRNA-resistant target genes

Another approach to exploring miRNA function involves the creation of 

miRNA-resistant targets. Most plant miRNA targets contain miRNA complementary 

sites within the coding region of the mRNA (Bonnet et al., 2004; Jones-Rhoades and 

Bartel, 2004; Rhoades et al., 2002; Sunkar and Zhu, 2004; Wang et al., 2004). As 

mentioned previously, several groups have altered the mRNA sequence such that the
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miRNA no longer recognizes the target, while the original amino acid sequence is 

maintained (Table 1-3) (Chen, 2004; Emery et al., 2003; Fujii et al., 2005; Guo et al., 

2005; Laufs et al., 2004; Liu et al., 2007; Mallory et al., 2005; Mallory et al., 2004a; 

Mallory et al., 2004b; Millar and Gubler, 2005; Palatnik et al., 2003; Vaucheret et al., 

2004; Wang et al., 2005b). These miRNA-resistant targets can be introduced into 

transgenic plants and expressed behind their genomic upstream regulatory region or 

driven by constitutive promoters. The phenotypes that result from freeing a target from 

miRNA-directed regulation (Table 1-3) are expected to resemble those that would be 

seen in a miRNA loss-of-function mutant.

I.F.3.A. miR165/166 targets PHABULOSA , PHAVOLUTA , and REVOLUTA

The first miRNA-resistant target mutations were actually characterized before the 

discovery of plant miRNAs. Dominant alleles of two members of the HD-ZIPIII 

transcription factor family, PHABULOSA (PHB) and PHAVOLUTA (PHV), display gross 

morphological abnormalities stemming from altered leaf polarity (McConnell and Barton, 

1998; McConnell et al., 2001). phb-3d, phb-4d, phb-5d, andphv-ld  contain glycine to 

glutamic acid changes near the START domain, a predicted sterol/lipid-binding domain, 

which result in the conversion of abaxial (underside of leaves) to adaxial (top side of 

leaves) fates in leaves (McConnell and Barton, 1998; McConnell et al., 2001). These 

mutations are all within the miR165/166 complementary site (Rhoades et al., 2002), 

suggesting that the dominant phb and phv phenotypes result from disrupted miR165/166 

regulation in these mutants. Subsequent experiments have revealed that silent mutations
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Table 1-3. Phenotypes of disrupting miRNA regulation of specific targets

miRNA-resistant
target miRNA family Promoter Phenotype
MYB33 miR159 35Sa upward curled leaves
MYB33 miR159 Endogenousb reduced plant size; shorter 

internode lengths; reduced 
fertility; rounder, curled leaves

TCP4 miR319 Endogenous 
and 35Sa

seedling arrest; lack of a shoot 
apical meristem; bushy rosettes; 
abnormal inflorescences

TCP2 miR319 35Sa long hypocotyls; sm aller and 
greener plants; reduced apical 
dominance

ARF10 miR160 Endogenous0 altered rosette leaf sh ap e  with 
serrations; abnormal flowers; 
twisted siliques; impaired 
seedling establishm ent

ARF16 miR160 Endogenous 
and 35Sd

fewer lateral roots; miniature 
organs; upcurled leaves; and 
reduced fertility

ARF17 miR160 Endogenous6 enhanced leaf serration; 
accelerated flowering; altered 
flower morphology; reduced 
fertility

CUC1 miR164 35Sf m isshapen sepals; petals; and 
stam en

CUC1 miR164 Endogenous9 short petioles; altered leaf shape; 
extra petals; missing sepals

CUC2 miR164 35Sh reduction of internode elongation; 
small floral organs; reduced 
fertility; m isshapen sepals, petals, 
and stam en

CUC2 miR164 Endogenous' increased leaf serration; small 
wrinkled leaves; altered flower 
phyllotaxy; increased floral organ 
boundary separation

CUC2 miR164 lnducibleh leaf growth inhibition
NAC1 miR164 35S< increased lateral root number

REV miR165/166 Endogenous1* ectopic leaf tissue fused to stem; 
radialized vasculature and leaves

PHB miR165/166 35S1 adaxially radialized leaves; 
ectopic patches of adaxial tissue 
on the abaxial surface; and 
ectopic meristem s
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Table 1-3. (continued) Phenotypes of disrupting miRNA regulation of specific targets

miRNA-resistant
target miRNA family Promoter Phenotype
ARF6 miR167 Endogenous small leaves; sterile flowers; 

integument defects affecting 
pollen tube guidance and embryo 
development

ARF8 miR167 Endogenous"1 small leaves; sterile flowers; 
arrested integument growth

AG 01 miR168 Endogenous" shorter stature, asymmetric 
rosette leaf formation, twisted or 
spoon-shaped leaves, 
disorganized phyllotaxy, 
accelerated sen escen ce  of 
leaves, reduced fertility

AP2 miR172 35S° floral defects, delayed flowering

CSD2 miR398 35SP increase resistance to high light, 
high copper or paraquat

UBC miR399 35Sq reduced response to low 
phosphate

“(Palatnik et al., 2003), b(Millar and Gubler, 2005), c(Liu et al., 2007), d(Wang et al., 
2005b), e(Mallory et al., 2005), f(Baker et al., 2005), g(Mallory et al., 2004a), h(Laufs et 
al., 2004), '(Nikovics et al., 2006), J(Guo et al., 2005), k(Emery et al., 2003), ‘(Mallory et 
al., 2004b), m(Wu et al., 2006), "(Vaucheret et al., 2004), °(Chen, 2004), "(Sunkar et al., 
2006), q(Fujii et al., 2005)
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within the miR165/166 complementary site recapitulate the dominant phenotype of phb-d 

(Mallory et al., 2004b).

A mutant in the HD-ZIPIII REVOLUTA, rev-lOd, also contains a point mutation 

near miR165/166 complementary site (Emery et al., 2003). Although REV is a member 

of the same family as PHV and PHB, dominant mutants did not display abnormalities in 

abaxial and adaxial leaf patterning, but rather radialized vascular patterning (Emery et al.,

2003). Expression of a REV cDNA with silent mutations that disrupt miRNA 

complementarity while conserving the amino acid sequence driven from the REV 

upstream regulatory sequence recapitulates the rev-lOd phenotype (Emery et al., 2003). 

This experiment, as well as the similar PHB manipulation (Mallory et al., 2004b), 

elegantly demonstrates that the amino acid substitutions did not cause the dramatic 

phenotypes observed in the gain-of-function mutations in this family, but rather 

disruption of miR165/166 regulation was the cause. In this way, the discovery of 

miRNAs has lead to a clearer understanding of previously puzzling phenotypes.

Regulation of PHB, PHV, and REV by miR165/166 is conserved across species.

A phv mutant in Nicotiana sylvestris, which causes leaf and stem veins to develop as 

disconnected loops and impedes meristem function, is caused by a silent mutation that 

disrupts the miRNA complementary site (McHale and Koning, 2004). Rolled leafl- 

Original (R ld l-0 ) a maize mutant in the REV ortholog, causes an upward curling of 

leaves and altered leaf polarity (Juarez et al., 2004). Although the R ld l-0  mutation 

causes an amino acid change, it occurs at the 5' end of the miR165/166 complementary 

site (Juarez et al., 2004), suggesting the dominant phenotype results from impaired 

miR165/166 regulation.
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I.F.3.B. miRNA-resistant targets have been driven by various promoters

Occasionally, investigators have driven miRNA-resistant and wild-type targets 

by both genomic and constitutive promoters (Palatnik et al., 2003; Wang et ah, 2005a), 

thus revealing an additional layer of information about the miRNA family, such as the 

basal level of miRNA compared to target mRNA levels. For example, a wild-type 

ARF17 transgene driven by the strong 35S promoter is still downregulated, suggesting 

that miR160 levels are high enough in the tissues tested to compensate for the increased 

transcript levels (Mallory et ah, 2005).

Some miRNAs are expressed throughout development and in various tissue types, 

whereas others display a more restricted expression pattern (Jones-Rhoades and Bartel, 

2004; Reinhart et ah, 2002; Sunkar and Zhu, 2004). The method by which miRNA- 

resistant transgenes are expressed is therefore important. For example, when driven 

behind a constitutive promoter, the miR164 target CUP-SHAPED COTYLENDONS1 

(CUC1) displays adventitious root formation on cotyledons and rosette leaf fusion along 

the margin of the petioles and leaves (Takada et ah, 2001). In contrast, when CUC1 is 

expressed behind its genomic upstream regulatory region, plants remain wild-type in 

appearance (Mallory et ah, 2004a). This example highlights the importance of using the 

genomic upstream regulatory region when exploring the effects of miRNA target 

regulation, as constitutive or high level expression may generate misleading results due to 

expression of the target mRNA in places or times when the transcript is not normally 

found.

I have explored the roles of the miR398 targets by expressing miRNA-resistant 

targets expressed by their genomic upstream regulatory region and compared my results
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with those derived from the observation of a constitutively expressed miR398-resistant 

target (discussed in Chapter 5) (Sunkar et al., 2006).

In conclusion, the wealth of knowledge about the identity of miRNAs and their 

targets, along with the ease of genetic manipulation in the plant, makes Arabidopsis 

thaliana an ideal system in which to study miRNA function. In the following chapters, I 

detail my contributions to the understanding of miRNAs and their functions in plants.
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Chapter 2: M aterials and Methods

2.A. Plant materials and growth conditions

All Arabidopsis plants in this study were in the Columbia-0 (Col-0) accession. 

Seeds were surface sterilized for 10-15 minutes with 20% [v/v] bleach, 0.01% [v/v] 

Triton X-100 detergent solution, rinsed twice with sterile water, and suspended in 0.1% 

[w/vj agar (Last and Fink, 1988). Seeds were then plated on plant nutrient medium (PN) 

(Haughn and Somerville, 1986) supplemented with 0.5% [w/v] sucrose (PNS), unless 

otherwise noted, under continuous light in Percival incubators. For miR398-related 

experiments, all lines were grown on PN made without the addition of micronutrients 

(PNwon) to elminate copper from the media. PNwon was occasionally supplemented 

with various concentrations of sucrose and CuS04 as indicated. After 8-15 days growth, 

plants were transferred to soil (Metromix 200, Scotts, Marysville, OH) and grown to 

maturity at 22-25 °C under continuous white light (Sylvania Cool White fluorescent 

bulbs, Danvers, MA).

2.B. Phenotypic analysis

2 .B .I . R oot elongation  and lateral root num ber

Seeds were surface sterilized and plated on media supplemented with various 

compounds. Plants were grown for 8 days at 22 °C under white light unless otherwise 

noted, after which primary root length was measured to the closest mm. For assaying 

lateral root number, plants were grown for 4 days on PN or PNS and the transferred to
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PN or PNS with various concentrations of compounds, unless otherwise noted. Roots 

were usually dyed with 0.1% toludine blue pH 4.4 before counting lateral roots. This dye 

stains roots, but not root tips, making lateral root emergence easier to document.

2.B .2. H ypocotyl elongation

Seeds were surface sterilized and plated on media supplemented with various 

compounds. Plants were grown for 1 day at 22 °C under white light, before being 

transferred to the dark for 5 days unless otherwise noted. After this growth period, 

hypocotyl length was measured to the closest mm.

2.C. DNA constructs and transformations

2 .C .I . P lasm id  preparation  and transform ation

2.C.I.A. Escherichia coli transformation and growth conditions

Chemically competent TOP 10 (Invitrogen, Carlsbad, CA), Machl (Invitrogen, 

Carlsbad, CA), NEB5 alpha (New England BioLabs, Ipswich, MA) cells were stored at 

-80 °C until use. After E. coli cells were thawed on ice, 2-5 piL of DNA was added to the 

cells and incubated on ice for 5-30 minutes. Cells were heat shocked in a water bath at 

42 °C for 30 seconds, then returned to ice for 2 minutes. Cells were incubated for one 

hour with shaking at 30-37 °C with 250 }iL SOC medium prior to plating on LB plates 

supplemented with the appropriate antibiotic.
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2.C.I.B. Agrobacterium tumefaciens transformation and growth conditions

The Agrobacterium tumefaciens strain GV3101 (Koncz et al., 1992) was used for 

plant transformation. Cells were transformed with plasmid DNA using electroporation, 

allowed to recover at room temperature in 500 pL  SOC medium, and grown at room 

temperature for 2-3 days on plates containing L B  supplemented with 50 pigtmL 

gentamycin and 50 / i g / m L  kanamycin.

2.C.I.C. Arabidopsis thaliana transformation

Arabidopsis plants were transformed using the floral dip method (Clough and 

Bent, 1998).

2.C.I.D. Identification of transformed plants

The progeny (T,) from the dipped plants were screened on 150 mm, round plates 

of PN supplemented with the appropriate antibiotic or herbicide. Resistant plants were 

verified to contain the transgenic DNA using one gene-specific and one vector-specific 

primer using isolated plant DNA (see 2.B.6.). Progeny (T2) of the T, plants were 

screened for a 3:1 ratio of antibiotic or herbicide resistance to sensitivity, and 

homozygous T3 lines were identified from the progeny of these T2 plants.

2.C.2. miRNA overexpression

DNA of interest was PCR-amplified from plant genomic DNA or plasmid DNA 

using ExTaq (Clonetech, Mountainview, CA) or TripleMaster (Eppendorf, Westbury,

NY) polymerase with primers designed to include restriction enzyme sites appropriate for 

the target vector. PCR products were gel purified using a gel matrix extraction kit
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(Quiagen, Valencia, CA) or the glass wool method, wherein the gel slice was placed in a 

0.5 mL eppendorf tube (with the bottom punctured) over glass wool in a 1.5 mL 

eppendorf tube. The apparatus was centrifuged for 5 minutes at 12,000 rpm and the 

DNA-water mixture was ethanol precipitated. 3-4 fiL of purified PCR product were used 

in pCR4-TOPO (Invitrogen, Carlsbad, CA) ligations. E. coli were then transformed with 

the cloning reactions, individual colonies were chosen, and the plasmid DNA was 

sequenced to identify any PCR-induced mutations. Subsequent DNA subcloning 

between vectors was done using the designed restriction enzyme sites resulting in 

insertion into the 35SpBARN vector for overexpression (LeClere and Bartel, 2001). 

Constructs discussed here are shown in Table 2-1 and were created with primers shown 

in Table 2-2.

2.C.2.A. miR160 overexpression

To make the 35S\MIR160a, 35S:MIR160b, and 35S\MIR160c constructs, I PCR- 

amplified DNA from Col-0 plants using ExTaq polymerase and the primers MIR160a-Cl 

and MIR160a-C2, MIR160b-Cl and MIR160b-C2, and MIR160c-Cl and MIR160c-C2, 

respectively. The primer pairs create flanking Xhol and Notl sites. The resulting 780 bp 

MIR160a amplicon contained the MIR160a hairpin and 287 bp upstream and 414 bp 

downstream genomic sequence. The 650 bp MIR160b amplicon contained the MIR160b 

hairpin and 171 bp upstream and 368 bp downstream genomic sequence. The 740 bp 

MIR160c amplicon contained the MIR160c hairpin and 268 bp upstream and 391 bp 

downstream genomic sequence. The PCR-amplified products were gel purified using a 

Matrix Gel Extraction kit (Marligen Biosciences, Ijamsville, MD) and subcloned into the 

pCR4-TOPO vector (Invitrogen, Carlsband, CA) to give pCR4-MIR160a, pCR4-
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MIR160b, and pCR4-MIR160c. I sequenced the resulting clones and found no PCR- 

derived mutations. The Xhol-Notl insert from the pCR4-MIR160s was subcloned into 

XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 2001), resulting in MIR160a, MIR160b 

and MIR160c expression driven from the cauliflower mosaic virus 35S promoter.

I transformed this 35S\M1R160 constructs into A. tumefaciens GV3101 (Koncz et 

al., 1992), and transformed Col-0 via the floral dip method (Clough and Bent, 1998). 

Transformants were identified by growth on PN medium supplemented with 7.5 /rg/mL 

glufosinate ammonium (Cresent Chemical, Augsburg, Germany) under continuous light 

at 22 °C for approximately 14 days. Seedlings were then transplanted to soil for seed set. 

Plant transformation was confirmed by PCR amplification of genomic DNA prepared 

from a leaf (Celenza et al., 1995) with the primers 35S-F and MIR160a-C2,

MIR160b-C2, and MIR160c-C2, which yielded ~l-kb products from Col-0

(35SMIR394) plants. Homozygous plants were identified in subsequent generations by

examining the pattern of glufosinate resistance in the progeny of transformants.

2.C.2.B. miR164 overexpression

To make the 35S:MIR164b construct, I PCR-amplified genomic DNA from Col-0 

plants using oligonucleotides MIR164b-C3 and MIR164b-C2, which have flanking Xhol 

or Notl sites. The resulting 889 basepair (bp) product encoded the predicted miR164b 

hairpin precursor along with 385 bp of upstream and 355 bp of downstream sequence. 

The PCR amplification product was gel purified using a Matrix Gel Extraction kit 

(Marligen Biosciences, Ijamsville, MD) and subcloned into the pCR4-TOPO vector 

(Invitrogen).
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Table 2-1. List of constructs used in this study

35

Name Strain Construct Purpose
35S:5mCOX5b. 15,UTR:GFP 2062 5mCox5bGFPpBARN

#30
GFP senso r for miR398 action 
on 5m COX5b.1

35S \5mCOX5b. 1guTR:GUS 2064 5mCox5bpBI121 #41 GUS sensor for miR398 action 
on 5m COX5b.1

35S:5mCSD  1 S,UTR:GFP 2058 5mCSDlGFPpBARN
#3

GFP sensor for miR398 action 
on 5m CSD1

35S \5mCSD 1gUTR:GUS 2060 5mCSD1pBI121 #17 GUS sensor for miR398 action 
on 5mCSD7

35S :MIR158 1506 MIR158-OE MIR 158 overexpression

35S .MIR 160a 1709 MIR160a-OE MIR 160a overexpression

35S \MIR160b 1478 MIRl60b-OE MIR 160b overexpression

35S: MIR160C 1704 MIR160C-OE MIR 160c overexpression

35S.MIR161 1500 MIR161-OE MIR 161 overexpression

35S : MIR 163 1479 MIR163-OE MIR 163 overexpression

35S\M IR164b 1491 MIRl64b-OE MIR 164b overexpression

35S :MIR169 1492 MIR169-OE MIR 169 overexpression

35S \MIR 170 1705 MIR170-OE MIR 170 overexpression

35S :MIR171a 1493 MIR171-OE MIR171a overexpression

35S .MIR 171b 1706 MIR171 b-OE MIR 171b overexpression

35S:MIR171c 1707 MIR171C-OE MIR 171c overexpression

35S :MIR393a 1512 MIRtir_a-OE MIR393a overexpression

35S:MIR393b 1513 MIRtir_b-OE MIR393b overexpression

35S: MIR394a 1561 MIR UFOL_a-OE MIR394a overexpression

35S: MIR394b 1708 MIR394b-OE MIR394b overexpression

35S :MIR395a 1559 MIR SULF_a-OE MIR395a overexpression

35S \MIR395f 1560 MIR SU LFJ-O E MIR395f overexpression

35S :MIR397a 1507 F1_G02-4-OE MIR397a overexpression
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Table 2-1 (continued). List of constructs used in this study

Name Strain Construct Purpose

35S :MIR397b 1501 F1_G02-4_1-OE MIR397b overexpression

35S :MIR398c 1547 MIR S1_B10-6b-OE MIR398C overexpression

35S:pBARN 1305 35SpBARN Overexpression vector

35S: WTCOX5b. 15,UTR:GFP 2063 WTCox5bGFPpBARN
#34

GFP senso r for miR398 action 
on COX5b. 1

35S: WTCOX5b. 1s.utr:GUS 2065 WTCox5bpBI121 #46 GUS sensor for miR398 action 
on COX5b. 1

35S: WTCSD15,utr:GFP 2059 WTCSD1GFPpBARN 
#9

GFP sensor for miR398 action 
on CSD 1

35S: WTCSD 1guTR:GUS 2061 WTCSD1pBI121 #22 GUS senso r for miR398 action 
on CSD1

5mCOX5b. 1 1929 5mCox5bpBin19 #47 miR398-resistant COX5b. 1

5mCSD 1 1927 5mCSD1pBin19 #14 m iR398-resistant CSD1

5mCSD1- pBluescriptKS+ 1907 5mCSD  fpBluescript 
#7

5mCSD1 with flanking genomic 
regions in pBluescriptKS+

5mCSD2 1928 5mCSD2pBin19 #28 m iR398-resistant CSD2

5mCSD2-pBluescriptKS+ 1901 5mCSD2pBluescript
B

5m CSD 2  with flanking genomic 
regions in pBluescriptKS+

COX5b. 1 1934 WtCox5bpBin 19 #40 5mCOX5b. 1 control

COX5b. 1 cDNA 2035 U12204 Create DIG-labeled DNA probe

CSD1 1932 WtCSDI pBIN19 #8 5mCSD1 control

C SD 1cDNA 2034 U11164 Create DIG-labeled DNA probe

CSD 7-pCR4TOPO 1847 CSD 7-pCR4TOPO 
clone 5

CSD1 with flanking genomic 
regions in pCR4-TOPO

CSD2 1933 WtCSD2pBin19 #21 5m CSD 2  control

CSDScDNA 2036 U18350 Create DIG-labeled DNA probe

CSD2-pCR4TOPO 1849 CSD2-pCR4TOPO 
clone 17

CSD 2  with flanking genomic 
regions in pCR4-TOPO

F22013 1844 F 22013 BAC containing CSD1

F24D13 1845 F24D13 BAC containing CSD2

MIR398cpro:GUS 1987 miR398c+pBI101.1
#1

GUS expression driven by 
MIR398c promoter
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Table 2-1 (continued). List of constructs used in this study

Name Strain Construct Purpose
MISJ11 1846 MISJ11 BAC containing COX5b. 1

pBI101.1 544 pBI101.1 Prom oterless GUS

pBI121 1946 pBI121 35S :GUS

pBIN19 210 pBIN19 Prom oterless plant 
transformation vector

pBluescript SK+ 8 pBluescript SK+ (+) strand transcription for 
oligonucleotide m utagenesis

pCR4-GFP 1955 pCR4-GFP #40 GFP for 5'UTR fusions

pCR4-MIR160a 1648 MIR160a-C547 MIR 160a in pCR4-TOPO 
vector

pCR4-MIR160b 1431 MIR160b-C3 MIR 160b in pCR4-TOPO 
vector

pCR4-MIR160c 1649 MIR160C-C549 MIR 160c in pCR4-TOPO 
vector

pCR4-MIR164b 1458 MIR164b-C315 MIR 164b in pCR4-TOPO 
vector

pCR4-MIR170 1650 MIR170-C552 MIR170 in pCR4-TOPO vector

pCR4-MIR171 1460 MIR171-C348 MIR171a in pCR4-TOPO 
vector

pCR4-MIR171b 1651 MIR171 b-C553 MIR171b in pCR4-TOPO 
vector

pCR4-MIR171c 1652 MIR171C-C555 MIR171C in pCR4-TOPO 
vector

pCR4-MIRtir_a 1496 MIRtir_a-C470 MIR393a in pCR4-TOPO 
vector

pCR4-MIRtir_b 1499 MIRtir_b-C486 MIR393b in pCR4-TOPO 
vector

pCR4-MIRUFOL_a 1528 MIR UFOL_a-C540 MIR394a in pCR4-TOPO 
vector

pCR4-MIRUFOL_b 1672 MIR UFOL_b-C583 MIR394b in pCR4-TOPO 
vector

pCR4-MIR398c 1511 Sl_B10-6b-C528 MIR398C in pCR4-TOPO 
vector

TUB4cDNA 2066 U10084 Create DIG-labeled DNA probe
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Table 2-2. Oligonucleotides used in this study for construct creation

Gene Name Sequence (5' to 3 ')
COX5b. 1 COX5b MUTt

Cox5b-5'ndel-2 
Cox5b-5'sm al-2 
Cox5b-5'xbal 
Cox5b-5'xhol 
MISJ11_COX5b-C1 
MISJ11_COX5b-C2

CSD1 CSD1 MUTf

CSD1-5'sm al-3 
CSD1-5'xbal-2 
CSD1-5'xhol 
CSD1-ndel-2 
F22013_CSD1 -C1 
F22013_CSD1 -C2

CSD2  CSD2 MUT+

F24D13_CSD2-C1 
F24D13_CSD2-C2

CGCT A ATCCTT C A AGcT tTGTCC AG AC A AT C AC A AC AC A A 
AAC
catatgCATGGTGATGATGATGAGTCAAAGG 
cccggggatccCATGGTGATGATGATGAGTCAA 
tctag A ATT CT A AATT A AG A AT CTCTC 
ctcgag A ATT CT A AATTAAG AAT CTCTC 
ggatccGATATGTAGATATTTAGGTGGAATC 
gtcgacT AG AG ACTTT GTTGTG AT AT AGT AG

GC ACTTG ATT CTTT CC A AAaGctTTT CGCG AGGT AT GTTT 
GCTTTCC
gataggatccCATTGTTACTTGGCCTTTGTGATC 
accatctag AT AG AAAAC A AGTA ACC AAAG 
ctcgag ATAG AAAACAAGTAACCAAAG 
catatgCATTGTTACTTGGCCTTTGTGATC 
ggatccCTGAGATTCAGAGATGGTGAATATC 
gtcgacCTC AT C A AG AAACGTTT C AAAT AT C

CCAGAAGATGAGTGCCGTCATGCCGGaGAtCTIGGIAAC
ATAAATGCCAATG
ggatccCTTC A AAAT CTT AAGT G AGTT CTT G 
gtcgacTGCTC AAT ACT ACT AGTTT ATTT CG

GFP GFP-ndel
GFP-notl

catATGGTGAGCAAGGGCGAGGAGC
gcggccgcAGCTCCGGACTTGTAC

MIR 158 MIR158-C1
MIR158-C2

gtcctcgaGCCCTAGTTTGATTACGTAGATAGAGGCGAG
tatgcggccgcTCCAATTTCCTTCGAAGTTAACCACGAG

MIR 160a MIR160a-C1
MIR160a-C2

gtcctcgagCGTCATTTAAGGCTTCAAGAACAG
tatgcggccgcCATATACAACTAGATTCATAAAACCG

MIR 160b MIR160b-C1
MIR160b-C2

gtcctcgagT CTTG ACC AAAAAT ATCCGCCACTT 
tatgcggccgcT ATGCAAATT AAAC AAAAACC AG AA

MIR 160c MIR160C-C1
MIR160c-C2

gtcctcgagAATCAAAACCTAACTTAGTCATGC
tatgcggccgcTTCAAATATTCAAGAACTTTACGG

MIR 161 MIR161-C1
MIR161-C2

gtcctcgaGTTT ACTT GGT AGT AC ACC AATT AATT AGC 
tatgcggccgc AC A A AT AT AAT C A ACT CT AGTT G ACCTGT

MIR 163 MIR163-C1
MIR163-C2

gtcctcgag AACT ATTTT AACT AAC ACGGCACTT 
tatgcggccgcAAATAAGAAAACAAAGCCCAACACGAG

Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. (Coralville, 
IA) or Sygma-Genosys (The Woodlands, TX). ‘Engineered restriction enzyme sites are 
lowercase; Underlines bases are those altered in oligonucleotide-directed mutagenesis.
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Table 2-2. (continued) Oligonucleotides used in this study for construct creation

G ene Name Sequence* (5' to 3 ')
MIR 164b MIR164b-C3

MIR164b-C2
gtcctcgagTC ACGTTTT C AAAT ATC AAACCT AC 
tatgcggccgcTCTCCT GTCT AAT ACTCGCT AACC

MIR 169 MIR169-C3
MIR169-C2

gtcctcgagT ATTTT ATTCCCT CTT ATTT CTCTTATCTC 
tatgcggccgcGCAGATAATGAATAGAGATATGCAAAGTG

MIR 170 MIR170-C1
MIR170-C2

gtcctcgagGCGATAAGAAGATTAI I IAGGAG 
tatgcggccgcAGCATCCGATCAACGATTATATC

MIR171a MIR171-C3
MIR171-C2

gtcctcgagATAGCCAG I I IAGTTTTGAAGGATG 
tatgcggccgcTTGAAGCAAAACCCTACAACAGAI I I ATAC

MIR 171b MIR171 b-C1 
MIR171 b-C2

gtcctcg ag AATT C A ATG CTTG I II ICCTCTGTC 
tatgcggccgcT AATAGTAGT AT CTT CTC ACG AAT G

MIR 171c MIR171C-C1
MIR171C-C2

gtcctcgagA I I IAATGCTTGTCTCTTGCTTGCC 
tatgcggccgc AAATC ATTCC AC AGCT AACTT ATGG

MIR393a MIRtir_a-C1
MIRtir_a-C2

gtcctcgagTGCAAl I I I IAAGAGTCCATTAAGA 
tatgcggccgcGAAAGAACAAAAG I I I ICGGAAATA

MIR393b MIRtir_b-C1
MIRtir_b-C2

gtcctcgagTT AC AC AGTC AT AT GTTC AT AAAT C 
tatgcggccgcT ATT ATGTCCAAGGTGTATAI IM G

MIR394a MIR UFOL_a-C1 
MIR UFOL_a-C2

gtcctcgagG A A AGTTT CT AACT ATTT CT AGTG 
tatgcggccgc A AAGT AAAAC AA AACCTTT GTTACC

MIR394b MIR UFOL_b-C1 
MIR UFOL_b-C2

gtcctcgagGTAGCTTTGTGACAACAGAATC 
tatgcggccgcCTCTGAAATCTCACAl I IGTC

MIR395a MIR SULF_a-C1 
MIR SULF_a-C2

gtcctcgagTATCAACATCCATAAGC I I I ICTCC 
tatgcggccgcGACGAATGCGAATTAI I IATGTGG

MIR395f MIR SULFJ-C1 
MIR SU LFJ-C 2

gtcctcgagGTTTCTA I I ICATCCTAACATAACC 
tatgcggccgcGTTC AATTT CAT ATTT GT GTTT GTG

MIR397a F1_G02-4-C1
F1_G02-4-C2

gtcctcgagGTTGACGTAGAGAAGATCTCGTGTAGTAC
tatgcggccgcTGAATATATAACAGCACTTATTTTTGTCCC

MIR397b F1_G02-4_1-C1
F1_G02-4_1-C2

gtcctcgagGTG AAG AT AAT CT CAT GT AGTAC AC 
tatgcggccgcGTCTATATTCCG I I IAAAATAGT

MIR398C S1_B10-6b-C1
S1_B10-6b-C2
miR398c-F1
miR398c-F2

gtcctcgagGTG A A AT AAAT AT C AC AGT AGT GTG 
tatgcggccgc A A ATT CTCCTTCCAT AA AC A AC ACT 
gtcgacAAATCACGTGGAAGAAGATG 
ggatccACTACCTTAACAATA I I IATCTATC
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I sequenced the resultant clones to identify PCR-derived errors and selected a 

clone that had an A and T deleted 374 bp and 192 bp upstream of the foldback, 

respectively. The Xhol-Notl insert from this clone was ligated into Xhol-Notl-cut 

35SpBARN (LeClere and Bartel, 2001) between the CaMV 35S promoter and the nos 

terminator. The resultant 35S:MIR164b plasmid was electroporated (Ausubel et al.,

1995) into A. tumefaciens GV3101 and used to transform Col-0 using the floral dip 

method (Clough and Bent, 1998).

Transformants were identified on PN (Haughn and Somerville, 1986) plates 

containing 7.5 ug/mL glufosinate ammonium (Crescent Chemical, Augsburg, Germany) 

after ~ 14 days under continuous light at 22 °C, before being transferred to Metromix 200 

soil (Scotts), where they were grown in continuous light at 22 °C . Plant transformation 

was confirmed by PCR amplification of genomic DNA (Celenza et al., 1995) with the 

primers 35S-F and MIR164b-C2, which yielded an ~1 kb product from Col-0 

(35S:MIR164b) plants.

2.C.2.C. miR170/171 overexpression

To make the 35S:MIR 170/171 constructs, I PCR-amplified genomic DNA from 

Col-0 plants was using the primers MIR170-C1 and MIR170-C2, MIR171-C1 and 

MIR171-C2, MIR171b-Cl and MIR171b-C2, and MIR171c-Cl and MIR171c-C2, 

respectively, which all contain flanking Xhol or Notl sites. The resulting 688-, 677-,

750-, and 725-bp amplicons contained the MIR170, MIR171a, MIR171b, and MIR171c 

hairpins, respectively. The M1R170 amplicon contained the foldback and 413 bp of 

upstream and 211 bp of downstream genomic sequence, and the MlR171a amplicon 

contained the foldback and 303 bp of upstream and 280 bp of downstream genomic
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sequence. The MIR171b amplicon contained the foldback and 319 bp of upstream and 

332 bp of downstream genomic sequence, and the MIR171c amplicon contained the 

foldback and 324 bp of upstream and 301 bp of downstream genomic sequence. I gel 

purified the PCR-amplified products using a Matrix Gel Extraction kit (Marligen 

Biosciences, Ijamsville, MD) and subcloned each into the pCR4-TOPO vector 

(Invitrogen, Carlsband, CA) to give pCR4-MIR170, pCR4-MIR171, pCR4-MIR171b, 

and pCR4-MIR171c. I sequenced the resulting clone and no PCR-derived mutations 

were found. The Xhol-Notl insert from each pCR4-MIR170/171 was subcloned into 

XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 2001), resulting in MIR170, MIR171a, 

MIR171b, and MIR171c expression driven from the cauliflower mosaic virus 

35S promoter.

1 transformed each of these constructs into A. tumefaciens GV3101 (Koncz et al., 

1992), which I used to transform Col-0 via the floral dip method (Clough and Bent, 

1998). I identified transformants by growth on PN medium supplemented with

7.5 pig/mL glufosinate ammonium (Cresent Chemical, Augsburg, Germany) under 

continuous light at 22 °C for approximately 14 days. Seedlings were then transplanted to 

soil for seed set during which plant transformation was confirmed by PCR amplification 

of genomic DNA prepared from a leaf (Celenza et al., 1995) with the primers 35S-F and 

MIR170-C2, 35S-F and MIR171-C2, 35S-F and MIR171b-C2, or 35S-F and 

MIR171c-C2, which each yielded an ~1 kb product from the transformed Col-0 plants. 

Homozygous plants were identified in subsequent generations by examining the pattern 

of glufosinate resistance in the progeny of transformants.
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2.C.2.D. miR393 overexpression

To make the 35S:MIR393a and 35S\MlR393b constructs, I PCR-amplified 

genomic DNA from Col-0 plants was using the primers MIRtir_a-Cl and MIRtir_a-C2 

and MIRtir_b-Cl and MIRtir_b-C2, respectively, which have flanking Xhol or Notl sites. 

The resulting 903 bp amplicon contained the MIR393a hairpin along with 390 bp of 

upstream and 365 bp of downstream genomic sequence, and the resulting 983 bp 

amplicon contained the MIR393b hairpin along with 435 bp of upstream and 331 bp of 

downstream genomic sequence. The PCR-amplified products were gel purified using a 

Matrix Gel Extraction kit (Marligen Biosciences, Ijamsville, MD) and subcloned into the 

pCR4-TOPO vector (Invitrogen, Carlsband, CA) to give pCR4-MIRtir_a and 

pCR4-MIRtir_b. I sequenced the resulting clones and found no PCR-derived mutations. 

The Xhol-Notl inserts from pCR4-MIRtir_a and pCR4-MIRtir_b were subcloned into 

XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 2001), resulting in MIR393a and 

MIR393b expression, respectively, driven from the cauliflower mosaic virus 

35S promoter.

I transformed these 35S:MIR393 constructs into A. tumefaciens GV3101 (Koncz 

et al., 1992), which was used to transform Col-0 via the floral dip method (Clough and 

Bent, 1998). Transformants were identified by growth on PN medium supplemented 

with 7.5 ptg/mL glufosinate ammonium (Cresent Chemical, Augsburg, Germany) under 

continuous light at 22°C for approximately 14 days. Seedlings were then transplanted to 

soil for seed set. Plant transformation was confirmed by PCR amplification of genomic 

DNA prepared from a leaf (Celenza et al., 1995) with the primers 35S-F and 

MIRtir_a-C2 or 35S-F and MIRtir_b-C2, which each yielded an ~1 kb product from
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Col-0 (35S:MIR393) plants. Homozygous plants were identified in subsequent 

generations by examining the pattern of glufosinate resistance in the progeny of 

transformants.

2.C.2.E. miR394 overexpression

To make the 35S\MlR394a and 35S\MIR394b constructs, I PCR-amplified DNA 

from Col-0 plants using ExTaq polymerase and the primers MIR UFOL_a-Cl and MIR 

UFOL_a-C2 and MIR UFOF_b-Cl and MIR UFOF_b-C2, respectively. The primer 

pairs create flanking Xhol and Notl sites. The resulting 929 bp and 786 bp amplicons 

contained the MIR394a and MIR394b hairpins, respectively, along with 410 bp of 

upstream and 429 bp of downstream genomic sequence and 370 bp of upstream and 

322 bp of downstream genomic sequence, respectively. The PCR-amplified product was 

gel purified using a Matrix Gel Extraction kit (Marligen Biosciences, Ijamsville, MD) 

and subcloned into the pCR4-TOPO vector (Invitrogen, Carlsband, CA) to give 

pCR4-MIRUFOF_a and pCR4-MIRUFOF_b. I sequenced the resulting clone and found 

no PCR-derived mutations. The Xhol-Notl insert from pCR4-MIRUFOFs was 

subcloned into XhoI/Notl-cut 35SpBARN (FeClere and Bartel, 2001), resulting in 

MIR394a and MIR394b expression driven from the cauliflower mosaic virus 

35S promoter.

I transformed the 35SMIR394 constructs into A. tumefaciens GV3101 (Koncz et 

al., 1992), and transformed Col-0 via the floral dip method (Clough and Bent, 1998). 

Transformants were identified by growth on PN medium supplemented with 7.5 pig/mL 

glufosinate ammonium (Cresent Chemical, Augsburg, Germany) under continuous light 

at 22 °C for approximately 14 days. Seedlings were then transplanted to soil for seed set.
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Plant transformation was confirmed by PCR amplification of genomic DNA prepared 

from a leaf (Celenza et al., 1995) with the primers 35S-F and MIRUFOL_a-C2 and 

MIRUFOL_b-C2, which yielded ~l-kb products from Col-0 (35SM1R394) plants. 

Homozygous plants were identified in subsequent generations by examining the pattern 

of glufosinate resistance in the progeny of transformants.

2.C.2.F. miR398 overexpression

To make the 35S\MIR398c construct, genomic DNA from Col-0 plants was PCR- 

amplified using TripleMaster polymerase and the primers MIR398c-Cl and MIR398c- 

C2, which have flanking Xhol or Notl sites. The resulting 906 bp amplicon contained the 

MIR398c hairpin along with 424 bp of upstream and 387 bp of downstream genomic 

sequence. The PCR-amplified product was gel purified using a Matrix Gel Extraction kit 

(Marligen Biosciences, Ijamsville, MD) and subcloned into the pCR4-TOPO vector 

(Invitrogen, Carlsband, CA) to give pCR4-MIR398c. I sequenced the resulting clone and 

found no PCR-derived mutations. The Xhol-Notl insert from pCR4-MIR398c was 

subcloned into XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 2001), resulting in 

MIR398c expression driven from the cauliflower mosaic virus 35S promoter.

I transformed this 35S:MIR398c construct into A. tumefaciens GV3101 (Koncz et 

al., 1992), which was used to transform Col-0 via the floral dip method (Clough and 

Bent, 1998). Transformants were identified by growth on PN medium supplemented 

with 7.5 pig/mL glufosinate ammonium (Cresent Chemical, Augsburg, Germany) under 

continuous light at 22 °C for approximately 14 days. Seedlings were then transplanted to 

soil for seed set. Plant transformation was confirmed by PCR amplification of genomic 

DNA prepared from a leaf (Celenza et al., 1995) with the primers 35S-F and
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MIR398c-C2, which yielded an ~l-kb product from Col-0 (35S:MIR398c) plants. 

Homozygous plants were identified in subsequent generations by examining the pattern 

of glufosinate resistance in the progeny of transformants.

2.C.3. Oligomutagenesis

2.C.3.A. RZ1032 transformation

The plasmids to be mutagenized were transformed into RZ1032 cells, which 

allow uracil incorporation into DNA. Cells were thawed one ice, and, after addition of 

3 jaL of plasmid DNA, the resulting mix was incubated on ice for 20 minutes. The cells 

were then heat-shocked for 5 minutes at 37 °C, after which 1 mL LB was added to the 

tube, and the cells were allowed to recover for 1 hour at 37 °C. Cells were plated on 

selective media and allowed to grow at 37 °C overnight.

2.C.3.B. Isolating ssDNA

Single colonies were picked and grown in 2XYT medium supplemented with 

100 fig/mL ampicillin at 37 °C for 3 hours before adding M13K07 helper phage (New 

England Biolabs) and growth for an additional 1.5 hours. This culture was diluted 

100-fold in 2XYT supplemented with 100 /ig/mL ampicillin and 50 jj,g/mL kanamycin 

and allowed to grow approximately 12 hours before being centrifuged at 7000 rpm in the 

Sorvall centrifuge with the SS34 rotor. The phage particles in the supernatant were 

precipitated by the addition of 20% PEG-8000, 2.5 M NaCl, TE8, and 20% PEG-8000,

2.5 M NaCl, and collected by centrifugation. The resultant phage pellet was resuspended 

in TE8. A phenol extraction purified the uracil-containing ssDNA. The ssDNA was
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ethanol purified and resuspended in TE8. The concentration of the ssDNA was 

measured, and the stock diluted to 0.5 piglpiE.

2.C.3.C. Oligo-directed mutagenesis

To phosphorylate the mutagenic oligonucleotide, kinase buffer, ATP, and T4 

polynucleotide kinase were incubated at 37°C for 1 hour, then the reaction was stopped 

by a 10 minute incubation at 70°C after the addition of EDTA to 12 mM. The 

oligonucleotide was then diluted to 0.5 pmole//iL. To prime the ssDNA for second 

strand synthesis, I combined ssDNA, the phosphorylated oligo, 20X SSC, and water and 

placed the solution in a 70 °C heat block that was removed from heat and slowly allowed 

to cool to less than 35 °C. To synthesize the second strand, I added to the primed DNA, 

water, ligase buffer containing ATP, dNTPs, single-stranded binding protein, T4 DNA 

polymerase and T4 ligase. I allowed the reaction to sit on ice 5 minutes, at room 

temperature for 5 minutes, then at 37 °C about 2 hours. Finally, I ethanol precipitated the 

DNA and transformed E. coli.

2.C.3.D. SmCSDl and 5mCSD2 construction

I created miR398 resistant targets using oligomutagenesis. These constructs 

contained both upstream and downstream DNA so as to include the regulatory regions of 

the genes. I used genomic fragments including the open reading frame of interest 

flanked by the intergenic region up to the UTRs of the adjacent genes. The DNA 

fragments were PCR amplified from BAC clones and transferred among vectors using the 

engineered restriction enzyme sites. When creating the “5m” lines, thus denoted because 

of the five mutations introduced in the miR398 complementary sites, an additional
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restriction enzyme site was created to aid in the later determination of the transformant 

genotypes. The 5mCSD2 construct contains a Bglll site, whereas both 5mCSDl and 

5mCOX5b.l constructs contain Hindlll sites within the miR398 complementary site. The 

constructs were transformed into Col-0 plants and are listed in Table 2-1.

The genomic sequence of CSD1 (Atlg08830), including ~1.8 kb and ~300 bp of 

5 ' and 3 ' sequences, respectively, was PCR-amplified using TripleMaster polymerase 

from BAC F22013 as an -4.2 kb BamHI-Sall fragment using the primers CSD 1-Cl and 

CSD1-C2 and cloned into pCR4-TOPO. The genomic sequence of CSD2 (At2g28190) 

was similarly amplified from BAC F24D13 as an -5.9 kb BamHI-Sall fragment, 

including -700 bp and ~3.2 kb of 5 ' and 3 ' sequences, respectively, using the primers 

CSD2-C1 and CSD2-C2. The resulting clones were sequenced to identify any 

PCR-derived mutations. The CSD1 clone (CSDl-pCR4TOPO) contained no mutations. 

The CSD2 clone (CSD2-pCR4TOPO) contained three mutations which were deemed 

unproblematic; a T to C 392 bp upstream of the 5 '-UTR, a C to T 1272 bp after the ATG, 

in the middle of the 5th intron, and a G to T 65 bp after the stop codon.

The inserts were subcloned from CSDl-pCR4TOPO and CSD2-pCR4TOPO into 

pBluescript using BamHI and Sail. The resultant plasmids (CSDl-pBluescriptKS+ and 

CSD2-pBluescriptKS+) were subjected to oligonucleotide-directed mutagenesis (Ausubel 

et al., 1995) using the primers CSD1 MUT, which introduced five mutations in the CSD1 

miR398 complementarity site and created a Hindlll site (altered nucleotides in 

lowercase), and CSD2 MUT, which introduced five mutations in the CSD2 miR398 

complementarity site and created a Bglll site. The resulting constructs 

(5mCSDl-pBluescriptKS+ and 5mCSD2-pBluescriptKS+) were sequenced to ensure no
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additional mutations were introduced during mutagenesis. The BamHI-Sall fragments 

were then cloned into the pBIN19 vector (Bevan, 1984). The resultant CSDl-pBIN19, 

5mCSDl-pBIN19, CSD2-pBlN19, and 5mCSDl-pBIN19 constructs were transformed 

into A. tumefaciens GV3101 (Koncz et al., 1992), which was used to transform Col-0 via 

the floral dip method (Clough and Bent, 1998). Transformants were identified by growth 

on PN medium supplemented with 15 /rg/mL kanamycin under continuous light at 22 °C 

for approximately 14 days and transferred to soil for seed set. Homozygous plants were 

identified in subsequent generations by examining the pattern of kanamycin resistance in 

the progeny of transformants.

2.C .4. m iR 398 transcription  reporter

To create the MIR398c:GUS construct, 683 bp of upstream sequence from Col-0 

genomic DNA was PCR-amplified using TripleMaster polymerase as a ~700 bp 

Sall-BamHI fragment using the primers miR398c-Fl and miR398c-F2 and cloned into 

pCR4-TOPO. The resulting clones were sequenced, and a clone without mutations was 

isolated and subcloned into pBI 101.1 (Jefferson, 1989) using Sail and BamHI. The 

resultant MIR398cpro:GUS construct was transformed into Col-0 and kanamycin-resistant 

transformants were identified as described (2.B.1.D). Homozygous plants were identified 

by examining the pattern of kanamycin resistance in the progeny of transformants.

2.C .5. m iR 398 activ ity  sensor

Two constructs to monitor miR398 activity were created by fusing the 5'-UTRs of 

two miR398 targets to the GUS gene driven behind the 35S promoter. CSD1 and 

COX5b.l contain the miR398 complementary site within the 5'-UTR, allowing GUS
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production to be regulated by miR398 via a fusion of the CSD1 or COX5b.l 5'-UTRs to 

GUS. To determine whether any observed regulation is dependant on miR398 activity, I 

also fused the 5'-UTRs of the 5mCSDl and 5mCOX5b.l constructs to GUS. These 

5'-UTRs contain altered miR398 complementary sites, which is expected to result in 

decreased miR398 recognition.

2.C.5.A. miR398 activity sensor using GUS

The 5'-UTRs of CSD1 and COX5b.l were amplified with primers including 

restriction enzyme sites (Xbal and Smal) to allow for subcloning into the pBI121 vector 

(CloneTech Laboratories, Inc, Mountainview, CA). pBI121 contains a multiple cloning 

site between the 35S promoter and GUS, allowing the incorporation of the 5'UTRs 

upstream of the GUS gene (35S\5mCSDl5,UTR:GUS and 35S:5mCOX5b.l yuTR:GUS), to 

give miR398 regulation to GUS expression. The same steps were taken to create 

plasmids containing the 5'-UTRs of 5mCSDl and 5mCOX5b.l, to give the plasmids 

constitutive expression without miR398 regulation.

2.C.5.B. miR398 activity sensor using GFP

The 5mCSDI, WTCSD1, 5mCSD2, and WTCSD2 UTRs were also amplified with 

designed restriction enzyme sites (Xhol and Ndel) to allow for fusion to GFP (introduced 

restrictions enzyme sites of Ndel and Notl). This 5'UTR-GFP fusion then allowed for 

subcloned into the 35SpBARN vector using the Xhol and Notl sites, to give 

35S:WTCSD15VTR:GFP, 35S:5mCSDlyum:GFP, 35S:WTCOX5b. 1 yurK:GFP, and 

35S:5mCOX5b.l5 utr:GFP. The wild-type constructs impose miR398 regulation upon
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GFP expression, whereas the constructs carrying the mutated 5'-UTRs constitutively 

express GFP without miR398 regulation.

2.C.6. Plant DNA isolation for transformation confirmation

Mature leaf tissue, approximately 1 cm x 1 cm, was removed and frozen on dry 

ice. The tissue was ground with a pre-chilled pestle and 10 0.5 M NaOH was added

before allowing the tissue to thaw at room temperature. This mixture was heated to 

100 °C for 30 seconds, neutralized with 100 piL of 10 mM Tris-HCl 1 mM EDTA pH 8, 

and then stored at -20 °C (Celenza et al., 1995). For PCR, 1-2 piL of the mixture was 

used as template DNA.

2.D. Mutant isolation and nomenclature

Arabidopsis mutants are often given descriptive names derived from their 

function and abbreviated by three letters followed by a dash and allele number (e.g., 

csdl-1 for a mutant defective in COPPER SUPEROXIDE DISMUTASE). Gene names 

are italicized with wild-type genes in uppercase and mutants in lowercase fonts (e.g., 

csdl and CSD1). Protein names follow the same upper- and lowercasing but are in 

regular font (e.g., csdl and CSD1).

miRNA nomenclature varies slightly from standard Arabidopsis nomenclature. 

miRNA genes are italicized and uppercase (e.g., MIR164a), whereas the pri-miRNAs, 

pre-miRNAs, and mature miRNAs are in regular case, denoted with “miR” (e.g., 

miR164). As miRNAs are not protein-coding RNAs, the RNA itself is treated as the 

gene product and thus not italicized (e.g., miR164). A miRNA family is defined as a 

collection of genes encoding similar miRNAs. These members are denoted by the name
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of the miRNA followed by a lowercase letter to identify the loci (e.g., miR164 is encoded 

in three loci, MIR164a, MIR164b, and MlR164c) (Ambros et al., 2003). Mutants in 

miRNA genes are lowercase (e.g., mirl64a).

2 .D .I . T ransfer-D N A  insertion  lines

For knock-down mutants of both target genes and miRNAs, we relied on large 

Transfer-DNA (T-DNA) insertions in or near our genes of interest. The Salk Institute 

Genomic Analysis Laboratory, La Jolla, CA (Alonso et al., 2003) T-DNA project has 

characterized several hundreds of thousands of T-DNA Arabidopsis Col-0 transformants 

and identified the insertion location in these lines via PCR (Alonso et al., 2003). Using 

the Salk website (http://signal.salk.edu/cgi-bin/tdanexpress), insertion mutants were 

identified and seeds ordered from the ABRC. The provided T3 or T4 seeds were 

surface-sterilized, plated, transferred to soil, and grown to adulthood. Plants were 

genotyped according to Table 2-3 with the corresponding oligonucleotides found in Table 

2-4.

2.D .2. D ouble/trip le m utant isolation

2.D.2.A. mir393a mir393b

Homozygous mir393a and mir393b mutants identified from the SALK_104430 

and SALK_018966 lines, respectively, were corssed. F2 progeny were grown on PNS at 

22 °C in continuous white light and transferred to soil. DNA was extracted from leaved 

and analyzed by PCR-based genotypic analysis (Table 2-3). Homozygous 

mir393a mir393b lines have been isolated.
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Table 2-3. Oligonucleotide pairs for T-DNA verification

Locus T-DNA Oligonucleotide pairs* Product size

CSD1 SALK_.024857 CSD1-3; CSD1-4 
CSD1-4; LBb1

416 bp 
-4 0 0  bp

CSD1 SALK..109389 CSD 1-1; CSD1-2 
CSD1-2; LBb1

326 bp 
-3 5 0  bp

CSD2 SALK..041901 CSD2-1; CSD2-2 
CSD2-2; LBb1

303 bp 
-2 5 0  bp

COX5b. 1 SALK..022563 At3g 15640-3; At3g15640-QRTR 
At3g15640-QRTR; LBb1

444 bp 
-3 5 0  bp

COX5b. 1 SALK..087103 At3g15640-1; At3g 15640-2 
At3g 15640-2; LBb1

349 bp 
-4 0 0  bp

COX5b. 1 SALK..144505 At3g 15640-1; At3g 15640-2 
At3g 15640-2; LBb1

349 bp 
-4 5 0  bp

F1_B11-1 SALK..107360 F1_B11-1-1; F1_B11-1-3 
F1_B11-1-1 ;LBb1

360 bp 
-3 0 0  bp

MIR 156b SALK..138640 MIR156b-1; MIR156b-2 
MIR156b-1; LBb1

214 bp 
-4 0 0  bp

MIR 156b SALK..074580 MIR156b-5; MIR156b-6 
MIR156b-5; LBb1

300 bp 
-3 5 0  bp

MIR 156b SALK..088205 MIR156b-1; MIR156b-2 
MIR156b-1; LBb1

214 bp 
-3 5 0  bp

MIR 156b SALK..130037 MIR156b-5; MIR156b-6 
MIR156b-5; LBb1

300 bp 
-2 5 0  bp

MIR 156c SALK..004679 MIR156C-1; MIR156C-3 
MIR156C-1; LBb1

461 bp 
-5 0 0  bp

MIR 157a SALK..014526 MIR157a-1; MIR157a-3 
MIR157a-1; LBb1

405 bp 
-4 0 0  bp

MIR 158a SALK..031515 MIR158-3; MIR158-4 
MIR158-4; LBb1

313 bp 
-4 0 0  bp

MIR161 SALK..103369 MIR161-1; MIR161-3 
MIR161-1; LBb1

497 bp 
-4 0 0  bp

MIR 164b SALK..136105 MIR164b-1; MIR164b-4 
MIR164b-1; LBb1

694 bp 
-7 0 0  bp

MIR 168b SALK..066855 MIR168b-1; MIR168b-4 
MIR168b-4; LBb1

746 bp 
-3 5 0  bp

MIR 172a SALK..042882 MIR172a-1; MIR172a-2 
MIR172a-2; LBb1

281 bp 
-3 7 5  bp

MIR 172b SALK..066013 MIR172b-1; MIR172b-2 
MIR172b-2; LBb1

455 bp 
-5 0 0  bp
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Table 2-3. (continued) Oligonucleotide pairs for T-DNA verification

Locus T-DNA Oligonucleotide pairs* Product size

MIR 172c SALK..120390 MIR172_1 b-1; MIR172_1b-2 
MIR172_1 b-2; LBb1

339 bp 
-3 5 0  bp

MIR393a SALK..104430 MIRtir_a-4; MIRtir_a-3 
MIRtir_a-3; LBb1

604 bp 
-7 5 0  bp

MIR393b SALK..018966 MIRtir_b-C1; MIRtir_b-3 
MIRtir_b-C1; LBb1

376 bp 
-3 0 0  bp

MIR394a SALK_.130225 MIRUFOL_a-C1; MIRUFOL_a-3 
MIRUFOL_a-3; LBb1

398 bp 
-4 0 0  bp

MIR395b SALK_.081548 MIRSULF_b-1; MIRSULF_b-2 
MIRSULF_b-1;LBb1

737 bp 
-8 5 0  bp

MIR395b SALK_.048544 MIRSULF_b-1; MIRSULF„b-2 
MIRSULF_b-2; LBb1

737 bp 
-7 5 0  bp

MIR397a SALK_ 059117 F1_G02-4-1; F1_G02-4-3 
F1_G02-4-1; LBb1

565 bp 
-6 0 0  bp

MIR398a SALK..043101 miR398a-1; miR398a-2 
miR398a-1; LBb1

612 bp 
-3 0 0  bp

MIR398.C SALK..038698 MIR398C-8; MIR398C-9 
MIR398C-8; LBb1

380 bp 
-5 0 0  bp

MIR398C SALK_.017104 S1_B10-6b-3; S1_B10-6b-5 
S1_B10-6b-3; LBb1

276 bp 
-3 7 5  bp

SALK..043658 S1 _A11-1-3; S1_A11-1-5 
S1_A11-1-3; LBb1

321 bp 
-5 0 0  bp

*For each locus, the first oligonucleotide pair amplifies the wild-type allele, and the 
second pair amplifies the T-DNA-disrupted allele.
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Table 2-4. Oligonucleotides used in T-DNA verification

Name Sequence (5 ' to 3 ')
At3g15640-1 CTTGATACACAAATTTGGATGTCATTTTGT
At3g15640-2 TT ACTGAGTAGAGTATCTGATACGACTTTC
At3g 15640-3 GAATTTGGTTGCTAACTAAAGCAACTTGC
At3g15640-QRTR I I IGAGCTGAGAGGAGACGATTC
CSD1-1 CTTT A ATT AT CGCC A A A AGT A ACT G AACTTG
CSD1-2 CCTGAGAAAAGCAAAACAAAAGCTTTTATG
CSD1-3 C AAGTTC AGTT ACTTTTGG AG AT A ATT AA AG
CSD1-4 GTTTTTACAGATCACAAAGGCCAAGTAAC
CSD2-1 CT ATTT CT AG AT AG TTT C ATGCC A AGTTT G
CSD2-2 TGAGATTGAAAGATGAGGTTTTTATTGGTG
F1_B11-1-1 GAAAATATGGTACAAGGCATGATGGGCC
F1_B11-1-3 AGAATCTTGGAAAATCGTAGACGATCTTGT
F1_G02-4-1 GTTGACGTAGAGAAGATCTCGTGTAGTAC
F1_G02-4-3 AAT AAACTTAACCATAAAAAACG
LBb1 CAAACCAGCGTGGACCGCTTGCTGCAACTC
MIR SULF_b-1 CATTTCGACTCGATTCATCTTTCAAATTTC
MIR SULF_b-2 CTTGCAATGCCTTAACTTTCAI I ICTAATG
MIR tir_a-3 TCGTGTTCCTCTTGAI I I IAAATAATACTC
MIR tir_a-4 AT C AT ATTT G A AG AGT CTAT AT ACG AAGGG
MIR tir_b-3 CTTTGATATAAAAGATGACCATGATCCTCT
MIR tir_b-C1 gtcctcgagTTACACAGTCATATGTTCATAAATC
MIR UFOL_a-3 GAAAATCI I IGTCAAACCCTCATGAAAAGG
MIR UFOL_a-C1 gtcctcgagG AAAGTTT CT AACT ATTT CT AGTG
MIR156b-1 CCACTCACTGTAAGACACGTGTAGAAAT
MIR156b-2 C l l l  G AAT AG ACT CT A ATGGCG AAAC AG
MIR156b-5 GAGATAAGCTCAGAI I ICTATAGTTGGGTT
MIR156b-6 CACTTCTAG I I ICTGATAGAAGACGAAAAC
MIR156C-1 CAGACATCTGTCCCATTGCATGTAAGAGGG
MIR156C-3 TT ACCTT ACCG AC AC AAATTCTG AG ATT AG
MIR157a-1 CGAACCTCATTAAGCTTATCATCTTCCACG
MIR157a-3 ATTGATGTGACCAACTCACTCTTAAATTTC
MIR 158-3 GGCTAGCGACTGCAGAAGAAGAGTAACAC
MIR158-4 CACACGCATCTGTGACI I IAGATGCCCTTG
MIR161-1 GATCTCGGTTTTTG ACC AGTTTATTGCGTC
MIR161-3 GTACTTCAAGAAAAAGGTGAAATCTGATGC
MIR164b-3 GAG AAAGC ACTT AC AAC AT AC AT AC ATT CT
MIR164b-4 CGCACGTGTGTGTTTATCGATATAAGTATA
MIR168b-1 GAI I IAGACGCATGCACGTGACAGTCACAG
MIR168b-4 CCATAAAGCTTCAAAAI I IACAGAGTTTCC
MIR172_1 b-1 CTATATATGGGTACGGTTATGGCAAATGAT
MIR172_1b-2 TGATTTGGTTTTGTCTTGGATCTTTTCAAG
MIR172a-1 CAAAAATGGAAGACTAATTTCCGGAGC
MIR172a-2 CGGGAGGATATGTTAACATAAAGGTG
MIR172b-1 CCATTTATGTGTACGTACTATTATCTCATA
MIR172b-2 AGAAACGAAAATGATAATTTCTTGCTACAC
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Table 2-4. (continued) Oligonucleotides used in T-DNA verification

Name Sequence (5 ' to 3 ')
MIR398a-1 GTCAACAAGATGACCACATTATTATGACAG
MIR398a-2 C TTTTCACCTTCAAAAGACTATGCTATTTTAG
miR398c-8 CAGT AGTGTG AAAT AAT AAAC AAACACG
miR398c-9 CT AT CTT CT AAACC AGTAAT AAAAGG ACT G
rdr6-11F TACTGTCCCTGGCGATCTCT
rdr6-11R CCACCTCACACGTTCCTCTT
S1_A11-1-3 GGTTGGCGACTGAATAAGAGGATTTAAACG
S1_A11-1-5 CACATTACCACTTCGTTGCTCAGTTTTAAG
S1_B10-6b-3 GATCTCGACAGGGTTGATATGAGAACAC
S1 B10-6b-5 CTTGGTAATCTTACGTACGCTTTGAATGAT

Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. (Coralville, 
IA) or Sygma-Genosys (The Woodlands, TX).
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2.D.2.B. mir398a mir398c

The mir398a and mir398c mutants were identified from the SALK_043101 and 

SALK_039698 lines, respectively, and were crossed. F2 progeny were grown on PNS at 

22 °C in continuous white light and transferred to soil. DNA was extracted from leaves 

and analyzed by PCR-based genotypic analysis (Table 2-3). Homozygous 

mir398a mir398c lines have been isolated and were compared to wild-type Col-0 

following growth on PN medium or in soil.

2.D.2.C. csdl csd2, csd l cox5b, csd2 cox5b, and csdl csd2 cox5b

The following homozygous mutants were identified from lines generated by the 

Salk Institute Genomic Analysis Laboratory, La Jolla, CA (Alonso et al., 2003): csdl-1 

from SALK_109389, csdl-2 from SALK_024857; csd2-l from SALK_041901; 

cox5b.l-l from SALK_144505, cox5b.l-2 from SALK_022563. csdl mutants were 

crossed with csd2 and cox5b mutants and cox5b.l mutants were crossed with the csd2 

mutant. F2 progeny were grown on PNS at 22 °C in continuous white light and 

transferred to soil. DNA was extracted from leaved and analyzed by PCR-based 

genotypic analysis (Table 2-3). I identified homozygous lines for csdl-1 csd2-l, csdl-2 

csd2-l, cox5b.l-l csd2-l, cox5b.l-l csdl-1, cox5b.l-2 csdl-2. These homozygous lines 

were compared to wild-type Col-0 following growth on PN medium or in soil. I isolated 

segregating F2 lines for cox5b.l-l csdl-2, cox5b.l-2 csdl-2, csdl-1 cox5b.l-2, and 

csdl-1 csd2-l cox5b.l-l.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

2 .E . Quantitative real time reverse-transcriptase PCR 

2 .E .I . R N A  isolation  and reverse transcription

RNA was isolated as described in 2.E.I. For each tissue, 0.6 /ig total RNA was treated 

with DNasel (Amplification Grade, Roche Applied Science, Indianapolis, IN) and 

reverse transcribed in a 40 /<L volume using 400 units Superscript III (Invitrogen, 

Carlsbad, CA) primed with a mixture of reverse primers each 2 /./M (Table 2-5) for the 

NAC-domain genes, TUB4, and 18S rRNA. The resulting cDNA was diluted to 200 piL 

with water.

2.E .2 . R eal-tim e PC R

Gene-specific primers and TaqMan probes (Table 2-5.) were designed to span the 

miRNA-binding site of each mRNA using Primer Express software (Applied Biosystems, 

Foster City, CA). Quantitative real-time PCR was carried out in triplicate using the ABI 

Prism 7000 Sequence Detection System on 10 jiL  diluted cDNA (or 0.001 pih for the 18S 

reaction), TaqMan Universal PCR Master Mix (ABI) and primers at a final concentration 

of 0.5 ftM each.

The AAC-domain gene specific probes were 5'-labeled with 6-FAM and 

3'-labeled with MGBNFQ (minor groove binder/non-fluorescent quencher). The TUB4 

probe was 5'-labeled with HEX and 3'-labeled with TAMRA. The 18S primers and 

probe were from ABI (TaqMan Ribosomal RNA Control Reagents). The PCR conditions 

were 2 min at 50 °C and 10 min at 95 °C followed by 40 cycles of 95 °C for 15 sec and 

60 °C for 1 min. DNA amplification was monitored in real time using ABI Prism 

7000Sequence Detection System software. Amplification of 18S rRNA was monitored
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Table 2-5. Oligonucleotides used in real-time PCR

Gene Locus Name Sequence (5 ' to 3 ')
Product

size
CUC1 At3g15170 CUC1-QRTF 

CUC1-QRTR 
CUC1 -probe

TCTGCCGGTTCTGCAATTG
CATCGGTATGAGCAGCAGAGTT
TCCGATCATCAATACCT

90

At5g61430 At5g61430 At5g61430-
QRTF
At5g61430-
QRTR
At5g-probe

CCAAAACAGAACCGGTCTACGT

GAAGCAATTGAGTGTGGTTCCTT

CTGCTTCTCCAACCAA

76

At5g07680 At5g07680 At5g07680-
QRTF
At5g07680-
QRTR
At5g-probe

CC ACCTTT A ACT G ATT CTTC ACC AT A 

AG C A ATT G AGT ATT G TTCCT CT AG I I I CA 

CTGCTTCTCCAACCAA

108

NAC1 At1g56010 NAC1-QRTF 
NAC1-QRTR 
NAC1-probe

AACCCT CTT CTT AT CTC AGTG AT G ATC 
AGGTTCGAGI I IAAGGTTTGGTTCT 
CTACATCATCAATGAGCA

99

CUC2 At5g53950 CUC2-QRTF
CUC2-QRTR
CUC2-probe

CAGCCGTAGCACCAACACAA
GTCTAAGCCCAAGGCCGTAGTA
AGCGCAATAACCGAGC

99

CUC3 At1g76420 CUC3-QRTF
CUC3-QRTR
CUC3-probe

TTATGGTCTGTTGGGTTTTTCGT 
T CCA AG G GCC A AG ATT CTAC A 
ATTCTCCATGTCCI I IAGG

100

18S rRNA 18S-QRTF
18S-QRTR
18S-probe

CGGCTACCACATCCAAGGAA 
CTGGAATTACCGCGGCTGCT 
from AppliedBioSciences

ND

GAPDHb At1g42970 GAPDHb-
QRTF
GAPDHb-
QRTR
GAPDHb-
probe

CAAAACTGATCACTAGCATTCCTAGATT

AGACGGCGAGAGCTGCAT

TGATCACTTGCAGCTATG

81

A P R T At1g27450 APRT-QRTF
APRT-QRTR
APRT-probe

CATATCTGTTGTTGCAGGTGTTGA
CCAATAGCCAACGCAATAGGA
TAGAGGTTTCATTTTTGGCC

69

Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. (Coralville, 
IA). Probes were synthesized by Applied BioSystems (Foster City, CA).
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as an endogenous control that was used to normalize template amounts using the 

comparative Q  method (ABI Prism 7700 Sequence Detection System User Bulletin #2, 

http://www.appliedbiosystems.com). Control reactions in which reverse transcriptase 

was omitted did not give amplification signals above the threshold. CUC1 and CUC2 

PCR products were sequenced by LoneStar Labs, Inc. (Houston, TX) and found to be 

gene specific.

2.F. RNA extraction and chemiluminescent northerns 

2.F.I. RNA isolation

RNA was isolated from tissue using a phenol:chloroform method. Ground tissue 

was added to TriReagent or Trizol and centrifuged to pellet debris. The supernatant was 

extracted twice with chloroform, first in a 5:1, then 2:1 supernatant:chloroform ratio. The 

supernatant was then combined with isopropanol and incubated at -20 °C for greater than 

45 minutes and then spun for 10 minutes at 12,000 rpm at 4 °C. The pellet was dissolved 

in water and then RNA was precipitated with 2 volumes ethanol and 1/10 volume 

5M NaCl. The solution was incubated at -20 °C for greater than 2 hours and centrifuged 

for 10 minutes at 12,000 rpm at 4 °C to pellet the RNA. Pellets were dissolved in water 

and stored at -80 °C.

2.F.2. Digoxigenin (DIG)-labeled probes

Digoxigenin (DlG)-labeled mRNA probes were generated using the Roche PCR 

DIG probe synthesis kit (Mannheim, Germany). Water, PCR buffer, PCR DIG labeling 

mix, primers (Table 2-6.), template DNA, and polymerase were combined and the probe
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Table 2-6. Oligonucleotides used for DIG-labeled probes

Oligonucleotide S equence (5' to 3 ') Product size

COX5b-cDNA1
COX5b-cDNA2

GATCGATAGCCGCCACCACCAGACC
CGGAGGACCACCAGGACCAACCACT

422 bp

CSD1-CDNA1
CSD1-CDNA2

GAAAGGAGTTGCAG I I I IGAACAGCAGTG 
TCAATCTCTTC I I IGGAAACGTAGCAGCTT

483 bp

CSD2-cDNA1
CSD2-CDNA2

TCATCTCCTTCTCGTCTTCTCATTCCTCCTT 
AT CTG ATTGTCC ACT ATT GTT G I I ICTGC

467 bp

TUB4-P1
TUB4-P2

TCAATCTGGTGCCGGAAATAAC
AGCTTGAGGGTACGGAAACAG

400 bp

miR398b/c* CAGGGGTGACCTGAGAACACA 21 nt

U6* ATGCGTGTCATCCTTGCGCAGG 22 nt
Oligonucleotides were synthesized by Sygma-Genosys (The Woodlands, TX). The 
probes for miR398 and U6 were synthesized by Sigma-Proligo (The Woodlands, TX) and 
contain one DIG molecule on the 3' end.
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was amplified using PCR. The resulting ~450 bp amplicons were gel purified, analyzed 

on gels to determine concentration, and stored at -20°C. The template DNA was purified 

cDNA for the miR398 target genes (CSD1, U11164; CSD2, U18350; and COXSb.l, 

U12204) and the TUB4 (U10084) loading control. The probes for miR398 and U6 were 

synthesized by Sigma-Proligo (The Woodlands, TX) to contain one DIG molecule on the 

3' end and recognize either all of miR398 or 22 bp of U6 (Table 2-6.). All probes were 

boiled for 5 min immediately prior to adding to hybridization solution.

2.F.3. Chemiluminescent mRNA northerns

2.F.3.A. mRNA denaturing gels and mRNA transfer

Denaturing gels contained 40 mM MOPS, 10 mM sodium acetate, 1 mM EDTA, 

pH 8.3 (IX  MOPS) buffer, 1% agarose, 1% formaldehyde, and 0.13 pig/mL ethidium 

bromide and run in IX MOPS buffer. 3 -10 pig RNA was denatured at 65 °C in 

IX MOPS buffer with formaldehyde. 10X loading buffer was added directly before 

loading on the gel. The gels were run at 3 to 4 V/cm for about 3 hours and then washed 

in water several times to remove formaldehyde.

The RNA was transferred to a positively-charged nylon 66 membrane (Roche, 

Mannheim, Germany) by capillary action using 20X SSC. The diffusion was aided by 

additional pieces of whatman paper, blotting pads, and paper towels placed on top of the 

membrane. The transfer was allowed to proceed overnight to facilitate transfer of RNA 

onto the membrane. The stack was then disassembled and the ribosomal bands marked 

on the membrane with a pencil. The membrane was then rinsed in 2X SSC and placed, 

RNA-side up, on a wetted piece of whatman paper. The RNA was crosslinked to the
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membrane using a UV Stratalinker and baked at 80° C for at least 30 minutes to remove 

formaldehyde.

2.F.3.B. mRNA northern hybridization and washing

The membranes were prehybridized at 50 °C using reconsitituted hybridization 

crystals (Roche, Mannheim, Germany) for 30 minutes to 3 hours. The hybridization 

solution consisted of 13-30 ng/mL DIG-labeled probe, boiled to denature the strands, in 

4 mL of hybridization crystals. This solution was added to the membrane and allowed to 

hybridize over night at 50 °C. Membranes were washed with rotation twice for 2 minutes 

each with 2X SSC, 0.1% SDS at room temperature, twice for 5 minutes each with 

0.2X SSC, 0.1% SDS at room temperature, and twice for 30 minutes each with 

0.2X SSC, 0.1% SDS at 50 °C.

2.F.3.C. Chemiluminescent detection of DIG-labeled probes

Membranes were placed in IX Washing Buffer (Roche, Mannheim, Germany) for 

3 minutes, then placed in IX Blocking Buffer (Roche, Mannheim, Germany) for 

30 minutes to 3 hours with rocking at 4 °C. The membranes were then incubated with a 

1:20,000 dilution of anti-DIG antibody (Roche, Mannheim, Germany) in IX Blocking 

Buffer for 30 minutes with rocking. The membranes were washing twice for 15 minutes 

each with IX Washing Buffer before being equilibrated in IX Detection Solution (Roche, 

Mannheim, Germany). The membranes were visualized using a 1:200 dilution of CDP- 

Star in IX Detection Solution.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.F.4. Chemiluminescent miRNA northerns

63

2.F.4.A. Denaturing gels and sRNA transfer

RNA (3-10 pig) was loaded onto warmed 15% polyacrylamide TBE-Urea gels 

(Invitrogen, Carlsbad, CA) and run at 125 V in 0.5X TBE for 1.5-2 hours. Small RNAs 

were electroblotted to a positively-charged nylon 66 membrane (Roche, Mannheim, 

Germany) for 30 min at 24 V in 0.5X TBE buffer. Filters were crosslinked and as 

described (see section 2.F.3.A.).

2.F.4.B. sRNA northern hybridization and washing

The membranes were prehybridized at 50°C using reconstituted hybridization 

crystals (Roche, Mannheim, Germany) for 30 minutes to 3 hours. The hybridization 

solution consisted of 100 ng/mL DIG-labeled miRNA probe and 250 pg/mL DIG-labeled 

U6 probe, boiled to denature the strands, in 4 mL of hybridization crystals. This solution 

was added to the membrane and allowed to hybridize over night at room temperature. 

Membranes were washed with rotation twice for 5 minutes each with 2X SSC, 0.1% SDS 

at room temperature, and twice for 15 minutes each with 2X SSC, 0.1% SDS at 50 °C.

The chemiluminescent detection of the DIG-labeled probes was performed as 

stated in 2.F.3.C.

2.G. Western blot analysis

2.G.I. CSD1, CSD2, FSD, and HSC70 antibodies

Anti-CSDl, anti-CSD2, and anti-FSD antibodies were graciously provided by 

Daniel Kliebenstein (Kliebenstein et al., 1998). Anti-CSDl antibody cross-reacts with
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CSD2 protein and various other higher molecular-weight proteins. Anti-CSD2 cross- 

reacts with one unidentified high molecular-weight protein. Anti-spinach HSC70 was 

from StressGen (Ann Arbor, MI).

2.G .2. G els, transfer, b lotting, and visualization

During each RNA isolation, a capful of ground tissue was set aside for protein 

analysis. This tissue was suspended in one volume NuPAGE extraction buffer (0.1 M 

Tris-HCl, pH 6.8, 20% glycerol, 4% SDS) and centrifuged for 5 minutes at 13,200 rpm to 

pellet debris. 15 }iL of the supernatant was removed, received 2 0.5M DTT dissolved

in water, and heated at 100°C for 5 minutes. 7 piL of each sample was loaded onto a 10% 

BIS-Tris NuPAGE protein electrophoresis gel (Invitrogen, Carlsbad, CA) run in IX MES 

Buffer (Invitrogen, Carlsbad, CA).

Proteins were transferred to Hybond enhanced chemiluminescent nitrocellulose 

membranes (Amersham Pharmacia Biotech, Piscataway, NJ) for 25-30 minutes at 24 V. 

Membranes were blocked with rocking for at least 1 hour in 5-8% powdered milk in 

TTBS buffer (Ausubel et al., 1995) at 4 °C. The membranes were then incubated with 

1:2000 anti-CSDl, 1:12,000 anti-CSD2, 1:1000 anti-FSD, or 1:1000 anti-HSC70 

overnight with rocking at 4 °C. Membranes were washed three times for 5 minutes each 

with TTBS and incubated for at least 1 hour with 1:2000 anti-mouse antibody if 

incubated with anti-HSC70 or 1:2000 anti-rabbit antibody if incubated with anti-CSDl, 

anti-CSD2, or anti-FSD antibodies. Membranes were washed three times for 5 minutes 

with TTBS and incubated for at least 1 hour in a 1:2000 dilution of horseradish 

peroxidase-conjugated goat anti-mouse antibody (for anti-HSC70) or a 1:2000 dilution of 

horseradish peroxidase-conjugated goat anti-rabbit antibody (for anti-CSDl, anti-CSD2,
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or anti-FSD antibodies). Secondary antibodies were from Santa Cruz Biotechnology. 

Membranes were washed three times for 5 minutes with TTBS and visualized using 

LumiGLO reagent (Cell Signaling, Beverly, MA).
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Chapter 3: Phenotypes resulting from miRNA overexpression: 

miR160, miR393, miR394, and miR170/171

3.A. Determining miRNA influence in plant development

Several strategies have been employed to determine the importance of miRNA- 

target relationships in plant development (described in Chapter I.F.). Among these 

strategies are the creation of miRNA-resistant versions of target genes, reduction of 

miRNA levels, and miRNA overexpression.

T-DNA insertions near or within miRNA loci may decrease miRNA 

accumulation. I isolated 22 homozygous T-DNA mutants from the Salk Institute 

Genomic Analysis Laboratory (Alonso et al., 2003) near or within various miRNA 

foldbacks (Table 3-1). In particular, I focused on miRNA families that were encoded in a 

small number of loci in the genome, reasoning that disruptions in these genes might be 

most likely to confer phenotypes. Most mutants did not display obvious morphological 

phenotypes and were therefore not pursued further.

With T-DNA insertion lines, we are limited to lines that are available in various 

public collections. To take a more directed approach to understanding the functions of 

Arabidopsis miRNAs, I overexpressed 21 Arabidopsis miRNAs representing members of 

12 families (Table 3-2) in a wild-type background. This allowed me to study miRNAs 

families regardless of whether associated T-DNA insertion lines were available. We 

overexpressed miRNAs using the cauliflower mosaic virus 35S promoter, which is highly 

expressed throughout many stages of development, although it may be less highly
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Table 3-1. Location and identity of T-DNA mutants

Mutant* Gene T-DNA Location relative to g e n e f Homozygous
line?

cox5b.1-3 At3g15640 SALK_022563 32 bp after start of the 5' UTR; 
131 bp upstream  of the ATG yes

cox5b.1-1 At3g15640 SALK_087103 third intron yes

coxdb.1-1 At3g15640 SA L K J 44505 fourth intron yes

csd1-2 At1g08830 SALK.024857 first exon yes

csd1-1 At1g08830 SALK_109389 second intron yes

csd2-1 At2g28190 SALK_041901 52 bp upstream  5'-UTR yes

hen1 At4g20910 SALK_049197 fifth intron no

hen1 At4g20910 SALKJD90960 third exon no

mir156b At4g30972 SA L K J 38640 348 bp upstream yes

mir156b At4g30972 SALKJD74580 358 bp downstream yes

mir156b At4g30972 SALKJD88205 395 bp upstream yes

mir156b At4g30972 SA L K J 30037 358 bp downstream yes

mir156c At4g31877 SALKJ304679 233 bp upstream yes

mir157a At1g66783 SALK_014526 635 bp downstream yes

mir157a At1g66783 SALKJ366111 391 bp downstream no

mir158a A t3g10745 SALK_031515 14 bp downstream yes

mir161 At1g48267 SALK_103369 19 bp downstream (NC) yes

mir164b-1 At5g01747 SA L K J 36105 within the foldback yes

mir165b At4g00885 SALKJ)10421 264 bp upstream no

mir166d At5g08717 SALK_029418 149 bp downstream no

mir168a At4g 19395 SALK_113514 140 bpupstream no

mir168b At5g45307 SALK_066855 213 bp upstream yes

mir168b At5g45307 SALK_094145 331 bp upstream no

mir169d At1g53683 SALK_030237 161 bp downstream no

mir172a At2g28056 SALK_042882 within the foldback yes

mir172b At5g04275 SALK_066013 384 bp upstream  (NC) yes

mir172c A t3g11435 SA L K J 20390 20 bp upstream  (NC) yes

mir393a-1 At2g39885 SA L K J 04430 615 bp upstream yes

mir393b-1 At3g55734 SALK J ) 1 8966 320 bp upstream yes

mir394a-1 At1g20375 SALK_130225 258 bp upstream yes

mir395b At1g26975 SALK_081548 329 bp downstream yes

mir395b At1g26975 SALK_048544 132 bp upstream  (NC) yes
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Table 3-1. (continued) Location and identity of T-DNA mutants

Mutant* Gene T-DNA Location relative to g en e+ Homozygous
line?

mir397a At4g05105 SALK_059117 33 bp downstream yes

mir398a-1 At2g03445 SALK_043101 41 bp upstream yes
mir398c-1 A t5g14565 SALK_038698 77 bp upstream yes

mir398c-2 At5g 14565 SALK_017104 91 bp downstream yes

*Mutants are identified with numbers if they are discussed in the body of this work. 
f Locations are verified by sequencing unless denoted with an NC (not confirmed).
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expressed during embryogenesis (Sunilkumar et al., 2002). We expected that 

35S-miRNA constructs would confer dominant phenotypes by increasing negative 

regulation of the target genes.

The results from my miRNA overexpression experiments are summarized in 

Table 3-1 and in the following sections: Section 3.B. miR160; Section 3.C. miR393; 

Section 3.D. miR394; Section 3.E. miR170/171). miR164 and miR398 were analyzed in 

greater detail and are discussed in Chapter 4 and Chapter 5, respectively.

3.B. miR160 targets three auxin response factors: ARF10, ARF16, 

and ARF17

3.B.I. Auxin response factors

miR160 targets AUXIN RESPONSE FACTORIO (ARF10), ARF16, and ARF17 

(Rhoades et al., 2002). ARFs are a 23-member family of transcription factors that control 

auxin-regulated transcription (Guilfoyle et al., 1998). ARFs can heterodimerize with 

Aux/IAA proteins, which prevent early auxin-response gene expression (reviewed in 

(Woodward and Bartel, 2005)). In the presence of high auxin, the F-box protein 

TIR1 binds auxin and promotes degradation of Aux/IAA proteins, thus relieving the 

transcriptional repression of auxin-responsive genes (reviewed in (Woodward and Bartel, 

2005)). Degradation of Aux/IAA proteins allows the ARFs to homodimerize and promote 

transcription (reviewed in (Woodward and Bartel, 2005)).
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Table 3-2. Phenotypes resulting from expressing various miRNA loci from the 35S

promoter

miRNA
Precursor Seed Generation Observed Phenotype Published Phenotype
MIR 158 segregating T2 NP

MIR 160a segregating T2 NP Reduced sensitivity to ABAa

MIR160b homozygous T3 NP

MIR 160c segregating T2 NP agravitropic roots, 
disorganized root caps, 
increased lateral rootsb

MIR161 segregating T2 NP

MIR 163 segregating T2 NP

MIR 164 b homozygous T3 organ fusion phenotypes 
(Chapter 4)

organ fusioncd, reduced 
lateral roots®

MIR 169 segregating T2 NP

MIR 170 homozygous T3 flower to leaf transformation

MIR171a homozygous T3 extreme apical dom inance

MIR 171b hom ozygous T3 weak apical dominance, rare 
flower to leaf transformations

MIR 171c homozygous T3 weak apical dominance, rare 
flower to leaf transformations

MIR393a homozygous T3 NP

MIR393b homozygous T3 NP

MIR394a segregating T2 NP

MIR394b segregating T2 NP

MIR395 segregating T2 NP

MIR395 segregating T2 NP

MIR397a segregating T2 NP

MIR397b segregating T2 NP

MIR398C homozygous T3 NP (Chapter 5)

NP indicates no observed aberrant phenotypes. a(Liu et al., 2007); b(Wang et al., 2005b); 
c(Laufs et al., 2004); d(Mallory et al., 2004a); e(Guo et al., 2005)
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3.B.2. miR160-resistant ARF17 causes multiple vegetative 

abnormalities

Our collaborators, Allison C. Mallory and David Bartel, found an interesting 

phenotype when one of the miR160 target genes, ARF17, is mutated to release it from 

miRNA post-transcriptional control (5mARF17) (Mallory et al., 2005). Almost half of 

the transformed plants displayed rosette and cauline leaf serration, reduced plant size, 

upward curling at leaf margins, a decrease in length to flowering, altered floral structures, 

and reduced fertility (Mallory et al., 2005). Plants transformed with a wild-type copy of 

ARF17 do not display these phenotypes (Mallory et al., 2005). When grown on 

unsupplemented medium, 5mARF17 plants display fewer lateral roots and shorter 

hypocotyls and roots than control plants (Mallory et al., 2005). On medium containing 

auxin, both primary root and hypocotyl elongation are further diminished (Mallory et al., 

2005).

3.B.3. miR160-resistant ARF10 causes pleiotropic abnormalities

mARFlO plants, expressing a miR160-resistant version of ARF10, display 

morphological defects both overlapping and distinct from those observed in 5mARF17 

lines (Liu et al., 2007). Like the 5mARF17 plants, mARFlO plants display leaf margin 

serration and curling and occasionally display three cotyledons and three simultaneously 

emerging true leaves (Liu et al., 2007; Mallory et al., 2005). Whereas 5mARF17 plants 

display smaller petals and severely reduced fertility (Mallory et al., 2005), mARFlO 

plants have elongated petals and are fertile (Liu et al., 2007). mARFlO seedlings display 

bent cotyledons, and, although the seedling establishment percentage is comparable to
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wild-type on agar, after transfer to soil, 5mARF10 plants grow more slowly than wild- 

type and some seedlings die (Liu et al., 2007). The severe alterations in appearance when 

miR160 targets are freed from miRNA regulation led me to examine whether miR160 

overexpression would confer reciprocal phenotypes upon the plants.

3.B.4. Overexpression of miR160

To test whether miR160 overexpression would confer phenotypes opposing those 

observed when expressing a miR160-resistant target, I overexpressed each of the three 

MIR160 loci. I generated 28, 67, and 36 transgenic lines for 35S:M/Ri<50a,

35S\MIR160b, and 35S:MIR160c, respectively. I did not observe any developmental 

phenotypes for the 35S\MIR160 lines during growth on plates or in soil. I analyzed 

segregating 35S:MIR160b lines for root length after growth on both unsupplemented 

medium and medium containing auxin, but I did not observe any notable difference 

between wild-type and 35S:MIR160b primary root elongation in the presence or absence 

of auxin (Figure 3-1 A). RNA gel-blot analysis performed by A.C. Mallory revealed that 

several of my segregating 35S\MIR160b T2 lines overaccumulate miR160 (Figure 3-1 B). 

Because aberrant phenotypes were not observed in these 35S.MIR160 lines, I did not 

pursue them further.

3.B.5. Alterations in miR160 sensing and accumulation lead to altered 

root morphology

In contrast to my results, another group reported 35S\MIR160c plants display a 

reduction in primary root elongation and an increase in lateral root number on 

unsupplemented media (Wang et al., 2005b). Roots from these plants are agravitropic,
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Figure 3-1. MlR160b overexpression does not alter response to auxin

(A) Segregating T2 plants were assayed for root elongation after 8 days of growth under 
yellow light at 22 °C on PNS or PNS supplemented with auxin. Indole-3-acetic acid 
(IAA) and indole-3-butyric acid are endogenous forms of auxin, which inhibit primary 
root growth at the tested concentrations. Plants were moved to soil after measuring and 
sprayed with Basta, an herbicide that kills non-transformed plants. Only transformed 
plants are represented in the graph. (B) miR160 is silenced in one out of three T,
35S\MIR160b lines, whereas one line (71) overaccumualtes miR160. RNA prepared 
from cauline leaves was sent to A.C. Mallory who performed the RNA gel-blots. U6 
serves as a loading control; miR171 is not altered in 35S\MlR160b plants.
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in contrast to wild type. The severity of this root phenotype correlates with the level of 

miR160 overaccumulation and is accompanied by a lack of starch granules in the root tip 

(Wang et al., 2005b). miR160-resistant ARF10 and ARF16 constructs restore the 

gravitropic response to 35S\MlRl60c plants, whereas introduction of additional copies of 

the wild-type genes do not (Wang et al., 2005b). 35S\MlR160c plants do not display 

additional dramatic changes in morphology (Wang et al., 2005b), supporting the absence 

of developmental phenotypes observed in my 35S\MIR160 lines.

The role of ARF10 and ARF16 in root cap function is supported by the analysis of 

an arflO-2 arfl6-2 double mutant, which displays agravitropic root growth (Wang et al., 

2005b). Seedlings expressing a miR160-resistant ARF16 display fewer lateral roots than 

wild-type, whereas the 35S:MIR160c roots are more branched (Wang et al., 2005b), 

suggesting that miR160c and ARF16 play reciprocal roles in lateral root regulation.

3.B.6. ARF10 and miR160 illuminate ABA and auxin cross-talk during 

germination

As post-germination defects intensified in mARFlO plants after transfer to soil, 

possibly indicating a sensitivity to stress, the role of ABA, a hormone important in stress 

response, was investigated (Liu et al., 2007). mARFlO seeds are hypersensitive to ABA, 

and conversely, seeds overexpressing MIR160a (35S:MlR160a) display reduced 

sensitivity to ABA (Liu et al., 2007). Auxin supplementation restores 35S\MIR160a 

ABA responses, suggesting that miR160 and ARF10 may mediate auxin and ABA cross

talk during germination (Liu et al., 2007).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

3.B.7. Possible explanations for divergent 35S :M1R160 results

In summary, others have reported phenotypes following miR160 overexpression 

(Wang et al., 2005b), but I did not detect 35S:MIR160 phenotypes in the conditions I 

assayed, despite having altered miR160 levels in at least some of the lines (Figure 3-1 B).

We did not compare miR160 overexpression levels in lines I generated to those of 

the other groups. It is possible that greater overexpression is possible depending on the 

locus or the precise fragment subcloned. Wang and colleagues report that overexpression 

of each miR160 locus results in the same root phenotype (Wang et al., 2005b).

I did not investigate 35S\MIR160 response to gravity or to the combined effects of 

auxin and ABA. 35S.MIR160 lines I generated may display these phenotypes given 

altered growth conditions.

3.C. miR393 targets auxin receptors

3.C.I. TIR1 encodes an auxin receptor

TRANSPORT INHIBITOR RESPONSE1 (TIR1) is a F-box subunit of an E3 

ubiquitin-ligase, belonging to a four-member family of proteins recently identified as 

auxin receptors (Dharmasiri et al., 2005a; Dharmasiri et al., 2005b; Gray et al., 1999; 

Kepinski and Leyser, 2005). Auxin binds the substrate pocket of TIR1 and increases the 

affinity for the Aux/IAA substrates (Tan et al., 2007). Therefore, in the presence of high 

auxin, Aux/IAA proteins are degraded, which allows the ARF proteins to dimerize, 

causing an increase in early-auxin responsive transcript levels (reviewed in (Woodward 

and Bartel, 2005)).
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miR393 targets T1R1 and two of three functional paralogs, AFB2 and AFB3, for 

post-transcriptional regulation (Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004). 

The tirl loss-of-function mutant displays decreased responses to exogenous auxin, 

resulting in shorter hypocotyls, fewer lateral roots, and increased root elongation 

compared to wild type (Ruegger et al., 1998), suggesting these phenotypes may be 

displayed by plants overexpressing miR393.

3.C.2. Alterations in miR393 levels did not modify auxin sensitivity

To assess the role of miR393 in regulating TIR1,1 overexpressed both MIR393a 

and MIR393b and isolated 24 and 7 homozygous 35S\MIR393a and 35S:MIR393b lines, 

respectively. Because miR393 negatively regulates TIR1, 35S\M1R393 plants may 

display decreased response to exogenous auxin. Min-Jye Chen, a Rice undergrad 

working with me, assayed auxin responses in homozygous overexpression lines. None of 

the lines assayed were resistant to the auxin indole-3-butyric acid (IBA) when compared 

to wild-type; however, tirl-1 also did not appear resistant (Figure 3-2). tirl-1 mutants 

display a more robust resistance to the synthetic auxin, 2,4-D than IBA (Ruegger et al.,

1998); therefore, we tested the lines on 2,4-D. Despite verification of miR393 

overaccumulation (Figure 3-3), we did not consistently observe 2,4-D resistance in 

transformed lines (Figure 3-4).

Only one line, 35S:MIR393a T2-21, out of the 25 transformed lines for 

35S\MIR393a and 42 transformed lines for 35S\MlR393b displayed notable vegetative 

alterations. Plants derived from this Tj plant displayed a lack of apical dominance, 

causing them to appear bushy, with narrow and pointed leaves or plants were dark green 

in color (data not shown). However, as those phenotypes were not observed in the other
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Figure 3-2. 35S:MIR393 plants do not display altered auxin responses

(A-C) Plants were grown on PNS at 22 °C for 4 days before transfer to PNS or PNS 
supplemented with 10 piM IBA. Graphs depict the average number of lateral roots (A), 
root length (B), and the number of lateral roots per cm root length (C).
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Figure 3-3. miR393 does not overaccumulate in some 35S.MIR393 lines

RNA was extracted from rosette leaves by M.J. Chen and the RNA gel-blot was 
performed by A.C. Mallory. U6 serves as a loading control.
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Figure 3-4. 35S:MIR393 lines and mir393 mutants do not display altered 2,4-D response

Plants were grown for 8 days under yellow light at 22 °C on PNS or PNS supplemented 
with 50 nM of the synthetic auxin, 2,4-D.
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transformants, they may have resulted from an unlinked lesion. I did not explore these 

phenotypes further.

In an attempt to reduce miR393 levels, we isolated homozygous lines containing 

T-DNAs inserted 332 bp and 320 bp upstream of MIR393a and MIR393b, respectively. 

Plants with reduced miR393 may be auxin hypersensitive. Single mutants did not display 

altered auxin response (Figure 3-5), so we isolated the homozygous double mutant 

(Figure 3-5). This project was suspended due to more promising results for other miRNA 

overexpressors; however, we have sent the lines to our collaborators, Mark Estelle and 

Geraint Perry for further analysis.

3.C.3. TIR1 is upregulated in flg22-treated plants

After our efforts to connect miR393 and auxin regulation were suspended, a 

surprising role for miR393 was discovered by another group. A 22-amino acid peptide 

(flg22) is recognized as a sign of bacterial infection by plants (Felix et al., 1999). This 

recognition causes a cascade of events that downregulates a subset of plant genes 

(Navarro et ah, 2004; Zipfel et ah, 2004), potentially by a post-transcriptional mechanism 

such as RNA silencing.

After comparing transcript levels of flg22-treated and untreated wild-type plants 

and plants expressing viral proteins that suppress siRNA and miRNA pathways, a subset 

of mRNAs were found to be more abundant in plants suppressing the siRNA and miRNA 

pathways (Navarro et ah, 2006). Among these transcripts were TIR1, AFB2, and AFB3 

(Navarro et ah, 2006), the miR393 targets (Jones-Rhoades and Bartel, 2004; Sunkar and 

Zhu, 2004; Wang et ah, 2004). Flg22 treatment results in elevated miR393 accumulation 

and increased GFP transcription reporter activity for MIR393a, but not MlR393b,
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Figure 3-5. mir393 mutants do not display auxin supersensitivity

(A) Root length of mir393 mutants grown for 8 days in yellow light on PNS or PNS 
supplemented with various concentrations of the synthetic auxin, 2,4-D. (B-C) mir393 
mutants grown under yellow light at 22 °C on PNS for 4 days before transfer to PNS or 
PNS supplemented with 10 ptM IBA. Graphs depict the average number of lateral roots
(B), root length (C), and the number of lateral roots per cm root length (D).
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suggesting increases in miR393 after flg-22 treatment result from increased MIR393a 

transcription (Navarro et al., 2006).

3.C.4. miR393 overexpression leads to resistance to bacterial infections

In three independent lines overexpressing MIR393a, plants displayed reduced 

apical dominance (Navarro et al., 2006) as seen in our 35\MIR393a T2-21 line. After 

inoculation with a virulent bacterial strain, these three MIR393a overexpression lines 

displayed a lower bacterial titer than controls (Navarro et al., 2006). These data suggest 

that increased transcription of miR393 by flg22 acts to deplete TIR1 mRNA, which 

confers increased robustness to the transcriptional repression caused by the bacteria 

(Navarro et al., 2006).

3.C.5. A new connection between auxin, miR393, and bacteria

Auxin has been suggested to promote susceptibility to bacterial infection, and a 

synthetic auxin enhances disease symptoms in Arabidopsis (Navarro et al., 2006). Some 

bacteria can produce auxin (Glickmann et al., 1998) and others cause plants to increase 

auxin levels (O'Donnell et al., 2003). By increasing miR393 levels at the time of 

infection, the plant may downregulate the protein degradation machinery (SCFTIR1), 

which, in the presence of auxin, causes degradation of Aux/IAA repressors, allowing for 

auxin-responsive transcription (reviewed in (Woodward and Bartel, 2005)). By reducing 

SCFTIR1 function, plants may combat the increase in auxin levels caused by the bacterial 

invader, allowing the plant to be more resistant to infection.
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3.D. Alterations in miR394 expression did not reveal unusual 

floral organ-like morphological abnormalities 

3.D.I. UNUSUAL FLORAL ORGANS genes are important for proper 

floral development

miR394 targets Atlg27340, which encode an F-box protein in the UNUSUAL 

FLORAL ORGAN (UFO)-like family (Jones-Rhoades and Bartel, 2004). UFO is part of 

an E3 ubiquitin-ligase responsible for degrading proteins to allow proper floral whorl 

designation (Samach et al., 1999). The ufo mutant floral defects are severe, but rarely 

affect sepals, the first whorl (Wilkinson and Haughn, 1995). The second whorl organs, 

petals, often range from sepals to normal petals to stamen-like organs in ufo. Normal 

stamens, the third whorl organs, are never observed in ufo; most often stamens are 

replaced by filamentous organs in the ufo mutant (Wilkinson and Haughn, 1995). The 

fourth whorl normally consists of two fused carpels, however, the ufo mutant has as many 

as four carpel primordia (Wilkinson and Haughn, 1995). One to two flowers consisting of 

only a few sepals can appear on each plant (Wilkinson and Haughn, 1995).

As suggested by the various ufo floral phenotypes, UFO is important in defining 

floral organ whorls. By using an ethanol-inducible UFO construct, many aspects of UFO 

function have been revealed (Laufs et al., 2003). UFO first functions in the center of the 

flower where it regulates the positions of whorls 2, 3, and 4 (Laufs et al., 2003). It is 

needed for the establishment of petal and stamen identity in whorls 2 and 3 (Laufs et al., 

2003). UFO also regulates the size of petals, allowing them to elongate (Laufs et al., 

2003).
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3.D.2. Altering miR394 does not reveal a phenotype

As ufo mutants displays such dramatic phenotypes and Atlg27340 is in the same 

family, it is possible that atlg27340 mutants would also display alterations in 

morphology. I overexpressed both MIR394a and MIR394b to determine whether 

developmental or vegetative phenotypes would result. In the T, generation, no 

morphological abnormalities suggestive of ufo were observed. I also isolated a 

homozygous T-DNA mutant 258 bp upstream of MIR394a, which also displayed no 

vegetative or floral abnormalities. No T-DNA insertions near MIR394b were available, 

and I did not pursue the project further.

Lack of a phenotype in the 35S:MIR394 lines may have resulted from several 

factors. Overexpression was not confirmed using an RNA gel-blot, so miR394 may not 

overaccumulate in the 35S:MIR394 lines. Moreover, the miR394 target gene is 

Atlg27340, which has not been implicated floral development.

3.E. The miR170/171 family alters plant morphology through 

SCL targets 

3.E.I. SCLs: GRAS-domain transcription factors

SCARECROW-like (SCL) proteins are members of the GRAS-domain 

transcription factor family, named for the founding three members GIBBERELLIN- 

ACID INSENSITIVE (GAI), REPRESSOR of GA1 (RGA) and SCARECROW (SCR) 

(Pysh et al., 1999). This family consists of 19 members and is characterized by a VHIID 

domain, which may constitute a DNA-binding domain (Pysh et al., 1999). The SCL
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proteins are defined as sharing the conserved domains of SCR (Pysh et al., 1999), but 

most have not been functionally characterized.

3.E.2. The miR170/171 family negatively regulates three SCL mRNAs

The miR170/171 family negatively regulates three SCL mRNAs through cleavage 

(Kasschau et al., 2003; Llave et al., 2002b). The targets, SCL6-II, SCL6-II1, and SCL6-IV 

(also known as SCL27, SCL22, and SCL6, respectively) are found on chromosome II, III, 

and IV, respectively, and arose from a gene duplication event (Bolle, 2004). I will refer 

to the miR170/171 targets as SCL6-II, SCL6-III, and SCL6-IV. A RNA gel blot revealed 

SCL6-IV is present in roots, but not siliques or shoots (Pysh et al., 1999). Little else is 

known about the expression patterns or biological functions of these three GRAS genes, 

but they are found in the same cluster as petunia (Petunia hybrida) HAM  in a 

phylogenetic tree (Bolle, 2004; Stuurman et al., 2002).

The petunia ham (hairy meristem) mutant was found in a screen for meristem 

defects; the plants terminate vegetative shoot apical meristems (SAMs) (Stuurman et al., 

2002). When auxiliary shoots do emerge, they terminate after several leaves (Stuurman 

et al., 2002). However, ham plants produce normal leaves and roots (Stuurman et al., 

2002). PhHAM mRNA is found in shoot tips and in roots, but not in expanding leaves 

(Stuurman et al., 2002).

3.E.2.a. Expression patterns of M IR1701171

miR170 is transcribed from one locus on chromosome 5, and miR171 is encoded 

in three loci, two on chromosome 1 and one on chromosome 3 (Rhoades et al., 2002). 

SCL6-II, SCL6-111, and SCL6-IV display perfect complementarity with miR171, and have
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two G-U mismatches with miR170 (Rhoades et al., 2002) (Figure 3-6). Both miR171 and 

miR170 are expressed in seedlings, stems, and flowers, and miR171 appears to be more 

highly expressed than miR170 (Reinhart et al., 2002). miR171 also is weakly expressed 

in siliques (Reinhart et al., 2002). Both miR170 and miR171 show the highest expression 

in flowers (Reinhart et al., 2002).

By expressing GFP behind a genomic region derived from the upstream region of 

the MIR171a locus, expression patterns are observed which overlap well with miR171 

function, which was observed by placing a miR171 complementary sequence in the 

3'-UTR of GFP to assay GFP silencing (Parizotto et al., 2004). These results indicate 

that miR171 is transcribed and acts in the epidermis, particularly in stomata, and in the 

mesophyll of leaves, but not in the veins (Parizotto et al., 2004). High levels also were 

observed in the carpels, restricted to the two ovary valves (Parizotto et al., 2004).

3.E.3. Overexpression of MIR170/171 family members causes shoot 

and root defects

To examine the roles of SCL6-II, SCL6-III, and SCL6-IV in plant development, I 

overexpressed MIR171a, MIR171b, MIR171c, and MIR170 using the 35SpBARN plant 

overexpression vector, which utilizes the Cauliflower Mosaic Virus constitutive 35S 

promoter (LeClere and Bartel, 2001). Each construct contained the miRNA hairpin and 

approximately 300 base pairs of upstream and downstream of the miRNA sequence, 

resulting in approximately 700 bp total. These constructs are expected to reveal the 

phenotype of a scl6-II scl6-III scl6-IV mutant.
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GAUAUUGGCGCGGCUCAAUCA 3' 
GAUAUUGGCGCGGCUCAAUCA 3'
I I I I I I I I I I I I I I I I I I I I ICUAUAACCGCGCCGAGUUAGU 5' 
CUAUAACUGUGCCGAGUUAGU 5'

Figure 3-6. SCL6 mRNAs share a region of high complementarity with the miR170/171 
family.

(A) Conserved domains in SCL6. The LIIHD and VHIID domains may constitute a 
DNA-binding domain. The PFYRE and SAW motifs are functionally uncharacterized.
(B) Sequence of the miRNA complementarity region. miR171 shows perfect 
complementarity, whereas miR170 has two mismatches (red).
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3.E.3.a. Over expression of MIRl 71a causes multiple phenotypic alterations

3.E.3.a.l. Overexpression of MIRl 71a causes gross adult anatomical alterations

I found that plants overexpressing MIRl 71a were dark green with rosette leaves 

that curl under and form a hollow tube. Primary transformants (T,) had a single primary 

stem, lacking auxiliary (secondary) stems. Seven 35s:MIR171a Tj plants were found in 

the initial screen; only one of these plants produced a single secondary stem (data not 

shown). Three homozygous siblings displayed increased miR171 accumulation in rosette 

leaves compared to wild-type (data nots shown).

The 35S\MlR171a T2 plants displayed additional phenotypes not observed in the 

parents. Most T2 plants retained the severe apical dominance, but siblings displayed 

varying degrees of phenotypic severity. Some plants developed what appeared to be 

auxiliary stems, but did not produce flowers. Instead, a single leaf or series of leaves 

appeared where an inflorescence should have been. Rarely, a single silique was observed 

rather than a leaf (data not shown). Some 35S:MIR171a T2 plants did not develop a 

primary stem, and, upon inspection of the meristem, show a small brown cylindrical mass 

that may be a terminated shoot (data not shown). Unlike the other plants affected in this 

way, one such plant produced a secondary stem that bore seeds. As homozygous T3 lines 

were identified, the range of phenotypic severity broadened (Figure 3-7). All 

35S\MlR171a plants were darker green than wild-type and displayed thicker stems and 

leaves, but in the third generation siblings from independent T, lines displayed 

phenotypes ranging from increasing numbers of shoots, although still fewer than wild- 

type, to no shoot, terminating as a collection of rosette leaves. Whereas the number of
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35

1M 1N 6A 6B 6F 6G Wt 
35&:M1R171a

Figure 3-7. Plants overexpressing MIR171a exhibit

a decrease in apical dominance

The homozygous progeny of two independent Tj 
transformants (1 and 6) displayed a decrease in 
paraclade (stems emerging from the primary 
stem) number, but had wild-type cauline leaf 
lengths, widths, and areas, silique lengths and 
distance between the second and third cauline 
internodes were also normal. Progeny of Tr 6 
(A, B, F, G) displayed a range of severity for 
increased apical dominance.
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stems present in 35S:MIR171a plants was dramatically decreased compared to wild type, 

no differences were found in width or length of the first cauline leaf, silique length, or 

distance between internodes (Figure 3-7).

3.E.3.a.2. Seedlings overexpressing MIRl 71a display cotyledon abnormalities

Many 35S:MIR171aT$ lines contained seedlings with altered cotyledon structure 

(Figure 3-8). These abnormalities included the presence of white areas in the cotyledons 

that did not expand in size, causing a crinkled shape (Figure 3-8 G, H), and, perhaps 

related to the white spots, areas at the tips of the cotyledons that were white and oddly 

root-shaped (Figure 3-8 F, I). In addition, some seedlings displayed pointed cotyledons 

(Figure 3-8 B) or asymmetry in cotyledon size (Figure 3-8 C, D). Some seedlings, while 

displaying severe structural abnormalities, were still able to produce true leaves when 

older (Figure 3-8 E, J). Phenotypic characterization of the 35S:MIR171a plants revealed 

a shorter root than wild type when grown on unsupplemented media (Figure 3-9).

3.E.3.a.3. MIRl 71a overexpression causes a decrease in root length that can be 

rescued by sucrose

The patches of white cotyledon phenotype has also been reported in plants 

defective in VITAMIN E 1 (VTE1), wherein the tocopherol pathway is blocked (Sattler et 

al., 2004). Tocopherols are antioxidants thought to limit reactive oxygen species 

produced as side products during photosynthesis and metabolism (Sattler et al., 2004). 

vtel adult plants are wild-type in appearance, but the seedlings display white cotyledon 

patches and a short root (Sattler et al., 2004). Both phenotypes in vtel are rescued by 

growth in the presence of 2% sucrose (Sattler et al., 2004). I found that plants
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Figure 3-8. 35S\MIR171a plants display altered cotyledon shape.

(A) Eight-day-old wild-type Col seedling.
(B-D) Eight-day-old 35S\MlR171a seedlings displaying alterations in cotyledon shape
(B) or size (C, D).
(E) Eight-day-old 35S:MIR171a seedling displaying abnormal development that does not 
impede true leaf formation five days later (J).
(F-I) Eight-day-old 35S\MlR171a seedlings displaying white areas (arrows) (F, G, I) or 
abnormal growth from the cotyledons (H). All scale bars represent 1 mm. All 
35S:MIR171a seedlings were of the T3 generation grown on unsupplemented media prior 
to photography and later screened for BAST A resistance to confirm the presence of the 
T-DNA. These lines were not confirmed to be homozygous for the transgene.
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overexpressing M lR llla  also displayed a short root that was rescued when the seedlings 

were grown on 2% sucrose (Figure 3-9 A), whereas the percentage of seedlings with 

white areas remained virtually unchanged upon growth on sucrose (Figure 3-9 B). These 

results indicate that sucrose can partially circumvent the defects caused by excess 

miR171a.

3.E.3.a.4. Seed coat color changes in MIRl 71a overexpressing lines

Flomozygous 35S:MIR171a T3 lines displayed reduced seed coat pigmentation 

and increased seed size (Figure 3-10). The mutant seed coats were a light beige versus 

the brown of wild-type seed coats. Wrinkled, dark brown seeds were also seen 

(Figure 3-10). Occasionally, seeds with wild-type appearance were observed. These 

results suggest that miR171 regulation may be required for proper seed coat coloration, a 

maternally controlled trait. The link between seed appearance, adult phenotype, and 

miR171 accumulation was not investigated.

3.E.3.b. Overexpression of M IR l 70 and M IRl 71blc causes inflorescence to 

leaf alterations

As overexpression of MIR171a resulted in a pleiotropic array of phenotypes, I 

also attempted to overexpress the other members of the M1R170/171 family. miR170 

differs from miR171 by only two nucleotides (Figure 3-6). Differences in miR170/171 

accumulation from the overexpression of MIR171 loci may also provide a way to observe 

whether the loci are equally well processed from their foldback precursors.

Unlike all the primary transformants of the 35S\MlR171a plants, 35S\M1R170,

35S\MlR171b and 35S\MIR171c plants rarely displayed extreme apical dominance. One
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A B

PN
PN + 2% Sucrose

1 0 0

I  90

73 70

T3 30

35S:MlR171a T3

1A 1B 1H 6B 6D

35S:MIR171a T3

Figure 3-9. Root length, but not white cotyledon patches, is rescued by 2% sucrose in the 

MIR171a overexpressors.

Seeds from homozygous lines were grown on plant nutrient (PN) media or PN 
supplemented with 2% sucrose for 10 days under white light. Root length was measured 
(A) and the number of seedlings with white cotyledons patches is given as a percentage 
of all seedlings examined (B). n > 15 for both A and B.
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Figure 3-10. Seeds from plants overexpressing MIR171a display altered coat colors

Seeds from three independent homozygous lines are shown to illustrate the range of 
phenotypes. 35S:MIR171a seeds exhibit mainly a decrease in coat pigmentation, but also 
an alteration in seed size, shape, and occasionally an increase in pigmentation 
(arrowheads). Sometimes seeds appear like wild type (arrow). All panels are at the same 
magnification.
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in 10 35S\MIR170 resulted transformants displayed a leaf where an inflorescence is 

normally found (data not shown). As homozygous lines for 35S\MIR170 were isolated, 

many displayed this alteration in organ identity. Likewise, 35S\MlR171b and 

35S\MIR171c plants occasionally displayed a leaf where an inflorescence should have 

established (data not shown). 35S\MIR171b and 35S\MlR171c homozygous lines 

displayed a weak apical dominance resulting in slightly fewer shoots than wild-type (data 

not shown). I did not assay miR170/171 levels in the 35SMIR170, 35S:MIR171b and 

35S\MIR171c plants.

In the future, it would be interesting to compare miRNA levels, precursor 

accumulation, and phenotypic severity in these lines. In addition, it would be interesting 

to know whether target mRNAs are differentially regulated in the various 

35S :MIR170/171 lines.

3.E.3.C. SCL6-II, SCL6-III, and SCL6-IV functions remain unknown

Although SCL6-IV was not demonstrated to be expressed in shoots (Pysh et al.,

1999), one of the miR170/171 targets must be present in shoots to explain the 

morphology observed in the MIR170/171 overexpressors. By overexpressing 

miR170/171 in a location or at levels not present in wild-type plants, we cause many 

morphological changes, some of which are reminiscent of petunia ham mutants 

(Stuurman et al., 2002). Our results suggest that the miR170/171 SCL6 targets play roles 

in shoot meristem maintenance, confirmed by expression data from both compiled 

microarray data and from RT-qRTPCR that I performed (Figure 3-11).

A.C. Mallory introduced a wild-type and miR170/171-resistant copy (6mSCL6- 

IV) of SCL6-IV into plants. Three 6mSCL6-IV plants displayed a dark green appearance
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Figure 3-11. SCL6 mRNA expression in various tissues

(A) Microarray data complied from Genevestigator
(www.genevestigator.ethz.ch/at/index.php) (Zimmermann et al., 2004). The top of the 
chart is gathered from developmental stages, whereas the bottom data comes from 
microarrays performed using tissue-specific samples. Numbers indicate the absolute 
signal values from a compiled list of microarrays for each mRNA. (B-C) The indicated 
SCL6 mRNAs were quantified in total RNA from wild type seedlings, buds and 
meristems, roots, and rosette leaves using quantitative real-time RT-PCR. Samples were 
normalized to either APRT (B) or GAPDH (C). mRNA levels are displayed in arbitrary 
units.
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as did two out of four control SCL6-IV plants. This phenotype may have been due to 

environmental stress (ACM, personal communication), as subsequent generations did not 

reveal this phenotype again. Two 6mSCL6-IV plants displayed increased branching, 

reciprocal to the decreased branching observed in the MIR171a overexpressors (ACM, 

personal communication).

To further examine the functions of the SCL6 family, I attempted, but was unable, 

to isolate homozygous T-DNA lines disrupted for SCL6-II, SCL6-III, or SCL6-IV. As 

more T-DNA lines become available and more is known about miR170/171 regulation, 

we can begin to understand the potential of this subset of GRAS-domain transcription 

factors in regulating meristematic maintenance in both roots and shoots.
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Chapter 4: miR164 regulates organ separation

Some of the work in this chapter has been previously published (Mallory et al.,

2004a).

4.A. NAC-domain transcription factors: Targets of miR164

miR164 is transcribed from three Arabidopsis loci and targets at least five 

members of the NAC domain transcription factor family, named for the founding family 

members: petunia no apical meristem (NAM), Arabidopsis ATAF1 and ATAF2, and 

Arabidopsis CUP-SHAPED COTYLEDON2 (CUC2) (Aida et al., 1997; Souer et al., 

1996). In Arabidopsis, the known miR164 targets are NAC1, CUC1, CUC2, At5g07680 

and At5g61430 (Figure 4-1 A, B).

NAC domain proteins are implicated in root and shoot development. NAC1 is 

involved in the auxin signaling pathway and has a role in lateral root development (Xie et 

al., 2000; Xie et al., 2002). When antisense NAC1 is constitutively expressed, NAC1 

transcript levels decrease and seedlings produce fewer lateral roots (Xie et al., 2000). 

CUC1 and CUC2 have established roles in shoot development. The cucl cuc2 mutant 

displays defects in shoot apical meristem (SAM) formation as well as in cotyledon, sepal, 

and stamen separation (Aida et al., 1997; Takada et al., 2001). The incomplete 

penetrance of the single mutants suggests a functional redundancy between the two genes 

(Takada et al., 2001), which are closely related to each other and to At5g07680 and 

At5g61430.
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Figure 4-1. miR164 and NAC-domain transcription factors with miR164-complementary 

sites display overlapping expression patterns

(A) Watson-Crick base pairing between miR164 and seven NAC domain mRNAs. 
Possible G:U base pairing is noted by circles. The protein sequence encoded by the 
miRNA complementary site is below.
(B) An illustration of the full-length proteins noting the relative location of the NAC 
domain and miR164 complementarity site (asterisk).
(C) miR164 target mRNAs accumulate differentially in Arabidopsis tissues. The 
indicated NAC-domain mRNAs were quantified in total RNA prepared from root, rosette 
leaf, stem, cauline leaf, bud (includes floral meristematic tissue), flower, silique (includes 
embryonic tissues) and 12-day-old seedling tissues using quantitative real-time RT-PCR 
with primers and probes designed around the miRNA complementarity sites and 
normalized to the level of 18S rRNA in the sample. TUB4 was also assayed as a non
target control. mRNA levels are displayed in arbitrary units, and error bars represent the 
standard deviations of three PCR replicates of a single reverse transcription reaction.
(D) miR164 accumulates differentially in Arabidopsis (Col-0) tissues. RNA gel blot 
analysis of RNA from panel C with a DNA probe complementary to miR164. The 
positions of 32P-labeled RNA oligonucleotides are noted on the left. The blot was stripped 
and reprobed with an oligonucleotide complementary to U6 as a loading control. RNA 
preparation and RNA gel blot done by A.C. Mallory. Figure adapted from (Mallory et 
al., 2004a).
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4.B. Expression analysis of miR164 targets

I used real time RT-PCR to examine the expression of miR164 targets in various 

tissues. I found that the expression of these genes overlaps with the accumulation of 

miR164 (Figure 4-1 C, D) and that each miR 164-targeted gene and miR164 itself is 

differentially expressed across various tissues and developmental stages (Figure 4-1). I 

found the highest target levels in roots, stems, and buds, whereas the lowest target mRNA 

accumulation occurred in rosette and cauline leaves (Figure 4-1 C). Paradoxically, 

miR164 levels did not correlate inversely with miR164 target mRNA levels. Both stem 

and root tissue accumulated higher amounts of miR164 than did rosette and cauline 

leaves (Figure 4-1 D).

4.C. Over expression of miR 164 alters organ development

4.C.I. miR 164 overexpression phenotypes are reminiscent of cuclcuc2

To explore the roles of miR164 in Arabidopsis, I expressed MIR164b driven by 

the cauliflower mosaic virus 35S promoter. We expected these plants to have decreased 

expression of all miRl64-target genes, thereby mimicking the nacl and c u d  cuc2 

phenotypes. The knock-down of this subset of the NAC-domain transcription factors 

would allow us to further examine the roles of the genes in Arabidopsis development.

I found that 35S\MIR164b seedlings displayed phenotypes that were much weaker 

than c u d  cuc2 seedlings phenotypes(Aida et al., 1997; Takada et al., 2001). In contrast 

to the severe cotyledon fusions seen in c u d  cuc2,1 found that most 35S:MIR164b plants 

resembled wild type as seedlings (Figure 4-2 A,E). Unlike the c u d  cuc2 double mutants,
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which frequently lack a shoot apical meristem (Aida et al., 1997), only one of 86 

35S\MlR164b primary transformants (Tj) displayed this phenotype (Figure 4 -2 1). 

Although varying degrees of cotyledon fusion were sometimes observed (Figure 4-2), 

these phenotypes did not correlate with adult phenotypes (Mallory et al., 2004a). This 

lack of correlation may be due to relatively low 35S-promoter expression levels during 

embryogenesis (Sunilkumar et al., 2002), when cotyledon pattern is established.

In contrast to the weak seedling phenotypes, adult 35S:MIR164b plants displayed 

various lack-of-separation phenotypes (Table 4-1 and Figure 4-2, 4-3) that seemed to 

correlate with the degree of miR164 overexpression. Reminiscent of cu d  cuc2 plants, I 

observed fused sepals and stamen in 68% and 19% of primary transformants, respectively 

(Figure 4-2 and Table 4-1).

4.C.2. Additional fusions are found in miR164 overexpressing plants

In addition to floral organ fusions, I observed several other fusion phenotypes that 

are not seen in cu d  cuc2 double mutants (Figure 4-2). These phenotypes included fusion 

of vegetative organs, such as rosette leaf fusions (15% of Tj plants), leaf-stem fusions 

(33% of Tj plants), and stem-pedicle fusions (29% of T, plants) (Figure 4-2). Progeny of 

T, plants displaying fusions had similar or stronger fusion phenotypes. A.C. Mallory, a 

former post doctoral fellow in David Bartel’s lab, performed gel-blots on RNA I prepared 

from plants ranging from no fusion to severe fusion phenotypes. We found a positive 

correlation between phenotypic severity and miR164 accumulation (Figure 4-3 A). As 

these additional phenotypes are not observed in c u d  cuc2 mutants, the down regulation 

of At5g07680 and At5g61430, two genes closely related to CUC1 and CUC2, may be 

responsible for the vegetative fusions (Mallory et al., 2004a).
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Figure 4-2. Organ fusions in 35S\MlR164b plants

(A-D) Ten-day-old 35S:MIR164b seedlings displaying no cotyledon fusion (A), partial 
cotyledon fusion (B, C), or complete cotyledon fusion along one border (D).
(E-H) Same seedlings as in (A-D) at 13 days, displaying true leaf formation to one side of 
the fused cotyledons (F-H).
(I) 13-day-old 35S:MIR164b seedling displaying fused cotyledon petioles and no SAM. 
(J) 29-day-old WT Col-0 plant.
(K-M) 35S:MIR164b plants (34 days old) displaying rosette leaf fusion (arrow in L) or 
leaf-stem fusions (arrows in K and M).
(N-R) Wild-type (Col-0) flowers display separated sepals (N) (arrow denotes the point of 
separation) and four distinct stamen (O). Pedicles emerge from the inflorescence stems 
(P, R) and separated flower parts abscise from the fertilized siliques (Q).
(S-X) 35S:MIR164b T, plants display floral organ fusion defects. Flowers display 
various extents of sepal fusion (S, T; arrows denote the point of separation). Removal of 
part of the sepals and petals from the flower in panel T exposes fused stamen (U; arrow 
denotes the point of separation). 35S:MIR164b plants display varying degrees of pedicles 
fused to stems (V, X; arrows highlight the altered angles between pedicle and stem; 
compare to P and R). Fused sepals abscise late from 35S:MIR164b siliques (W; arrow 
indicates dried sepals firmly attached to the silique). Occasional stamen-carpel fusions 
are observed (arrowhead in W). The scale bar in A represents 1 mm and applies to panels 
A-I, the scale bars in K and L represent 1 cm, and the scale bars in N-X represent 1 mm. 
Figure modified from (Mallory et al., 2004a).
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Table 4-1. Summary of 35S:MIR164b and cu d  cuc2 phenotypes

35S\MIR164b c u d  cuc2
Fused cotyledons occasional yes

(partial)
Rosette leaf fusions 13/85 no
Leaf-stem fusions 28/85 no
Stem-pedicle fusions 25/85 no
Sepal-sepal fusions 58/85 yes
Stamen-stamen 16/85 yes
fusions
Lack of SAM 1/86 yes

The fractions of independent 35S\MIR164b T, plants showing the indicated phenotype 
are compared to the c u d  cuc2 double mutant (Aida et al., 1997).
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Figure 4-3. miR164 accumulates and miR164 target mRNA levels are decreased in 

phenotypic 35S\MlR164b plants

(A) 35S\MIR164b plants that display organ fusion phenotypes have increased miR164 
accumulation. RNA gel-blot analysis of 30 pig total RNA prepared from 7-day-old WT 
Col-0 seedlings and 7-day-old seedling progeny of 35S\MlR164b plants. Line 7 
displayed no fusion phenotypes; line 2 displayed stem-pedicle and weak sepal fusions; 
line 27 displayed stem-pedicle, stem-leaf, and sepal fusions; and line 8 displayed stem- 
pedicle, stem-leaf, sepal, stamen, and rosette leaf fusions. The positions of 32P-labeled 
RNA oligonucleotides are noted on the right. The blot was stripped and reprobed with 
oligonucleotides complementary to miR160 and U6 as loading controls. RNA gel blots 
performed by A.C. Mallory.
(B) 35S:MIR164b plants that display organ fusion phenotypes accumulate reduced levels 
of miR164 target mRNAs. The indicated mRNAs were analyzed using real time 
quantitative RT-PCR with primers and probes designed around the miRNA 
complementarity sites and normalized to the level of 18S rRNA in the sample. Total 
RNA was prepared from flowers of WT Col-0 plants or 35S\MIR164b transformants 
lacking fusion phenotypes (plant Tl-81), having stem-pedicle, stem-leaf, and sepal 
fusions (plant Tl-61), or having stem-pedicle, stem-leaf, sepal, stamen, and rosette leaf 
fusion phenotypes (plant T2-8). TUB4 is included as a non-target control. mRNA levels 
are displayed in arbitrary units and error bars represent the standard deviations of three 
PCR replicates on two reverse transcription reactions. Figure modified from (Mallory et 
al., 2004a).
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To determine if there was a correlation between phenotypic severities and target 

mRNA levels, I utilized reverse transcription quantitative real time PCR (RT-qRTPCR) 

(Figure 4-3 B). I found that in segregating T2 plants phenotypic severity did predict 

miR164 target mRNA levels. Upon repeating the RT-qRTPCR, similar data were 

obtained from independent reverse transcription reactions from the same RNA, but the 

data were inconsistent between biological replicates. This inconsistency perhaps 

reflected different levels of miR164 overexpression even between homozygous siblings 

of the same line (e.g. lines 8D and 8F, Figure 4-4). Alternatively, technical difficulties 

with the RT-qRTPCR may have prevented the accurate determination of mRNA levels. 

Even small pipetting errors can cause PCR artifacts in this highly sensitive quantification 

method. In addition, if these errors affect the control transcripts used for standardizing 

mRNA levels, large fluctuations can occur in RT-qRTPCR data processing. These 

possibilities were not explored further.

In addition to NAC-domain target mRNA levels decreasing due to miR164- 

directed cleavage, miR164 could negatively regulate NAC targets via translational 

attenuation, thereby causing a phenotype without decreasing mRNA levels. For example, 

miR172, which targets AP2, appears to act primarily through translational attenuation 

(Aukerman and Sakai, 2003; Chen, 2004).

4.D. Reduction of miR164 levels does not cause phenotypic 

alterations

I explored whether reducing expression of miR164 family members by T-DNA 

insertions within particular loci would allow us to ascertain the biological effects of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



107

1200

800

400

0

4000

2000

0
1600

1200
800

400

0
2000

1000

0
800

400

0
8000

4000

At5g07680

I* II.If l A
At5g61430

r ib  i i  n
I

CUC1

f l i i f i.
CUC2

i l i a
NAC1

a l —  i s Eft

ill* Mi

TUB4

Col Col 80 81 61 97 8 D 8 F

35S:MIR164b

Figure 4-4. Target mRNA levels in 35S\MIR164b lines did not always reflect phenotypic 

severity

The indicated mRNAs were analyzed using real time quantitative RT-PCR with primers 
and probes designed around the miRNA complementarity sites and normalized to the 
level of 18S rRNA in the sample. Total RNA was prepared from flowers of WT Col-0 
plants or 35S:MlR164b transformants lacking fusion phenotypes (plant T r 80 and Tr 81), 
having stem-pedicle, stem-leaf, and sepal fusions (plant Tr 61 and T r 97), or having 
stem-pedicle, stem-leaf, sepal, stamen, and rosette leaf fusion phenotypes (plant T2-8D 
and T2-8F). TUB4 is included as a non-target control. mRNA levels are displayed in 
arbitrary units and error bars represent the standard deviations of three PCR replicates of 
reverse transcription reactions. Duplicate bars represent independent reverse 
transcription (RT) reactions. Note that there is little difference between RT reactions, but 
a large variations between biological replicates. For example, 8D and 8F are progeny of 
the same transformant and have similar fusion phenotypes, but do not display similar 
miR164b target mRNA levels.
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decreased miR164 regulation. We expected M1R164 mutants to display phenotypes 

similar to the cumulative effects of miR164~resistant targets.

I isolated a homozygous line (m irl64b-l) containing the SALK_136105 insert 

(Alonso et al., 2003), which lies within the foldback of the MIR164b locus. I used 

PCR-based sequencing to determine the exact location of the insert. At the time, no 

mutants were available for MIR164a or MIR164c. Northern analysis by A.C. Mallory 

indicated that miR164 accumulation was decreased ~ 15-fold (Figure 4-5 A), but I did not 

observe aberrant phenotypes in mirl64b-l mutants (data not shown), suggesting that 

sufficient functional miR164 is maintained via MIR164a and MlR164c. For example, I 

found that the root length and lateral root number of mirl64b-l did not vary significantly 

from the wild-type measurements (data not shown), whether grown on unsupplemented 

media or media containing 20 nM IAA. RT-qRTPCR analysis revealed no consistent 

alterations in target mRNA levels in the mirl64b mutant (Figure 4-5 B).

My data suggested that sufficient miR164 levels remain in mirl64b plants for 

miR164-target gene regulation and that MIR164a and MIR164c function redundantly 

with MIR164b (Mallory et al., 2004a). Subsequent research has suggested that the 

miR164 family is differentially regulated with distinct, but overlapping, expression 

patterns (Sieber et al., 2007).

4.E. A miR164-resistant target phenotype depends on target 

mRNA levels

Increasing miR164 accumulation caused pleiotropic morphological phenotypes, 

suggesting that precise regulation of the miR164 targets is important. To assess the
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Figure 4-5. miR164b mutant plants have reduced miR164 accumulation

(A) RNA gel-blot analysis of 30 pig total RNA prepared from 7-day-old WT Col-0 and 
mirl64b mutant (SALK_136105) seedlings. The positions of 32P-labeled RNA 
oligonucleotides are noted at the right. The blot was stripped and reprobed with 
oligonucleotides complementary to miR160 and U6 as loading controls. RNA gel blots 
performed by A.C. Mallory.
(B) The indicated NAC-domain mRNAs in total RNA prepared from 7-day-old WT 
Col-0 (black bars) and mirl 64b mutant (gray bars) seedlings were analyzed using 
quantitative real-time RT-PCR with primers and probes designed around the miRNA 
complementarity sites and normalized to the level of 18S rRNA in the sample. TUB4 is 
included as a non-target control. mRNA levels in two independently prepared RNA 
samples are displayed in arbitrary units and error bars represent the standard deviations of 
three PCR replicates on two reverse transcription reactions. Figure modified from 
(Mallory et al., 2004a).
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significance of miRl 64 regulation on one of its targets, A.C. Mallory transformed plants 

with a construct containing either a wild-type or miR164-resistant version of CUC1 

driven by its genomic regulatory region (Mallory et al., 2004a). Plants containing the 

wild-type version displayed no alterations in phenotype, whereas some plants containing 

the miR164-resistant version showed altered floral organ boundaries (Mallory et al., 

2004a). The flowers of these plants developed fewer sepals and more petals than wild- 

type plants, creating more open flowers and an “open-mouth” appearance (Mallory et al., 

2004a). To assess whether this “open-mouthed” appearance correlated with an increase 

in CUC1 mRNA, I performed RT-qRTPCR on floral RNA and found that CUC1 

expression increased with phenotype severity (Figure 4-6).

4.F. Expanding the understanding of the miR164 family and its 

roles in regulating CJJC1, CUC2, and NAC1

We demonstrated that miR164 and its target mRNAs play important roles in 

organ boundary formation (Mallory et al., 2004a). When miR164 was overexpressed, 

fusions between organs occurred (Section 4.B.), and, when CUC1 was released from 

miR164 control, the separation between organ boundaries increased (Section 4.D.) 

(Mallory et al., 2004a).

Since our miR64 work was completed in 2004, several groups have begun to tease 

apart the different roles of the three miR164 genes and the relationship between the target 

genes and these miRNAs. I summarize these advances in the following sections.
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Figure 4-6. 5mCUCl phenotype severity is mirrored in CUC1 expression levels

Phenotypic 5mCUCl plants accumulate increased steady-state levels of CUC1 mRNA. 
The indicated mRNAs were analyzed using real-time quantitative RT-PCR with primers 
and probes designed around the miRNA complementarity site of CUC1 and normalized 
to the level of 18S rRNA in the sample. Total RNA was prepared from a mix of buds and 
inflorescence meristems of WT Col-0 plants and control CUC1 1-18 and 6-20 and 
5mCUCl M-20 and A-20 transformants lacking phenotypes, SmCUCl M-18 and B-19 
transformants displaying flower phenotypes and 5mCUCl A-32 and P-18 transformants 
displaying both rosette leaf and flower phenotypes. TUB4 is included as a non-target 
control. mRNA levels are displayed in arbitrary units, and error bars represent the 
standard deviations of three PCR replicates. RNA prepared by A.C. Mallory. Figure 
modified from (Mallory et al., 2004a).
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4.F.I. The interaction between MIR164a and CUC2 controls leaf 

margin serration

mirl64a T-DNA insertional mutants display increased leaf serration depth in the 

Col-0 background (Nikovics et al., 2006), which normally displays weak serration. An 

allelic series reveals that this phenotype holds true for both Col and Ws accessions and 

can be rescued by miR164 expression driven by 2.1 kb of genomic regulatory sequence 

(Nikovics et al., 2006). When the regulatory sequence is shortened to 1.6 kb, miR164 

expression partially complements the serration phenotype, whereas smaller sequences do 

not rescue (Nikovics et al., 2006). The expression pattern of MIR164a, explored via GUS 

expression, reveals an overlap between miR164a and CUC2 expression.

mirl64a plants display a two-fold increase in accumulation of At5g07680, 

At5g9610, and NAC1, and a 5-fold increase in CUC2 levels compared to wild type;

CUC1 expression levels are undetectable in both mirl64a and wild-type plants (Nikovics 

et al., 2006). 5mCUCl lines generated by A.C. Mallory displayed alterations in leaf 

petiole length, but no increase in leaf serration depth (Mallory et al., 2004a), suggesting 

CUC1 does not participate in the leaf serration phenotype observed in mirl64a plants. 

When a miR164-resistant version of CUC2 (CUC2g-m4) is introduced into plants, 27 out 

of 60 lines form leaves with deeper serrations, suggesting that enhanced CUC2 activity is 

at least partially responsible for the mirl64a phenotype (Nikovics et al., 2006).

Additional defects in internode elongation, flower phyllotaxy, and leaf 

morphology are also observed in the CUC2g-4m lines (Nikovics et al., 2006). The 

coexpression of miR164 and CUC2 in internode cells explains the altered phyllotaxy, the 

pattern of placement on the stem, observed in CUC2g-4m plants (Peaucelle et al., 2007).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



113

In CUC2g-4m lines, internode length is more variable than wild type and results from 

both cell-elongation and cell-division defects (Peaucelle et al., 2007). Compared to wild- 

type plants, CUC2 expression in CUC2g-4m plants is maintained for a longer period of 

time, at higher levels, and in different patterns (Peaucelle et al., 2007). These data 

suggest that miR164 plays an important role in clearing CUC2 from internode cells.

4.F.2. MIR164c regulates petal number through CUC1 and CUC2

early extra petals 1 (eepl) was isolated as a spontaneous mutation in the her 

background that results in flowers with more than four petals on the first flowers of a 

stem (Baker et al., 2005). The mutation was mapped to MIR164c. MlR164c expression 

is reduced and CUC1 and CUC2 mRNA levels are increased in the eepl background, but 

other known miR164 targets are not altered (Baker et al., 2005).

The eepl phenotype can be rescued not only by overexpression of MIR164c, but 

also by overexpression of MlR164b (Baker et al., 2005), suggesting that the differences in 

primary miRNA transcript structure or stability are not as important as differences in 

expression patterns among the miR164 loci. However, unlike 35S:MIR164b lines, lines 

overexpressing MIR164c do not display cotyledon separation defects or fusion of leaves 

to stems (Baker et al., 2005), perhaps indicating miR164c activity may be more limited 

than that of miR164b.

miR164-resistant CUC1 expressed in the her background recapitulates the eepl 

petal phenotype, suggesting that an increase in or misregulation of CUC1 and/or CUC2 

expression results in petal defects (Baker et al., 2005). The gradient of petal defects 

observable in the eepl mutants, 1.5 times as many petals in early flowers to wild-type 

numbers in later flowers, is not observed in our SmCUCl lines in the Col accession
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(Mallory et al., 2004a). These differences may be due to the vector used in 

overexpression or the accession of the overexpression plants. Plants in the Ws accession 

overexpressing miR164 do not display stamen fusions, whereas these fusions are 

occasionally seen in miR164 overexpressors in the her background (Laufs et al., 2004), 

suggesting that the accession of the plants can modify the observed phenotypes.

In addition to roles in leaf margin serration, CUC2, like CUC1, can increase the 

boundaries between floral organs. Plants overexpressing an ethanol-inducible miR164- 

resistant CUC2 (CUC2-5m) have wider boundaries between sepal primordia (Laufs et al., 

2004). Moreover, coexpressing miR164-resistant CUC2 and miR164 results in the 

separation of the fused sepals observed in the miR164 overexpression lines (Laufs et al., 

2004).

4.F.3. The mirl64abc triple mutant reveals the functions and 

transcription patterns of individual MIR164 loci

mirl64abc triple mutants were created by crossing several lines containing 

T-DNA insertions near or within the three MIR164 loci (Sieber et al., 2007). In 

agreement with the floral phenotypes observed when miR164-resistant target genes are 

expressed, the triple mutant displays an increased number of sepals and petals and defects 

in phyllotaxis (Sieber et al., 2007). In addition, various floral organs vary in size and 

some carpels fail to fuse, causing a severe reduction in fertility (Sieber et al., 2007). In 

the mirl64abc triple mutant, flowers are often radially separated by only five to six cells, 

approximately the same number that separate the primordia at initiation, suggesting that 

the phyllotaxis defects result from repressing cellular division that normally occurs to 

separate floral organs (Sieber et al., 2007).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115

When GFP is driven by the upstream regulatory region of each MIR164 locus, 

distinct, yet overlapping, expression patterns are revealed (Sieber et al., 2007). All loci 

display expression mainly in epidermal cells of inflorescence tissue (Sieber et al., 2007). 

MIR164c-GFP is detected in various floral organs, including sepal margins, carpels, and 

floral meristems, whereas MIR164a-GFP is detected in leaves and the boundaries 

between the inflorescence meristem and floral primordia (Sieber et al., 2007). In 

contrast, MIR164b-GFP is not expressed in the meristem, but accumulates in abaxial 

epidermal cells of sepals (Sieber et al., 2007). Because miR164 is expressed only in 

certain tissues at certain times, it is possible that some miR164 targets escape miR164 

regulation because they are expressed at times or in places where miR164 is absent 

(Sieber et al., 2007).

4.F.4. miR164 is a late auxin-responsive transcript, which 

downregulates NAC1 for lateral root growth

NAC1 is an early auxin-response gene involved in lateral root development. 

Overexpression of a miR164-resistant version of NAC1 results in five to six times more 

lateral root initials than wild type (Guo et al., 2005). In contrast, mirl64b-l, in addition 

to three alleles of mirl64a, display increased numbers of lateral roots per mm of root 

when grown for 10 days on 2% sucrose (Guo et al., 2005). This difference was 

observable as early as 7 days after germination (Guo et al., 2005). I also examined lateral 

root initiation in mirl64b-1 mutants grown on 0.5% sucrose and did not find any 

significant differences between mutant and wild type (data not shown), suggesting that 

these phenotypes may be particularly sensitive to the varying growth conditions used in 

different laboratories.
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NAC1 mRNA accumulates in response to low levels of auxin within 30 min of 

application, whereas small increases (~1.5 fold) in miR164 accumulation require higher 

auxin levels and are evident 6 to 8 hours after exposure (Guo et al., 2005). Cleavage of 

NAC1 mRNA is observable after this time, suggesting that increases in miR164 serve to 

clear NAC1 mRNA after auxin exposure (Guo et al., 2005).

4.F.5. miR164 may act by dampening, not eliminating, target mRNA

When wild-type CUC1 and CUC2 are fused to GFP and expressed behind their 

genomic upstream regulatory regions, GFP is detected in the cells separating the flower 

primordial and the inflorescence stem (Sieber et al., 2007). Intriguingly, miR164- 

resistant versions of these constructs accumulate in the same region, but to a much higher 

level (Sieber et al., 2007). This difference in GFP protein accumulation suggests that 

miR164 works by dampening the already present target mRNA levels, as opposed to 

eliminating the target transcripts (Sieber et al., 2007). My expression analysis also 

supports this hypothesis (Figure 4-1 C, D)

An understanding of not only the interactions between miR164 and its target 

mRNAs, but also the MIR164 loci expression patterns and the mirl64a mirl64b mirl64c 

triple mutant, allow miR164 to easily be classified as one of the best understood plant 

miRNA families.
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Chapter 5: miR398 functions in sucrose, as well as in copper

sensing and stress-response

5.A. Copper superoxide dismutases function in reactive-oxygen 

scavenging

Reactive-oxygen species (ROS) can be detrimental to cellular function, and plants 

have evolved many enzymes to neutralize specific ROS. For example, superoxide 

dismutase (SOD) enzymes scavenge superoxide radicals and release molecular oxygen 

and hydrogen peroxide. Arabidopsis encodes seven SOD isozymes distinguished by their 

metal cofactors: CSD1, CSD2, and CSD3 are Cu/ZnSODs localized to the cytoplasm, 

chloroplasts, and peroxisomes, respectively; FSD1, FSD2, and FSD3 are FeSODs 

localized to plastids; and MSD1 is a MnSOD localized to mitochondria (Kliebenstein et 

al., 1998). Members of the SOD family are differentially regulated; CSD1 and CSD2, in 

particular, are upregulated in response to stresses that generate ROS, including ozone, 

UV-B, and high light (Kliebenstein et al., 1998). A csd2, but not csdl, mutant has been 

characterized.

5.A.I. CSD2 is required for maintenance of the water-water cycle

The csd2-l T-DNA mutant displays resistance in root elongation when grown in 

the presence of paraquat, an herbicide that, when reduced, releases a superoxide radical.

In addition, csdl-l displays decreased photosynthesis and chlorophyll levels, suggestive 

of a defect in the water-water cycle (Rizhsky et al., 2003). The water-water cycle 

channels electrons from photosystem II to oxygen by photosystem I and results in the
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formation of superoxide radicals (Mehler, 1951). In this way, the water-water cycle 

maintains electron flow even when carbon dioxide (C02) fixation is limited or inhibited.

5.A.2. The relationship between FSD1 and CSDs

FSD1 and the CSD proteins are inversely regulated by copper; FSD1 accumulates 

when plants are copper-depleted and decreases with increasing copper, which also results 

in accumulation of CSD proteins (Abdel-Ghany et al., 2005; Yamasaki et al., 2007).

Thus, when copper is limiting, key copper-containing enzymes, such as cytochrome C 

oxidase and plastocyanin, receive the copper cofactor they require and FSD1 provides 

SOD function instead of the CSD proteins.

5.B. miR398 targets CSD1, CSD2, and COX5b.l

In addition to environmental regulation, some plant SOD mRNAs are regulated 

by microRNAs (miRNAs) (Bonnet et al., 2004; Jones-Rhoades and Bartel, 2004; Sunkar 

and Zhu, 2004). miR398 is an angiosperm miRNA encoded in three loci that in 

Arabidopsis targets two SOD genes, CSD1 and CSD2 (Jones-Rhoades and Bartel, 2004; 

Sunkar and Zhu, 2004). In addition, Arabidopsis miR398 targets COXSb.l (Jones- 

Rhoades and Bartel, 2004; Sunkar and Zhu, 2004), which encodes the 5b subunit of 

cytochrome C oxidase.

5.B.I. miR398 regulation of CSD1, CSD2, and COX5b.l is conserved

The complementarity between miR398 and its three targets is conserved among 

Arabidopsis, rice, and pine (Figure 5-1), whereas lower plants such as moss and lycopods
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Figure 5-1. Complementarity of miR398 and its targets

(A-C) Alignments of miR398 and CSD2 (A), CSD1 (B), COX5b (C) from Arabidopsis 
thaliana (At), Populus trichocarpa (Pt), Oryza sativa (Os), and Glycine max (Gm). The 
amino acids encoded by the miR398 complementary region are shown below the 
alignment. (D, E) Alignments of miR398 and its target RNAs for Arabidopsis (D) and 
Glycine max (E). Watson-Crick base pairing, G:U wobbles, and mismatches are in black, 
grey, and white boxes within the alignments and a vertical line, black circle, and X 
between the miRNA and targets, respectively. Alignments were created using the 
tentative sequence (TC) numbers listed, the computational biology and functional 
genomic laboratory gene index project (http://compbio.dfci.harvard.edu/tgi/) and 
seqbuilder (DNASTAR Lasergene v. 6.1).
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appear to lack miR398 (Table 1-1) (Axtell and Bartel, 2005; Axtell et al., 2006; Axtell et 

al., 2007; Fattash et al., 2007). Like most plant miRNA targets, the CSD2 miR398 

complementarity site is in the coding sequence. In contrast, CSD1 and COX5b.l 

transcripts contain miR398 sites in the 5 '-UTR. Moreover, the CSD1 complementarity 

site is interrupted by an intron. Soybean (Glycine max) CSD1 maintains the miR398 

complementarity site in the 5 '-UTR, but the complementarity between miR398 and CSD2 

and COX5b. 1 appears to have been lost (Figure 5-1). The conserved miR398 targeting of 

CSD1, CSD2, and COX5b in multiple diverse angiosperms suggests that negative 

regulation of these targets is important in some aspect of plant development or 

environmental responses.

5.C. miR398 roles in stress response and copper regulation

5.C.I. miR398 is downregulated in response to oxidative stress

As CSD enzymes regulate ROS, one role for miR398 might be to influence ROS 

signaling. The functional relationship between miR398 and CSD1 and CSD2 has been 

investigated under oxidative stress conditions. Plants grown under high light, high Cu2+ 

or Fe3+, or paraquat accumulate CSD1 and CSD2 mRNA concurrent with a decrease in 

miR398 levels (Sunkar et al., 2006). Overexpression of CSD2 or a mutant version of 

CSD2 that is resistant to miR398 regulation increases tolerance to growth under high 

light or on high copper or paraquat (Sunkar et al., 2006). These results suggest that 

miR398 functions to prevent CSD1 and CSD2 accumulation until conditions that 

generate ROS are encountered (Sunkar et al., 2006).
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5.C.2. miR398 is downregulated in the presence of non-limiting copper

Intriguingly, all three miR398 target proteins utilize copper cofactors. The 

relationship between miR398 and copper availability has been further explored. In fact, 

miR398 levels are repressed not only by toxic, and presumably ROS-generating, copper 

levels (100 piM) (Sunkar et al., 2006), but also by physiological copper levels (0.5 /rM) 

that do not induce stress responses (Yamasaki et al., 2007). These data suggest that 

miR398 functions to dampen CSD expression under conditions of limited copper 

availability, perhaps to allow copper utilization by other key enzymes such as 

plastocyanin (Yamasaki et al., 2007), which is needed for electron transfer through the 

photosystems.

5.D. mir398 mutants have reduced miR398 accumulation, but lack 

physiological abnormalities

Previous research has demonstrated that overexpression of a miR398-resistant 

form of CSD2 increases plant resistance to high light, high copper, and paraquat (Sunkar 

et al., 2006). Some resistance is also observed for plants overexpressing a miR398- 

sensitive form of CSD2 (Sunkar et al., 2006). We expected that mutant plants with 

reduced miR398 levels would display phenotypes similar to plants in which miR398 

regulation has been weakened. Therefore, I searched the Salk Institute Genomic Analysis 

Laboratory collection (Alonso et al., 2003) for plants with disruptions in the three 

Arabidopsis loci encoding miR398: MIR398a, MIR398b, and MIR398c. Although no 

mutants were available for MIR398b, I found a single mutant for MIR398a and multiple 

insertional mutations that occurred near MIR398c. I chose to focus on two T-DNA
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insertions, 41 bp and 77 bp upstream of the MIR398a and MIR398c foldbacks, 

respectively. The mir398c T-DNA is inserted at the end of the annotated promoter 

sequence (Megraw et al., 2006; Xie et al., 2005) and the beginning of MIR398c cDNA 

clones (RAFL21-89-F22 and 21-90-G19 (Seki et al., 2002)); the boundaries of the 

MlR398a transcript have not been reported. To create a mutant with further decreased 

levels of miR398, we crossed these two T-DNA lines, and I isolated the mir398a mir398c 

double mutant. I did not detect differences between these mutants and wild type in 

growth rate or morphology (data not shown).

I used RNA gel blot analysis to monitor miR398 levels in the mir398 mutants and 

found that miR398 levels were substantially reduced in all three lines (Figure 5-2). To 

determine the molecular consequences of decreased miR398 levels, I assayed miR398 

target levels using both RNA gel blot analysis and immunoblotting. We observed an 

inverse relationship between miR398 levels and target mRNA and protein levels 

(Figure 5-2), indicating that both miR398a and miR398c contribute to target regulation in 

vivo.

In the course of testing miR398 responses to various growth conditions, I found 

that mir398 levels were dramatically increased when plants were grown on media 

supplemented with 1% sucrose (Figure 5-2). However, the residual miR398 levels in the 

mir398 mutants were not appreciably increased by sucrose. As a result, the differences in 

target mRNA and protein levels between wild type and mir398 mutants were most 

apparent in sucrose-grown seedlings (Figure 5-2).

Resistance to high copper (150 piM) and paraquat (0.25 piM) has been reported in 

MIR398b cosuppressed lines (Sunkar et al., 2006). Therefore I tested the miR398 mutant
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Figure 5-2. mir398 mutants display decreased miR398 and increased target accumulation

An illustration of the MIR398c (A) and MIR398a (B) loci. Locations of T-DNA 
insertions (triangles), miR398 stem-loop (dark grey boxes), miR398 mature sequence 
(light grey boxes) are indicated. Upstream and downstream genes are indicated with 
dashed arrows and the annotated MIR398c upstream regulatory region is noted with a 
black box (A). A cloned MIR398c cDNA is shown by an arrow below the locus; the 
transcript is interrupted by an intron. Wild-type, mir398c, mir398a, and 
mir398a mir398c double mutant (mir398a/c; 2 lines) plants were grown for 12 days 
under continuous white light at 22 °C on PNwon or PNwon supplemented with 1% 
sucrose. (C) Total RNA was loaded onto small RNA gels and probed for miR398 and 
the small nuclear RNA U6, a loading control. (D) Total RNA was loaded on mRNA 
gels and probed for miRNA target mRNAs and TUB4, the loading control, shown below 
each panel. (E) Total protein from the same plants analyzed in panels C and D was 
processed for immunoblots with antibodies to FSD, CSD1, CSD2, and HSC70.
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responses to both copper and superoxide stress. In our conditions, 90 and 120 piM CuS04 

dramatically inhibited wild-type growth, delaying germination and causing seedling 

arrest prior to the development of true leaves. I did not detect differences in germination, 

root growth, or seedling size between wild-type plants and the mir398 mutants grown on 

0, 0.5, 6, 30, 90, or 120 piM CuS04 in the presence (Figure 5-3) or absence (data not 

shown) of 1% sucrose. In our conditions, wild-type root length was reduced 4-fold after 

8 days of growth in the light on 30 nM paraquat, and we did not detect differences in 

germination, root growth, or seedling size between wild-type plants and the mir398 

mutants grown on 0, 5, 10, 20, or 30 nM paraquat in the presence or absence of 1% 

sucrose (Figure 5-4 A, B). As the PNwon medium (plant nutrient medium without 

micronutrients) does not contain copper and CSDs require copper cofactors, I also 

assayed plants grown on PNwon supplemented with 0.5 piM CuS04 in the presence 

(Figure 5-4 C) or absence (data not shown) of paraquat and sucrose. Again, all of the 

lines responded similarly to wild type. We concluded that the dramatic reduction in 

miR398 levels in the mir398 mutants (Figure 5-2 C) was not sufficient to confer 

measurable resistance to the stresses caused by copper or paraquat in our conditions.

This lack of resistance may be because miR398 levels were decreased, but not eradicated, 

in the mir398 mutant plants (Figure 5-2 C).

5.E. miR398 accumulation is affected by sucrose levels

Our molecular analyses of the mir398 mutants (Figure 5-2) suggested that 

miR398 accumulation might be sucrose responsive. To test this hypothesis, I grew plants 

on increasing sucrose levels and assayed for miR398 and target accumulation. In 12-d- 

old wild-type plants, miR398 accumulation increased as sucrose levels increased from
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Plants were grown on PNwon (A) or PNwon supplemented with 1% sucrose (B) with the 
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Figure 5-4. Plants altered in miR398 accumulation and with altered target levels do not 

display altered root lengths on paraquat

Plants were grown 8 days under continuous white light at 22 °C on PNwon (A), on 
PNwon supplemented with 1% sucrose (B), or on PNwon supplemented with 1% sucrose 
and 0.5 /rM CuS04(C).
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0 to 3% (Figure 5-5 A). Conversely, both the mRNA and protein levels of the miR398 

targets decreased as sucrose increased (Figure 5-5).

Exogenous sucrose may increase miR398 levels by affecting MIR398 

transcription, or the increase may reflect a developmental difference due to growth on 

media with sucrose. To distinguish between long-term developmental differences and 

more immediate sucrose regulation, plants were grown for 11 days and transferred to 

media containing or lacking 58.4 mM (2% w/v) sucrose for up to 24 hours (Figure 5-6). 

We did not detect altered miR398 levels after 1 or 6 hrs on sucrose, but found elevated 

miR398 levels after 24 hrs on sucrose. Plants incubated for 24 hours on the non- 

metabolizable osmotic control, mannitol, did not show a similar induction (Figure 5-6). 

We concluded that miR398 is sucrose-responsive.

miR398 levels are reduced by copper in the medium (Sunkar et al., 2006; 

Yamasaki et al., 2007). To assess the relationship between sucrose and copper regulation 

of miR398 levels, plants were grown on media supplemented with increasing 

concentrations of copper in the presence or absence of 1% sucrose. We found that 

sucrose increased miR398 levels in both the presence and absence of copper, and that 

copper reduced miR398 levels in both the presence and absence of sucrose (Figure 5-7). 

These data suggest that sucrose and copper regulate miR398 levels independently.
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Figure 5-5. miR398 accumulation in wild-type plants increases as sucrose concentrations 

increase

Wild-type plants were grown for 12 days under continuous white light at 22 °C on 
PNwon supplemented with the indicated concentration of sucrose. (A) Total RNA was 
extracted for a small RNA gel-blot for miR398. The ethidium stained gel depicts 5S and 
tRNAs, which serves as a loading control. (B) Total RNA gel-blots were probed for 
miRNA target mRNAs and TUB4, the loading control, shown below each panel. (C) 
Total protein from the same plants analyzed in panels C and D was processed for 
immunoblots with antibodies to FSD, CSD1, CSD2, and HSC70.
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Figure 5-6. miR398 is induced after 24 hours of sucrose treatment

Wild-type plants were grown for 11 days under continuous white light at 22 °C before 
treatment with a 58.4 mM sucrose (2%), 58.4 mM mannitol, or mock solution for 1, 6, or 
24 hrs. (A) Total RNA was extracted for a small RNA gel-blot probed with miR398 and 
the small nuclear RNA U6, a loading control. (B) Total RNA gel-blots were probed for 
miRNA target mRNAs and TUB4, the loading control, shown below each panel.
(C) Total protein from the same plants analyzed in panels A and B was processed for 
immunoblots with antibodies to FSD, CSD1, CSD2, and HSC70.
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Figure 5-7. miR398 accumulation in the presence of copper and sucrose is higher than on 

unsupplemented media

Wild-type plants were grown for 12 days under continuous white light at 22 °C on 
PNwon supplemented with the indicated amounts of copper and sucrose. (A) Total RNA 
was extracted for a small RNA gel-blot probed for miR398 and the small nuclear RNA 
U6, a loading control. Ethidium stained 5S and tRNAs also serve as loading controls.
(B) Total RNA gel-blots for CSD2, CSD1, and COX5b.l mRNA. Each blot was probed 
for a miRNA target mRNA and TUB4, the loading control, shown below each panel.
(C) Total protein from the same plants analyzed in panels A and B was processed for 
immunoblots with antibodies to FSD, CSD1, CSD2, and HSC70.
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5.F. Decreasing miR398c target levels does not alter stress 

responses

5.F.I. MIR398c overexpression decreases target levels without altering 

stress responses

To test whether reduced levels of miR398 target enzymes increases sensitivity to 

copper and oxidative stress, I cloned the stem-loop of the MIR398c gene behind the 

CaMV 35S promoter (Figure 5-8 A) and introduced this construct into wild-type 

Arabidopsis plants. I used immunoblotting of CSD1 and CSD2 to indirectly monitor 

miR398 levels in 16 segregating T2 lines representing seven independent transformants. I 

found that most transformants displayed reduced target protein levels, and that none 

showed increased target protein levels (data not shown). I selected four independent 

35S\MIR398c lines with reduced target protein levels for detailed analyses. I confirmed 

increased miR398 accumulation in these lines by small RNA-gel blot analyses 

(Figure 5-8 B). I observed an inverse correlation between miR398 accumulation and 

target protein expression. Interestingly, CSD1 and CSD2 protein accumulation appeared 

more substantially decreased compared to CSD1 and CSD2 mRNA reduction in these 

lines (Figure 5-8 C, D). Others have found that overexpression of MIR398b is prone to 

cosuppression (Sunkar et al., 2006; Yamasaki et al., 2007), but is possible (Yamasaki et 

al., 2007). In contrast, I did not observe any cosuppressed lines derived from MIR398c 

overexpression, as monitored by immunoblotting of miR398 targets (data not shown).
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Figure 5-8. miR398 overexpression causes severe decreases in target protein 

accumulation

(A) An illustration of the MIR398c locus from Figure 5-2 is shown above a schematic of 
the 35S:MIR398c construct. 35S:MIR398c contains the indicated region (black line) of 
the MIR398c locus. Wild-type plants were grown for 12 days under continuous white 
light at 22 °C on PNwon supplemented with 0.5 fiM CuS04. (B) Total RNA was 
extracted for a small RNA gel-blot probed for miR398 and the small nuclear RNA U6, a 
loading control. (C) Total RNA gel-blots were probed for miRNA target mRNAs and 
TUB4, the loading control, shown below each panel. (D) Total protein from the same 
plants analyzed in panels B and C was processed for immunoblots with antibodies to 
FSD, CSD1, CSD2, and HSC70.
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Copper negatively regulates miR398 accumulation (Sunkar et al., 2006; Yamasaki 

et al., 2007) and growth on as little as 0.5 piM CuS04 begins to relieve miR398 repression 

and allow CSD1 and CSD2 accumulation ((Yamasaki et al., 2007) and Figure 5-7). I 

grew 35S\MIR398c plants on media with and without copper to assess whether the 

copper regulatory element was contained within the overexpression construct. Wild-type 

plants displayed the expected miR398 decrease and corresponding target protein 

accumulation when supplemented with 6 piM CuS04 (Figure 5-9). Although the 

35S\MIR398c lines also accumulated less miR398 when grown on copper, CSD1 and 

CSD2 proteins remained nearly undetectable (Figure 5-9 C), suggesting that sufficient 

miR398 remained in the cells where endogenous miR398 target promoters are active to 

fully repress target protein accumulation.

I grew the 35S:MIR398c lines on media supplemented with copper (0 to 120 piM 

CuS04) (Figure 5-3) or paraquat (0 to 30 nM) (Figure 5-4), either in the presence or 

absence of 1% sucrose and did not detect any alteration in root elongation or seedling 

size compared to wild type.

5.F.2. Insertional mutants of miR398 target genes do not display altered 

response to stress

I searched the Salk Institute Genomic Analysis Laboratory collection (Alonso et 

al., 2003) for plants with disruptions in the three Arabidopsis loci encoding 

miR398-regulated genes. Although only one mutant was available for CSD2 (Rizhsky et 

al., 2003), I found multiple insertional mutations near COX5b.l and CSD1. I chose to 

focus on three T-DNA insertions: csdl-1 located within the second intron of CSD1, csd2- 

1 located 52 bp upstream of the CSD2 5’-UTR, and cox5b.l-l located within the fourth
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intron of COX5b.l (for Salk numbers and additional alleles see Table 3-1). I did not 

detect CSD1 mRNA or CSD1 protein in the csdl-1 mutant, using RNA gel-blot and 

immunoblotting, respectively (data not shown). CSD2 mRNA does not seem to 

overaccumulate in the csdl-1 mutant, but I repeatedly observed a slight elevation in 

CSD2 protein accumulation in csdl-1 (data not shown). COX5b.l mRNA is not 

expressed at levels detectable by RNA gel-blot in cox5b.l-l (data not shown). The 

csd2-l mutant displays a slight decrease in CSD2 mRNA and CSD2 protein accumulation 

(data not shown). To create mutants with further decreased levels of miR398 target gene 

products, we crossed these T-DNA lines, and I isolated the csdl-1 csd2-l, csdl-1 

cox5b.l-l, and csd2-l cox5b.l-l double mutants.

I did not detect differences between these mutants and wild type in morphology 

(data not shown) or root elongation (Figure 5-3 and 5-4). These negative results were 

initially surprising, given that others have published that csd2-l (the same allele as 

analyzed here) is slow growing and paraquat resistant (Rizhsky et al., 2003).

Nonetheless, these mutants provided important molecular controls when I was 

establishing the conditions for the RNA gel blot and immunoblotting experiments of this 

chapter.

5.G. Both miR398-resistant and wild-type CSD1 and CSD2 

transformed lines accumulate more CSD  mRNA than wild type

Because reducing miR398 target levels did not perceptably alter plant stress 

responses, I decided to try the reciprocal experiment. To examine the consequences of
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Figure 5-9. Plants overexpressing miR398 still respond to increases in copper 

concentration

Wild-type plants were grown for 12 days under continuous white light at 22 °C on 
PNwon supplemented with 1% sucrose or 6//M CuS04. (A) Total RNA was loaded onto 
a small RNA gel-blot and probed for miR398 and the small nuclear RNA U6, a loading 
control. (B) Total RNA was loaded on gel-blots and probed for miRNA target mRNAs 
and TUB4, the loading control, shown below each panel. (C) Total protein from the 
same plants analyzed in panels A and B was processed for immunoblots with antibodies 
to FSD, CSD1, CSD2, and HSC70.
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freeing CSD1 and CSD2 from miR398 regulation, I expressed both genomic (WTCSD1 

and WTCSD2) and miR398-resistant versions (5mCSDl and 5mCSD2) of miR398 target 

genes driven from their genomic regulatory regions (Figure 5-10 A, B). SmCSDl and 

5mCSD2 have five mutations introduced into the miR398 complementary site to disrupt 

miR398 target recognition without altering the encoded amino acid sequence (in the case 

of CSD2) or the exon border nucleotides (in the case of CSD1) (Figure 5-10 A, B).

Compared to untransformed wild-type plants, we found that not only 5mCSDl, 

but also WTCSD1 transformed seedlings, displayed increased CSD1 mRNA levels and 

CSD1 protein accumulation when plants were grown on medium that minimizes miR398 

accumulation (lacking sucrose and supplemented with 0.6 jaM  CuS04) (Figure 5-10).

The same phenomenon was observed for the 5mCSD2 and WTCSD2 transformed lines 

(Figure 5-10). We verified the presence of the miR398-resistant transgene using RT- 

PCR and subsequent digestion with Hindlll or Bglll for 5mCSDl and 5mCSD2, 

respectively; these enzymes recognize the restriction sites created by the introduced 

mutations. These data suggest that the endogenous miR398 in these seedlings was unable 

to dampen even moderate CSD1 or CSD2 overexpression resulting from extra transgene- 

supplied target genes.

To determine whether the transgene-supplied target mRNAs were responsive to 

miR398 levels, I compared target mRNA and protein levels in plants grown on media 

that resulted in either high or low miR398 accumulation. Whereas both WTCSD1 and 

SmCSDl displayed elevated CSD1 levels when miR398 levels were low, WTCSD1, but 

not 5mCSDl, displayed low CSD1 mRNA levels when miR398 levels were high (Figure 

5-11). Similarly, WTCSD2 and 5mCSD2 both displayed elevated CSD2 levels when
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miR398 levels were low, and WTCSD2, but not 5mCSD2, displayed reduced CSD2 

mRNA levels when miR398 levels were high (Figure 5-12). 5mCSD2 plants express less 

CSD2 mRNA when grown on 1% sucrose than 6 fiM CuS04, suggesting the 5mCSD2 

construct is still regulated by miR398 by cleavage, albeit not to the same extent. We 

concluded that the mutations introduced into the 5mCSDl and 5mCSD2 constructs were 

fully (for 5mCSDl) or partially (for 5mCSD2) effective in freeing the transgenes from 

miR398 directed mRNA cleavage.

I also monitored target protein levels in these conditions to determine whether the 

ability of miR398 to direct translational repression was blocked in the SmCSD lines. I 

found that despite the elevated CSD1 mRNA levels in SmCSDl plants in plants grown on 

1% sucrose (high miR398 accumulation), CSD1 protein did not accumulate to a 

detectable level (Figure 5-11). Similarly, the remaining CSD2 expression in 5mCSD2 

plants did not correlate with high protein accumulation when plants were grown on 1% 

sucrose (Figure 5-12). In conclusion, in both 5mCSDl and 5mCSD2 lines we appear to 

have separated the function of miR398 to direct the cleavage of these mRNAs from its 

role in translational attenuation.

The Zhu lab has reported that transgenic plants overexpressing miR398-resistant 

CSD2 display increased germination on 150 - 175 piM Cu2+ and increased fresh weight 

after growth on 0.25 jiM  paraquat (Sunkar et al., 2006). Plants overexpressing unaltered 

CSD2 also display slightly increased resistance to copper and paraquat (Sunkar et al., 

2006). These researchers did not assay protein accumulation, but we surmise that CSD2 

protein accumulated in spite of high miR398 levels occurs due to the observed 

phenotypes and the increased number of introduced mutations (seven vs. our five). In
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Figure 5-10. Wild-type and miR398-resistant CSD1 and CSD2 constructs cause 

increased target accumulation in plants

An illustration of the CSD2 (A) and CSD1 (B) genomic clones used to transform 
Arabidopsis. Locations of intergenic sequences (solid lines), introns (dashed lines), 
exons (white boxes), UTRs (grey boxes) and miR398 complementary site (black boxes) 
are indicated. Positions of the BamHI and Sail restriction sites used for cloning are as 
noted. mRNA segments of WTCSD2 and 5mCSD2 (A) and WTCSD1 and 5mCSDl
(B) are depicted, paired with miR398 and the engineered restriction enzyme sites 
(underlined). G:U wobbles and mismatches in the complementary site are indicated by a 
black circle and X, respectively. Wild-type plants were grown for 12 days under 
continuous white light at 22 °C on PNwon supplemented with 0.5pM  CuS04. (C) Total 
RNA was loaded onto a small RNA gel-blot and probed for miR398 and the small 
nuclear RNA U6, a loading control. (D) Total RNA was loaded on gel-blots and probed 
for a miRNA target mRNA and TUB4, the loading control, shown below each panel. (E) 
Total protein from the same plants analyzed in panels C and D was processed for 
immunoblots with antibodies to FSD, CSD1, CSD2, and HSC70. (F) RT-PCR was 
performed on the RNA from panel D (30 amplification cycles) before digestion with 
either Bglll or Hindlll.
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Figure 5-11. Wild-type and miR398-resistant CSDi are upregulated when grown in the 

presence of high copper

Wild-type plants were grown for 12 days under continuous white light at 22 °C on 
PNwon supplemented with 1% sucrose or 6/iM CuS04. (A) Total RNA was loaded onto 
a small RNA gel-blot and probed for miR398 and the small nuclear RNA U6. 5S and 
tRNAs, as seen on the ethidium stained gels, are loading controls. (B) Total RNA was 
loaded onto gel-blots and probed for miRNA targets mRNA and TUB4, the loading 
control, shown below each panel. (C) Total protein from the same plants analyzed in 
panels A and B was processed for immunoblots with antibodies to FSD, CSD1, CSD2, 
and HSC70.

,
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Figure 5-12. Wild-type and miR398-resistant CSD2 are upregulated when grown in the 

presence of high copper

Wild-type plants were grown for 12 days under continuous white light at 22 °C on 
PNwon supplemented with 1% sucrose or 6/rM CuS04. (A) Total RNA was loaded onto 
a small RNA gel-blot and probed for miR398 and the small nuclear RNA U6. 5S and 
tRNAs, as seen on the ethidium stained gels, are loading controls. (B) Total RNA was 
loaded on gel-blots and probed for miRNA target mRNAs and TUB4, the loading control, 
shown below each panel. (C) Total protein from the same plants analyzed in panels A 
and B was processed for immunoblots with antibodies to FSD, CSD1, CSD2, and 
HSC70.
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contrast, I found no difference in germination, seedling size, or root elongation between 

wild type and WTCSD1, 5mCSDl, WTCSD2, or 5mCSD2 following growth on media 

supplemented with copper (0 to 120 piM CuS04) (Figure 5-3) or paraquat (0 to 30 nM) 

(Figure 5-4), either in the presence or absence of 1% sucrose.

Cu2+/Zn2+ superoxide dismutases require copper for function (Abdel-Ghany et al., 

2005) and protein accumulation increases as copper increases (Yamasaki et al., 2007).

To assess whether increased copper might allow these transgenic lines to show resistance 

to paraquat, plants were grown on media containing various amounts of copper (0 to 

0.5 }iM. CuS04) combined with 0 to 30 nM paraquat. Neither the genomic nor the 

miR398-resistant SOD targets displayed root elongation (Figure 5-3 and 5-4) or seedling 

size that varied perceptibly from wild type (data not shown). As protein accumulation in 

my 5mSOC lines is comparable to wild type when miR398 accumulation is high, the lack 

of resistance to copper and paraquat may be a result of continued miR398-directed 

repression. Alternatively, the copper and paraquat resistance of plants overexpressing 

CSD2 (Sunkar et al., 2006) may be due to the ectopic expression in cells that do not 

normally express CSD2.

5.H. MIR398c expression patterns in seedlings 

5.H.I. MIR398c expression mimics miR398 accumulation on various 

media

Previous studies have revealed that MIR398bpw:GUS expression is high and 

localized throughout seedlings and in root and leaf vasculature (Sunkar et al., 2006). To 

assess MIR398c expression, I drove expression of the GUS reporter gene behind the
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MIR398c upstream regulatory region (MlR398cpro:GUS) in wild-type plants. I found that 

MlR398cpro:GUS, like MIR398bpro:GUS (Sunkar et al., 2006), is expressed in seedlings 

and in the vasculature of roots and early leaves (Figure 5-13).

The expression of MIR398cpro:GUS became more restricted as the seedlings aged 

(Figure 5-13 middle column). Growth on media containing 1% sucrose increased 

MIR398cpro:GUS expression during all stages of seedling growth (Figure 5-13 left 

column). Intriguingly, MIR398cpro:GUS appeared to be expressed at 8 d, albeit 

moreweakly on media without sucrose, but I was unable to detect miR398 using gel-blots 

until 12 d (data not shown), suggesting that the GUS histochemical staining may be more 

sensitive than RNA gel-blot analysis for monitoring miR398 expression.

5.H.2. MIR398 loci are expressed in distinct, yet overlapping patterns in 

seedlings

Many miRNAs are encoded in gene families, but the specific functions of most of 

the individual miRNA loci have not been investigated. MIR398 loci appear to have 

distinct and overlapping expression. MIR398bpm:GUS accumulates throughout seedlings 

(Sunkar et al., 2006), whereas MIR398cpro:GUS is restricted to the edges of leaves as the 

seedlings age (Figure 5-13). Additionally, MIR398bpro:GUS seedlings display a severe 

decrease in GUS activity in the shoots after 24 hrs of treatment with 100 piM Cu2+

(Sunkar et al., 2006). Similarly, MIR398cpro:GUS seedlings treated for 24 hrs with 

100 fiM CuS04 displayed a reduction of GUS accumulation when compared to mock 

treated plants (data not shown).

miR398 is encoded in three genes in Arabidopsis and poplar and two genes in rice 

(Jones-Rhoades et al., 2006), suggesting that different M1R398 loci may be specialized to
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Figure 5-13. MIR398cpro:GUS expression in seedlings

(A) An illustration of the MIR398c locus from Figure 5-2 is shown above a schematic of 
the MIR398cpro:GUS construct, which contains the indicated areas (black line) of the 
MIR398c upstream region. (B) Plants were grown on PNwon supplemented with 1% 
sucrose (left column) (high miR398 expression), on PNwon (middle column), and on 
PNwon supplemented with 6 piM CuS04 (right column) (low miR398 expression) for 3 to 
12 days prior to histochemical staining for GUS activity. Scale bars are 1 mm.
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provide miR398 in response to particular needs. In Arabidopsis, cDNAs have been 

reported for all three MIR398 loci, but direct sequencing indicates that miR398b/c is 20- 

fold more abundant than miR398a (Rajagopalan et al., 2006). Our observation that 

differences in target mRNA levels between wild type and the mir398a mir398c double 

mutant are dramatically enhanced following growth on sucrose (Figure 5-2) suggests that 

the residual miR398 that accumulates in a mir398a mir398c double mutant is not 

appreciably induced by sucrose and implies that MIR398b is unlikely to be sucrose 

regulated. In contrast, our promoter-reporter analysis suggests that MIR398c is 

responsive to both sucrose and copper in the medium.

5.1. miR398 sugar responsive accumulation may limit ROS 

production

5.1.1. miR398 accumulates in response to sucrose

miR398 targets mRNAs encoding three copper-containing enzymes, CSD1,

CSD2, and COX5b.l. miR398 levels are regulated by copper availability (Yamasaki et 

al., 2007), suggesting that miR398 may mediate the switch from FSD1 during times of 

copper depletion to CSD1 and CSD2 during times of copper sufficiency (Abdel-Ghany et 

al., 2005; Yamasaki et al., 2007). I have confirmed these findings, and additionally found 

that exogenous sucrose can dramatically and reciprocally alter levels of miR398 and its 

targets. We propose that sucrose availability fine-tunes CSD1 and CSD2 activity via 

miR398 expression, perhaps in part to limit ROS production and ROS scavenging. 

miR398 is the first miRNA suggested to be regulated by a sugar.
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5.1.2. The link between sugar, ROS, and copper

In plants, sugar has long been implicated in gene regulation (Roitsch, 1999), and 

ROS can be released as a side-product to sugar production. Our finding that miR398 is 

induced when sucrose levels are high suggests a link between miR398 targets and sugar. 

COX5b.l is a nuclear-encoded subunit of mitochondrial cytochrome C oxidase and 

shares its role within the enzyme with COX5b.2, which is not a predicted miR398 target. 

The electron transport chain can create superoxide radicals, which are converted to 

hydrogen peroxide via SOD enzymes and then to water. Plants treated with sucrose 

display an increased tolerance to growth on atrazine, a photosynthesis inhibitor that 

blocks electron transfer (Sulmon et al., 2006). Sugars can inhibit photosynthesis, which, 

in turn, decreases ROS production in the chloroplast (Couee et al., 2006), perhaps 

decreasing the need for CSD1.

Environmental factors such as growth on paraquat and high light can increase 

ROS levels, and CSD1 and CSD2 function to remove ROS. Previous work has suggested 

that miR398 downregulation during times of stress aids the plant in ROS processing 

(Sunkar et al., 2006). The lack of phenotype in the 35S\MIR398c transgenic plants, as 

well as the 5mCSDl and 5mCSD2 plants, contrasts with the copper and paraquat 

resistance observed following MIR398b cosuppression or 35S-driven CSD2 (Sunkar et 

al., 2006), but is consistent with analysis of a copper chaperone mutant. A mutant 

defective in the copper chaperone for superoxide dismutases (CCS) completely lacks 

CSD1 and CSD2 activity, but displays no phenotypic abnormalities (Chu et al., 2005).

Germination and root length elongation resistance to paraquat has been reported 

for the csd2-l knock-down T-DNA mutant (Rizhsky et al., 2003), but these results could
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not be duplicated (Figure 5-4 and (Yamasaki et al., 2007)). The delay to flowering and 

suppressed growth of csd2-l (Rizhsky et al., 2003) also could not be duplicated (data not 

shown). The environment in which we grew csd.2-1 mutants may be particularly 

important and our growth conditions may not have allowed this phenotype to be 

observed, as seen in the case of CATALASE2 (CAT2).

Mutations in CAT2, which functions in hydrogen peroxide decomposition in the 

peroxisome, confer a severe reduction in growth and disrupt redox in low C 02 levels 

(Queval et al., 2007). These phenotypes can be rescued by plant growth in high C 02 

(Queval et al., 2007). Our inability to recapitulate the csd.2-1 phenotype, and possibly to 

observe phenotypes in the csdl mutants, may also relate to C 02, as CSD2 is important 

when C 02 is limiting (Rizhsky et al., 2003). It is possible that the environment in which 

our plants are grown is too C 02 rich to allow the presentation of these phenotypes. This 

hypothesis is supported by our inability to recapitulate the reduced plant size reported by 

others for cat2 mutants (Naxhiely Martinez, personal communication).

In conclusion, I have demonstrated that miR398 is sucrose responsive and 

miR398 accumulation is independently regulated by copper and sucrose. I have also 

separated the function of miR398 directing the cleavage of target mRNA from its ability 

to translationally repress target mRNA in the 5mSOD plants.
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Abbreviations
AGO ARGONAUTE
ap2 apetela2
CUC1 CUP-SHAPED COTYLEDON1
DCL DICER-LIKE
dsRNA double-stranded RNA
HD-ZIP homeodomain leucine zipper
HEN1 HU A ENHANCER 1
HYL1 HYPONASTIC LEAVES1
miR miRNA-resistant
miRNA microRNA
nt nucleotide(s)
P1/HC-Pro Proteinl /Helper Component-Proteinase
PHB PHABULOSA
PHV PHAVOLUTA
PTGS post-transcriptional gene silencing
REV REVOLUTA
RISC RNA-induced silencing complex
rld1 rolled leafl
siRNA small interfering RNA
TCP TEOSINTE BRANCHED1, CYCLODEA, and PCF1 and 

PCF2
to e l target of eatl

Introduction — small RNAs in plants
MicroRNAs (miRNAs) are 21-24 nucleotide (nt) ribor- 
egulators that were first discovered as translational

attenuators controlling larval developm ent in the nema
tode Caenorhabditis elegans [1]. T hey  are now known to 
exist in both metazoans and plants [2,3**]. Small inter
fering RNAs (siRNAs) are similarly sized molecules, first 
detected in plants [4], that provide specificity to pro
cesses known as RNA interference (RNAi) in animals 
and post-transcriptional gene silencing (PTGS) in plants 
[5,6]. Both miRNAs and siRNAs act to negatively reg
ulate target mRNAs, but they are distinguished by their 
genomic origin, the nature of their target genes, and their 
evolutionary conservation [3**]. siRNAs often originate 
from the target gene itself, w hether this target is derived 
from a transgene, a virus, a transposon, or an endogenous 
locus. By contrast, miRNAs are processed from imper
fectly paired hairpin precursors, which are generally 
produced from transcriptional units that are distinct from 
those of protein-coding genes. M ature miRNAs target 
protein-coding mRNAs (Figure 1). In animals, miRNAs 
often display limited complementarity to multiple sites 
in the 3' untranslated region (UTR) of the target message 
and act to repress its productive translation [3**]. In 
plants, miRNAs generally display near-perfect comple
mentarity to a single site within the target message [7] 
and can direct the cleavage at this site [8,9**, 10**]. 
However, an animal miRNA that directs target cleavage 
[11*] and a plant miRNA that acts at the translational 
level [12**,13**] have been reported, suggesting that the 
plant and animal systems may be more similar than they 
first appeared.

Following the biochemical isolation of numerous miR
NAs in nematodes, fruit flies, and humans [14—16], four 
groups of miRNAs were cloned from Arabidopsis using 
similar techniques [17-20], Altogether, 15 distinct 
miRNA families were identified in Arabidopsis [21]. Most 
of the miRNAs in this original cohort are conserved in 
rice, and this facilitates a computational approach for the 
identification of additional plant miRNAs [22**]. These 
predicted miRNAs were validated by northern analysis or 
by detection of the corresponding clones, bringing the 
count to 22 Arabidopsis miRNA families with at least 92 
members in total ([22**]; Table 1). As the computational 
approaches used at present uncover only miRNAs that are 
conserved in at least two genomes, direct cloning could 
potentially identify new miRNAs that have more limited 
distribution or that have atypical features. It is important 
to note that miRNAs comprise only a small fraction of 
similarly sized endogenous RNA species found in plants 
[17,20,21,23**]; a large compilation of cloned small RNAs 
(both miRNAs and other small RNAs, presumably endo
genous siRNAs) can be found at http://cgrb.orst.edu/ 
smallRNA/.
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Figure 1
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Schematic representation of miRNA biogenesis and function in plants. The transcription of MiR genes gives rise to transcripts that contain an 
imperfectly paired hairpin region. These transcripts are processed by the DCL1 ribonuclease, perhaps assisted by the HEN1 and HYL1 proteins, 
into an imperfectly paired dsRNA of about 21 nt that has 2-nt 3' overhangs. An unidentified helicase probably aids in the selection of the single 
strand (the miRNA, shown in orange) that is incorporated into the RISC. Within the RISC, the miRNA serves as the specificity determinant 
to reduce target protein levels, either by cleavage of the target mRNA in the middle of the complementarity site or by repressing its productive 
translation.

MicroRNA biogenesis and function
Dicer ribonucleases process miRNAs from their precursor 
hairpins and siRNAs from long double-stranded RNA 
(dsRNA) precursors, generating dsRNAs of about 21 nt 
that have 2-nt 3"overhangs [24-27]. One strand of these 
dsRNAs is selected as the mature miRNA or siRNA, and 
is incorporated into the RNA-induced silencing complex 
(RISC) or a RISC-like complex [28-31], Within this 
complex, the miRNA or siRNA targets the mRNA for 
cleavage or represses its productive translation; increased 
miRNA-mRNA pairing generally favors the cleavage of 
the target mRNA [32-35], Dicer enzymes are character
ized by an amino-terminal DExH-box RNA helicase 
domain, a PAZ domain that is also found in ARGO
NAUTE (AGO) proteins, two R N aselll domains, and 
carboxy-terminal dsRNA-binding domains [36]. Arabi
dopsis has four DICER-LIKE (DCL) proteins: DCL3 
is needed for endogenous siRNA accumulation, DCL2 
is required for the efficient accumulation of certain virus- 
derived siRNAs [23**], and DCL1 (originally known as 
CARPEL FACTORY, SHO RT INTEG UM ENTS1, or 
SUSPENSOR1) is needed for miRNA accumulation 
[19,20]. T he dcll-9 mutant accumulates reduced levels 
of miRNAs [19,20], but maintains normal PTGS through

siRNAs processed from an inverted-repeat transgene 
[37*]. dell mutant plants exhibit pleiotropic phenotypes, 
including embryonic arrest at the globular stage in null 
alleles and altered leaf shape, delayed floral transition, 
and female-sterility in partial loss-of-function mutants. 
These phenotypes attest to the broad range of develop
mental processes that require DCL1 and, by extension, 
miRNA activity [36].

Aside from the central involvement of a Dicer ribonu
clease, there are differences in miRNA processing between 
plants and animals. Most animal Dicers lack the nuclear 
localization signal that is found in Arabidopsis, DCL1 [36], 
In animals, primary miRNA transcripts are processed in the 
nucleus by the ribonuclease Drosha into the pre-miRNA 
hairpin, which is exported to the cytoplasm for Dicer 
processing [27]. By contrast, Arabidopsis DCL1, the closest 
homolog of animal DICER, is nuclear [23**] and processes 
the miR159 precursor in the nucleus, suggesting that plant 
miRNAs are generated in the nucleus [38**].

In addition to DCL1, HYPONASTIC LEAVES1 (,HYL1) 
[39*,40*] and HU A ENHANCER1 (HEN1) [19,41] are 
required for miRNA accumulation and normal develop
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Table 1

MicroRNA targets and method of validation.

MicroRNA (number Target protean class (number of Validated target mRNAs Validation method
of Arabidopsis loci) predicted tart|et mRNAs in Arabidopsis)

miR 156/157 (12) SQUAMOSA-promoter binding (111 [7] SPL2 [9**], SPL3 [79] SPL10 [40*] 5' RACE
miR158 (2) Unknown [7|
miR159,'miR-JAW 16; MYB (8) [7.13], TCP (5i [6o"| MYB33. MYBm. TCP2. TCP3. 

TCPJ. TCP10. rCP24 [63"i
5' RACE, rniRNA-resistant target

miR 160 13) ARF10, ARF17 [9**] 5' RACE
miRI61 (1) Pentatncopeptide repeat (9) i'/i At1q06580 i40*l 5' RACE
miRI62 (2) Dicer (1) 178"] DCL1 [78"] 5' RACE
miR163 (1) Methyl transferases (5) [7]
miR164 (3) NAC-domain transcription CL/C7. CUC? [9"|. A/AC/. 

At5q07680.
5' RACE, Wheat germ

.factor (6) [7,22"] At5q61430 n1"| extract, miRNA-resistant target
rniR16o,'l66 19) HD-ZIP transcription factor (5) [7] PHB [10**], PHV [10**], REV [62**], 

C3HDZIP1 mRNAs [70**] • '
Wheat germ extract,
5' RACE, miRNA-resistant target

mjR167 (4) ARF (2) [7,19] ' ARF8 [9**] 5' RACE
miR168 (?) AGO (1) [7] AG01 [40*] 5' RACE. miRNA-resistant target
miRluO (14) CCAAI-bind ny factor HAP?-like protein (7) [/] At3q0S690 I22"l 5' PACE
miR170/1/1 (4) GRAS-domain transcription factor (31 ]7.17.201 SCLG III [HJ. SCL6 IV [8 9"] 5' RACE, Agro-inoculation
miR172 |5) APETALA2-like transcription factor (5) [9", 12"] AP2 [9*\12**], TOE1 [9",12” ], - 

TOE2 p " ,12" j. rOE3 [9"|
!>' RAGE. iriRNA-resistant target

miR 173 (1) Unknown [19] r ■ „ •
miR393 (2) F-box protein (4j. hHLH traoscnption 

factor (1) [22**]
IIR1. At1q12820. At3q26810. 
At4g03190, At3g23690 '22"l

miR394 (2) F - d o x  protein (It |? ? " | At1g27340 [22"J
miR395 (6) ATP sulfurylr-se 13) [22 " | APS4 [22**] 5 RACE
nnR396 12) Growth-reguiating-fnctor tr,inscription factor (7). 

Rhodenase-I ke protein (1)
Kinesin-like protein B (1) [31'"]

GRL /, GRL2. GRL3, GRL.7, 
GRL8. GRL9 ]22"j

5 RACE

miR397 (2) Laccase (3). Beta 6 tubulin r1) [22"j At2q29130. At2a38080. 
At5q6Q020 [??"|

miR398 (3) CSD (2). Cytochrome C oxidase 
subunit V (1) [22"]

CSD/. CSD2. Af3o15640 123"!

miR399 (6) Phosphate transporter (1 j [22"j -

Abbreviations. ARF. AUXIN-RESPONSE FACTOR: CSD. COPPER SUPEROXIDE DISMUTASE, 5 RACF. 5' rapid amplification of cDNA ends; 
SPL2. SQUAMOSA-PROMOIER BINDING PR01EIN-LIKE2

ment in Arabidopsis. Like the dell partial loss-of-function 
mutants, hyl null mutants display reduced miRNA levels 
but are unaffected in PTGS [39*,40*]. Conversely, 
miRNA levels increase when HYL1 is expressed behind 
the strong Cauliflower mosaic virus 35S promoter [39*]. 
HYL1 is a nuclear dsRNA-binding protein, and the hyll 
mutant was originally isolated because it displays multi
ple phytohormone-response defects [42], which are con
sistent with the possibility that certain miRNAs modulate 
hormone signaling.

Like hyll mutants, henl null mutants display reduced 
miRNA accumulation or altered miRNA size [19,23**, 
41], suggesting that HEN1, a novel protein with an 
amino-terminal dsRNA-binding motif, augments but is 
not required for miRNA processing. T he henl mutation 
also disrupts the processing of a subset of siRNAs, sug
gesting that HEN1 functions in both the miRNA and the 
siRNA pathways [23**,41], Whereas neither HEN1 nor 
HYL1 are absolutely required for miRNA biogenesis, the 
double mutant is infertile [40*], suggesting that these two 
genes act synergistically.

Members of the AGO family also are implicated in 
miRNA and siRNA functioning [43]. AGO proteins are 
defined by the presence of PAZ and PIWI domains [43]; 
the PAZ domain, which is shared with Dicer, may func
tion to bind RNA [44-46], As AGO proteins reside in the 
RISC, the diversity of AGO proteins may contribute 
functional specificity to various RISC-like complexes. 
Arabidopsis has ten AGO-like genes; mutations in 
AGOl ,AG04, PINHEAD/ZWILLE, and ZIPPY have been 
characterized. T he agol mutant displays pleiotropic shoot 
architecture defects [47] that overlap with those of pin- 
headlzwille mutants [48,49]. By contrast, zippy I ago 7 
mutants develop nearly normally except for an acceler
ated developmental progression from juvenile to adult 
[50*]. AGOl, but not PINHEAD/ZW ILLE, is required 
for PTGS [51,52], whereas AG04 is required for the 
accumulation and function of certain heterochromatic 
siRNAs [53*]. agol null mutants show decreased miRNA 
accumulation, and several mRNAs that are targets for 
miRNAs over-accumulate in agol hypomorphs [54**], 
suggesting that at least some functional miRNA RISC- 
like complexes require AGOl.
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Many plant viruses have evolved silencing suppressors 
that can disable siRNA-based host defenses, and studies 
of these proteins are providing insights into miRNA 
functioning. For example, the tombusvirus p l9  protein 
binds siRNA or miRNA duplexes, thus inhibiting the 
functional incorporation of both siRNAs and miRNAs 
into the RISC [38**,55-58]; the Beet yellows virus p21 
protein may act similarly [59]. Tobacco etch virus and 
Turnip mosaic virus Pl/HC-Pro also affect miRNA accu
mulation and function [9**,57,60], Pl/HC-Pro does not 
bind siRNA or miRNA duplexes directly, and thus prob
ably interferes at a point other than p l9  [59]. Thus, PTGS 
suppressors from several unrelated viruses impinge on 
various points of miRNA functioning in their attempts to 
block host defenses; these proteins are being used to 
unravel the various shared and unique components that 
are required for miRNAs and siRNA function.

Targets of plant microRNAs: identification 
and validation
T he high degree of complementarity between plant 
miRNAs and their target mRNAs has allowed the iden
tification of targets using algorithms that scan the genome 
for mRNA-miRNA complementary [7]; refinement of 
this method has increased the reliability of the prediction 
[22**]. When a miRNA targets multiple mRNAs, the 
targeted genes are often members of a gene family, 
and miRNAs that are conserved between Arabidopsis 
and rice also tend to have conserved targets [7,22**]. 
Intriguingly, plant miRNAs display a striking propensity 
to target the mRNAs of transcription factors that have 
already been established as or are related to key devel
opmental regulators [7]. Other targets include members 
of the Dicer-like and AGO families, as well as A-adenosyl- 
L-methionine-dependent methyl transferases [7], F-box 
proteins that mediate ubiquitin-dependent protein degra
dation, and proteins that are involved in sulfate assimila
tion [22**].

Many computationally identified miRNA-target mRNA 
pairings have been validated experimentally (Table 1). 
Four methods have been used to validate plant miRNA 
targets. Agrobacterium-mediated infiltration of test con
structs into leaves allows both the miRNA-directed clea
vage of candidate mRNAs to be assessed and the rapid 
evaluation of the effects of mRNA or miRNA mutations 
[8,9**]. In-vitro cleavage assays, in which radiolabeled 
target RNAs are added to wheat germ extracts that 
contain endogenous wheat miRNAs, can also be used 
to study the effects of mutations in candidate targets 
[10**,61’*]. T he most common form of miRNA target 
validation involves ligating an RNA adaptor to uncapped 
RNAs using T 4 RNA ligase. This allows the specific 
amplification of the 3'-cleavage products of the target 
mRNAs using 5'-RACE. Cloning and sequencing the 
resultant PCR amplicons can both verify that a target 
undergoes miRNA-directed cleavage and determine the

nucleotide position at which cleavage commonly occurs 
[8,9**]. These experiments have revealed that miRNA- 
directed cleavage occurs in the center of miRNA com
plementarity, between the residues that pair with the 
tenth and eleventh nucleotides of the miRNA [8,9**]. 
Finally, several miRNA-mRNA pairs have been vali
dated by expressing miRNA-resistant versions of target 
genes in transgenic plants [13**,54**,61**-63**]; these 
miRNA-resistant genes are discussed in more detail 
below.

MicroRNAs regulating development: 
miR165/166 and polarity
T he dramatic developmental defects of dell [36], hyll 
[42], and henl [64] mutants, which each display altered 
miRNA accumulation [19,20,39*,40*,41], implicate miR
NAs in the control of diverse developmental processes. 
However, the misregulation of multiple miRNAs and 
their targets in these mutants complicates the task of 
ascribing particular roles to individual miRNAs. More 
specific consequences of disrupting miRNA-based reg
ulation were found upon re-examining existing dominant 
alleles of miRNA targets, several of which are likely to 
derive from disrupted miRNA regulation.

Dominant mutations in any of three closely related 
Arabidopsis class-III homeodomain leucine zipper 
(HD-ZIP) transcription factors, REVOLUTA (R E V), 
PHABULOSA (PHB), and PHAVOLUTA (PHV), result 
in adaxialization and radialization of leaves and vascu
lature [62**,65]. T hese mutations occur within a narrow 
region of a conserved domain, suggesting that the mutant 
phenotypes could result from the altered binding of a 
ligand [65], T h e  discovery that two related miRNAs, 
miR165 and miR166, display complementarity to the 
very sequence that is m utated in the gain-of-function 
alleles of PHB and PHV  prompted speculation that these 
alleles are freed from miRNA-directed negative regula
tion [7]. Indeed, the PHV  mRNA is cleaved within the 
miR165/166 complementarity site in wheat germ extract, 
whereas the p h v-ld  allele is resistant to cleavage [10**]. 
Moreover, expressing a R EV  mRNA in which the 
miRNA complementarity site contains 2-nt changes that 
decrease the complementarity between miR165/166 and 
REV  phenocopies a gain-of-function rev allele, even 
though the protein encoded by the gene is not altered 
[62**]. T he same miR165/166 complementarity site 
mutation in REV  that was found in rev-1 Od [62**] is 
found in the semi-dominant amphivasal vascular bundlel 
mutant [66*]. This miR165/166 complementarity site 
mutation reduces REV  cleavage and increases the levels 
of full-length REV  mRNA [66*]. In-situ hybridization 
suggests that miR165 accumulates on the abaxial side of 
developing leaves [67**], in a pattern reciprocal to that of 
PHB [65]. T he presumably miR165/166-resistant ver
sion of PHB mRNA that is encoded by the gain-of- 
function phb-ld  allele is not restricted to the adaxial
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Table 2

miRNA overexpression altering development.

MiRNA Validated target mRNAs

MiR-JAW

MiR164
MiR172

TCP2, TCP3.
TCP4, TCP10, TCP24
CUC1. CUC2. NAC1. At5a0768Q. At5q61430 
AP2. TOE1, TCE2, TOE3

Consequences of overexpression in Arabidopsis
Uneven leaf shape and 
curvature, late flowering [G3” j
Embryonic [73"J, floral |61",73"! and vegetative [61"] fusions 
Early flowering and floral organ identity defects [12” )

domains of developing cotyledons, but is also found 
abaxially [65]. Together, these results provide strong 
support for the model in which miR165/166 functions 
to clear REV, PHB, and PHV mRNAs from cells that give 
rise to abaxial tissues.

In a striking parallel to the Arabidopsis phb, phv, and rev 
mutations, dominant mutations in the maize class-III 
HD-ZIP gene rolled leafl (rld l) reduce complementarity 
to miR166 and are accompanied by leaf adaxialization in 
older primordia and inappropriate rldl accumulation in 
abaxial leaf tissues [68**]. During leaf development, rldl 
and miR166 are expressed in reciprocal domains that are 
consistent with a role for miR166 in restricting the pre
sence of rldl transcripts within abaxial tissues [68**]. 
miR166 is expressed in an expanding pattern during leaf 
development and accumulates in the phloem, suggesting 
that it is a mobile signal [68**].

One of the characteristic features of miRNAs is that they 
are evolutionarily conserved [69]. Intriguingly, miR165/ 
166 complementarity sites are found in class-III HD-ZIP 
transcription factor mRNAs not only in flowering plants, 
such as Arabidopsis, rice [7], and maize [68**], but also in 
gymnosperms, ferns, lyocopods, and bryophytes [70**]. 
Moreover, mRNA cleavage products that correspond to 
the miRNA complementarity sites have been detected in 
several of these lower plants, suggesting that miR165/166 
has been negatively regulating class-III HD-ZIP tran
scription factors for at least 400 million years [70**].

Other microRNAs that regulate development
Two general types of experiments have been employed 
to assess individual miRNA functions when forward 
genetics has not revealed miRNA-resistant target alleles. 
One type of experiment involves overexpressing the 
miRNA gene [12**,61**,63**1, which is expected to 
reduce the function of all target mRNAs (Table 2); the 
second involves expressing target genes that have 
reduced complementarity [13**,54**,61 **—63**], which 
is expected to confer miRNA-resistance upon the target 
(Table 3). As redundancy in the genetic code allows 
complementarity to be reduced without altering the 
protein-coding potential of the target mRNA, this type 
of experiment can cleanly dissect the role of miRNA in 
regulating the target, especially when the endogenous 
promoter is used. As both of these approaches rely on 
dominant changes that can be observed following the 
transformation of wildtype plants, these experiments 
should be generalizable to all miRNAs in a variety of 
plant systems.

T he biological roles of several Arabidopsis miRNAs have 
been inferred following overexpression studies (Table 2). 
miR-JAW, a relative of miR159, was originally uncovered 
through activation-tagging, a technique that allows the 
isolation of genes that confer phenotypes upon overex
pression [71]. This miRNA regulates a subset of TCP 
genes, which encode non-canonical basic Helix-Loop- 
Helix (bHLH) transcription factors [72]. miR-JAW over
expression results in uneven leaf shape and curvature,

Table 3

MiRNA-resistant target mRNAs altering development.

MiRNA resistant Promoter miRNA
target mRNA
C v'.i Endogenous miR164 Shortened rosette leaf petioles, aberrant leaf shape, increase 

in petal and decrease in sepal numbers [61 "]
CUC2 Inducible MiR164 Abnormal leaves, increased sepal separation [73"]
REV Endogenous miR 165/166 Radicalized and centralized vasculature, strands of leaf tissue 

attached to stems [62” ]
Endogenous miR168 Spoon-shaped, curly or twisted leaves, increased levels of 

miRNA-targeted mRNAs [54**1
miR172 Loss of floral determinacy, late flowering [13"]

TCP4 Endogenous and 35S miR-JAW Arrested seedlings with fused cotyledons, lack of SAM, tubular shape [63"J
TCP2 miR-JAW Long hypocotyls. small leaves, reduced apical dominance [63")

PJ3 miR159 Up-curled leaves [63"]
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delayed flowering, and reduced levels of four TCP 
mRNAs that contain complementarity to miR-JAW 
[63**]. Expression of a miR-JAW-resistant version of 
TCP4 with 6-nt changes in the miRNA complementarity 
site, but unaltered coding potential, results in embryonic 
defects that culminate in seedling arrest, whereas expres
sion of a miR-JAW resistant TCP2 confers longer hypo- 
cotyls and reduced apical dominance [63**].

A subset of the Arabidopsis NAC-domain transcription 
factors, including CUP-SHAPED COTY LED ON 1 
(CUC1), CUC2, NAC1, At5gQ7680. and At5g61430. are 
miR164 targets [71. miR164 overexpression leads to sepal 
and stamen fusions [73**] that are reminiscent of the 
defects of cud cuc2 double mutants [74,75]. Additional 
fusions that are not observed in cud cuc2 mutants are seen 
in miR164-overexprssing plants, such as rosette leaf 
fusions, leaf-stem fusions, and stem-pedicle fusions, 
implicating an miR164 target in addition to CUC1 and 
CUC2 in controlling lateral organ boundaries [61**]. T he 
expression of a miR164-resistant version of CUC1 from its 
own promoter causes aberrant leaf development as well as 
decreased sepal numbers and increased petal numbers 
[61**]. Expression of a miR164-resistant version of CUC2 
from an inducible promoter also alters leaf development 
and increases sepal separation [73**]. CUC1 and CUC2 
mRNAs are normally limited to the regions between 
developing petal and sepal primordia [75]; it is probable 
that negative regulation by miR164 is in part responsible 
for restricting the expression of these mRNAs. T he 
conservation of miR164 complementarity sites [61**] in 
NAC-domain genes that are required for organ separation 
in petunia [76] and snapdragon [77] suggest that miR164 
function may be general to flowering plants.

Most examples of the regulation of plant mRNAs by 
miRNAs can be explained by target mRNA cleavage. 
However, at least one Arabidopsis miRNA, miR172, 
reduces the accumulation of target protein without sig
nificantly effecting target mRNA levels, suggesting that 
this miRNA has a role in inhibiting productive translation 
[12**,13**]. A screen for genes that alter flowering time 
when overexpressed yielded early activation tagged, domi
nant ieat-D), an early-flowering apetela2 (ap2)-Wke mutant 
that overexpresses miR172, and target of eatl (toel), a late- 
flowering mutant that overexpresses a miR172 target AP2- 
like mRNA [12**]. In spite of near-perfect complemen
tarity between miR172 and AP2 mRNA, miR172 over
expressing plants display reduced AP2 protein levels but 
normal AP2 transcript levels, consistent with the idea that 
miR172 negatively regulates AP2 translation [12**,13**]. 
Conversely, expressing a miR172-resistant version of AP2 
increases AP2 protein levels, but AP2 mRNA levels again 
remain unchanged [13**]. An unanswered question in 
miRNA biology is what factors other than complementar
ity influence whether various miRNAs promote mRNA 
cleavage or translational attenuation.

MicroRNAs that regulate microRNA 
biogenesis or function
Interestingly, two miRNAs target the mRNAs of genes 
that are implicated in miRNA biogenesis (DCL1) or 
function (AG01). T he DCL1 mRNA, which is required 
for miRNA accumulation [19,20], is targeted by miR162 
[78**]. Unlike many validated miRNA-mRNA pairs, a 1- 
nt bulge in the DCL1 mRNA is present when miR162 
pairs with DCL1. Despite this bulge, which occurs across 
from position 7-8 of the miRNA, the DCL1 mRNA is 
cleaved in the middle of the miRNA complementarity 
site [78**]. (This theme is repeated in GRL mRNAs that 
are targeted by miR396, which also have a 1-nt bulge 
across from miRNA position 7-8 and are cleaved in the 
center of the complementarity site; a similarly positioned 
bulge is found in two of the miR398 targets [22**].) In 
dcll-7 and henl-1 plants, miR162 levels are reduced 
whereas DCL1 mRNA accumulates to a higher level than 
in wildtype plants, suggesting that miR162 is part of a 
negative feedback loop that controls DCL1 levels [78**].

AGOl and miR168 also seem to participate in a feedback 
loop. Like DCL1 [78**], AGOl is the only member of its 
family to possess an extensive miRNA complementarity 
site [7,54**]. As discussed above, AGO proteins are pre
sent in the RISC [43], and loss-of-funcdon agol alleles 
accumulate miRNA target messages [54**]. Hence, the 
targeting of AGOl mRNA by miR168 could limit AGOl 
levels and thus RNA-programmed RISC activity. When 
AGOl complementarity to miR168 is decreased, the 
miRNA-resistant AGOl (mir-AGOl) plants display curled 
leaves that are reminiscent of the leaves of henl and hyll 
mutants, with the additional phenotype of aberrant coty
ledons [54**]. Severely affected plants lack a shoot apical 
meristem and die before flowering [54**]. When compen
satory changes are made in the miR168 sequence, mir- 
AGOl phenotypes are restored to wildtype [54**]. Target 
mRNA levels increase in both agol hypomorphs and mir- 
AGOl plants, suggesting that excess AGOl promotes the 
formation of non-functional RISC sub-complexes [54**].

Conclusions
miRNA-based regulation adds to the cell’s complex 
repertoire of negative regulatory mechanisms. As more 
miRNAs are discovered and their target genes identified, 
finding biological roles for these interactions enables 
greater understanding of gene regulation and of the roles 
of both the miRNA and its target genes in plant devel
opment. Obviously, there is still much to learn. Very little 
is known about transcriptional and post-transcriptional 
contributions to the regulation of the MIR genes that 
produce miRNAs. It will be interesting to determine 
whether the multiple miRNAs within each family have 
distinct or overlapping roles. T he factors other than 
complementarity that influence target cleavage as op
posed to translational attenuation remain to be identified. 
Despite these, and many other fascinating complexities
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that await future investigation, a fundamental paradigm 
has emerged: plants and other multicellular organisms use 
the simple process of base-pairing to specifically down- 
regulate critical messages during development and other 
processes.
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Summary

Background: MicroRNAs (miRNAs) are ~21 nucleotide 
(nt) RNAs that regulate gene expression in plants and 
animals. Most known plant miRNAs target transcription 
factors that influence cell fate determination, and biolog
ical functions of miRNA-directed regulation have been 
reported for four of 15 known microRNA gene families: 
miR172, miR159, miR165, and miR168. Here, we identify 
a developmental role for miR164-directed regulation of 
NAC-domain genes, which encode a family of transcrip
tion factors that includes CUP-SHAPED COTYLEDON1 
(CUC1) and CUC2.
Results: Expression of a miR164-resistant version of 
CUC1 mRNA from the CUC1 promoter causes alter
ations in Arabidopsis embryonic, vegetative, and floral 
development, including cotyledon orientation defects, 
reduction of rosette leaf petioles, dramatically mis
shapen rosette leaves, one to four extra petals, and 
one or two missing sepals. Reciprocally, constitutive 
overexpression of miR164 recapitulates cuc1 cuc2 dou
ble mutant phenotypes, including cotyledon and floral 
organ fusions. miR164 overexpression also leads to 
phenotypes not previously observed in cuc1 cuc2 mu
tants, including leaf and stem fusions. These likely re
flect the mlsregulation of other NAC-domain mRNAs, 
including NAC1, At5g07680, and At5g61430, for which 
miR164-directed cleavage products were detected. 
Conclusions: These results demonstrate that miR164- 
directed regulation of CUC1 is necessary for normal 
embryonic, vegetative, and floral development. They 
also show that proper miR164 dosage or localization is 
required for separation of adjacent embryonic, vegeta
tive, and floral organs, thus implicating miR164 as a 
common regulatory component of the molecular cir
cuitry that controls the separation of different devel
oping organs and thereby exposes a posttranscriptional 
layer of NAC-domain gene regulation during plant devel
opment.
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Introduction

MicroRNAs are small regulatory RNAs (for review, see 
[1]) that were first discovered in animals [2-6] and more 
recently found in plants [7-9]. In animals, miRNAs are 
processed from imperfectly paired stem-loop precursor 
RNAs of approximately 70 nt, and some of the mature 
21 nt miRNAs are reported to pair with target mRNAs 
to specify posttranscriptional repression of these tar
gets [2, 3, 10-15].

In plants, miRNAs also derive from imperfectly paired 
stem-loops; however, these predicted precursors ap
pear more variable in length than animal miRNA stem- 
loop precursors [7,16]. Plant miRNA accumulation re
quires the nuclear activity of the RNaselll DICER-LIKE 1 
(DCL1) and to a lesser degree HEN1 and HYL1, nuclear- 
localized proteins with double-stranded RNA binding 
domains [7, 9,17-20]. In addition, proper miRNA func
tion requires AG01 [21,22], a protein with PAZ and PIWI 
domains that is conserved in most eukaryotes [23]. Like 
animal miRNAs, the accumulation of many plant miRNAs 
is not ubiquitous but, instead, varies in different organs 
and tissues and at different developmental stages, indi
cating that miRNA accumulation is spatially and tempo
rally regulated [7, 8]. In addition, many of the miRNAs 
isolated from the dicot Arabidopsis are conserved in the 
monocot rice and other plant species, implying con
served evolutionary roles for plant miRNAs [7,16, 24].

Many regulatory targets of plant miRNAs have been 
confidently predicted based on their extensive, evolu- 
tionarily conserved complementarity to the miRNAs [25]. 
Of the 15 miRNA families identified thus far in plants, 
all have at least one predicted mRNA target, and most 
are predicted to target multiple mRNAs [7-9, 25-27]. 
Experimental data, often the detection of an mRNA frag
ment diagnostic of miRNA-directed cleavage, have con
firmed the identities of targets for 11 miRNA families 
[19,26-32]. These data also support the idea that most 
plant miRNAs act within an RNA-induced silencing com
plex (RISC) to direct cleavage of their target messages, 
although in one case diminution of target protein without 
a corresponding reduction in target mRNA indicates that 
plant miRNAs can also act to inhibit productive transla
tion [31, 32].

Plant miRNAs have a striking propensity to target 
messages encoding transcription factors involved in cell 
fate determination [25]. Consistent with the prediction 
that miRNA pathways regulate plant development, plant 
mutants defective in miRNA accumulation, such as del 1, 
henl, hyil, and agol, exhibit pleiotropic developmental 
phenotypes including floral development defects and 
leaf morphology alterations [19-22, 33-35]. The impor
tance of this regulation is underscored by the observa
tion thatdc/7 null mutations confer embryo lethality [36]. 
In addition, plants expressing a viral protein that alters 
miRNA accumulation and activity have developmental de
fects [29,37]. Specialized developmental functions of spe
cific plant miRNA families have recently been reported for 
the miR172, miR159/JAW, and miR165/166; these func-
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Figure 1. miR164 Complementary Sites in Plant NAC-Domain Genes
(A) Predicted pairing between miR164 and the miR164 complementary sites of Arabidopsis mRNAs CUC1, CUC2, NAC1, At5g07680, and 
AtSg61430 and of the petunia NAM (GenBank accession X92205) and snapdragon CUC (GenBank accession AJ568269) mRNAs. Watson- 
Crick base pairing between the mRNA and miR164 is indicated by black boxes, whereas mismatches and G:U wobbles are unshaded. 
Mismatches and G:U wobbles with CUC1 are indicated by an X or black circles, respectively. The protein sequence encoded by the miR164 
complementary site of each mRNA is listed. The open reading frames of each predicted miR164-target are depicted (rectangle), showing the 
position of each conserved NAC domain (gray box) and miR164 complementary site (asterisks).
(B) Illustration of the CUC1 genomic clone used to transform Arabidopsis. Locations of the intergenic sequences (solid lines), intron sequences 
(dashed lines), 5' and 3'UTRs (black boxes), NAC domain (gray boxes), remainder of the CUC1 open reading frame (open boxes), start codon 
(ATG), stop codon (TGA), and miR164 complementary site (asterisk) are all indicated. Positions of the BamH1 and EcoR1 sites used for cloning 
and the downstream gene At3g15180 are also shown. Messenger RNA segments from CUC1 and 5mCUC1 are shown paired with miR164, 
with the Nsp1 restriction site unique to 5mCUC1 indicated.
(C) miR164 cleavage sites in At5g61430, At5g07680, and NAC1 mRNAs determined by RNA ligase mediated 5' RACE. At the left is the agarose 
gel showing the nested PCR products that were cloned and sequenced for each gene. At the right, the frequency of 5' RACE clones 
corresponding to each cleavage site (arrows) is shown as a fraction, with the number of clones matching the target message in the denominator.
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tions include roles in flowering time and floral organ iden
tity [31,32], rosette leaf curvature [26], and organ polarity 
[21, 38, 39], respectively. Two miRNAs, miR162 and 
miR168, are likely to influence development through feed
back regulation of the miRNA pathway itself [22, 27].

miR164 is potentially transcribed from two loci, 
MIR164a and MIR164b [7], and is predicted to target a 
subset of genes in the NAC-domain transcription factor 
gene family [25]. This family, named after the founding 
members, petunia no apical meristem (NAM), Arabidop
sis ATAF1 and ATAF2, and Arabidopsis CUP-SHAPED 
COTYLEDON2 (CUC2) [40, 41], is restricted to plants 
and has more than 100 members in Arabidopsis [42]. 
Fi\/e Arabidopsis NAC-domain messages have a miR164 
complementary site with three or fewer mismatches to 
miR164 (Figure 1A) [25]. These include NAC1, CUC1, 
CUC2, AtSg07680, and At5g61430. The miR164 comple
mentary sites are located in the last exon of the mRNAs, 
downstream of the conserved NAC domain [25]. Of these 
predicted miR164 targets, CUC1 and CUC2 mRNAs 
have been shown to be cleaved within the miR164 com
plementary site [29].

Of the five Arabidopsis NAC-domain genes with 
miR164 complementarity sites, three have established 
roles in development, cud cuc2 double mutants display 
defects in shoot apical meristem (SAM) formation as 
well as in cotyledon, sepal, and stamen separation [40, 
43], revealing roles for CUC1 and CUC2 in both embry
onic and floral development. These defects are weak 
and incompletely penetrant in single cud and cuc2 mu
tants, suggesting some functional redundancy between 
CUC1 and CUC2 [40]. Plants expressing CUC1 driven 
by the strong, constitutive 35S cauliflower mosaic virus 
(CaMV) promoter (35S:CUC1) develop lobed cotyledons 
and fused rosette leaves and display adventitious 
shoots on the adaxial surface of cotyledons and less 
frequently on the surface of rosette leaves [43, 44]. 
Plants expressing antisense NAC1 under the control of 
the 35S promoter have reduced levels of endogenous 
NAC1 transcript and display reduced lateral root emer
gence, whereas 3SS:NAC1 plants have large leaves, 
thick stems, and increased numbers and length of lateral 
roots [45]. Thus NAC-domain genes with miR164 com
plementarity sites have been implicated in embryonic, 
vegetative, and floral development, but the significance 
of miRNA-directed regulation of these genes has not 
been explored.

Here, we report biological roles for miR164-directed 
regulation of target NAC-domain transcription factor 
mRNAs. Arabidopsis plants transformed with a miR164- 
resistant version of the CUC1 target display embryonic, 
vegetative, and flower organ defects, including cotyle
don orientation defects, rosette leaf abnormalities, and 
sepal and petal number and positioning defects. Fur
thermore, plants ectopically expressing miR164 exhibit 
cotyledon and floral organ fusion phenotypes overlap
ping with cue 1 cuc2 double mutant defects [40]. These 
plants exhibit additional organ fusion phenotypes that 
likely result from the misregulation of other miR164 tar
gets. Indeed, we detect mRNA fragments diagnostic 
of miR164-directed cleavage of NAC1, At5g07680, and 
At5g61430 in wild-type plants. Together, these results 
identify a role for miR164-directed regulation and show
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Figure 2. Accumulation of miR164 and miR164-Targeted NAC- 
Domain mRNA in Arabidopsis Tissues
(A) miR164 target mRNAs accumulate differentially in Arabidopsis 
tissues. The indicated NAC-domain mRNAs were quantified in total 
RNA prepared from root, rosette leaf, stem, cauline leaf, bud (in
cludes a mix of buds and inflorescence meristems), flower, silique 
(includes embryonic tissues), and 12-day-old seedling tissues by 
using quantitative real-time RT-PCR with primers and probes de
signed around the miRNA complementarity sites and normalized to 
the level of 18S rRNA in the sample. TUB4 was used as a nontarget 
control. mRNA levels are displayed in arbitrary units, and error bars 
represent the standard deviations of three PCR replicates of a single 
reverse transcription reaction.
(B) miR164 accumulates differentially in Arabidopsis (Col-0) tissues. 
RNA gel-blot analysis of 30 p,g RNA from (A) with a DNA probe 
complementary to miR164. The positions of 32P-labeled RNA oligo
nucleotides are noted on the left. The blot was stripped and reprobed 
with an oligonucleotide complementary to U6 as a loading control.
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Figure 3. Developmental Abnormalities in SmCUCI Plants 
(A-C) Vegetative development of 5mCUC1 plants and control CUC1 
plants. (A) 10-day-old T2 control CUC1 (left) seedling with wild
type phenotype and SmCUCI (right) seedling with upright cotyledon 
petioles. (B) 23-day-old T2 control CUC1 (left) and 5mCUC1 (right) 
plants. (C) Magnified view of a 23-day-old T2 SmCUCI plant. 
(D-N) Comparison of floral organs of representative control CUC1 
plants and SmCUCI plants. Vertical views of a T1 control CUC1 
(left) and SmCUCI (right) floral apex (D). Vertical views of a control 
CUC1T1 flower with four petals and four sepals (E) and a 5mCUC 1 
T1 flower with six petals and two sepals (F). Scanning electron 
micrographs (SEM) of a T2 control CUC1 (G) and a 5mCUC1 (H) 
inflorescence. Note the altered number and position of developing 
sepals in SmCUCI. Horizontal view SEM of T2 control CUC1 (I) and

that proper miR164-directed regulation of NAC-domain 
genes is essential for normal plant morphogenesis.

Results and Discussion

A miR164-Resistant Version of CUC1 Alters 
Embryonic, Vegetative, and Floral Development 
CUC1 mRNA is found in most tissues assayed [43], 
whereas CUC2 mRNA is most abundant in flowers and 
seedlings [43], and NAC1 mRNA accumulates to the 
highest level in roots [45]. We used quantitative RT-PCR 
to compare mRNA levels of these three miR164 targets 
to each other and to additional predicted miR164 targets 
encoded by At5g07680 and At5g61430. All five genes 
were highly expressed in stems and buds but differen
tially expressed in other organs and seedlings (Figure 
2A). NAC1 was highly expressed in roots and seedlings, 
and At5g61430 expression also was high in roots. RNA 
blot analysis indicated that miR164 accumulates in all 
organs and developmental stages analyzed (Figure 2B), 
raising the prospect that it could be modulating the ex
pression of these messages in many tissues of the plant.

To examine the importance of miRNA-directed reg
ulation of CUC1, we constructed a miR164-resistant 
version of CUC1 (miR-resistant CUC1, SmCUCI) by in
troducing five silent mutations within the miR164-com- 
plementarity domain of a CUC1 genomic clone, thus in
creasing the number of mismatches between the CUC1 
RNA and miR164 from three in wiid-type to eight in 5mCUC 1 
(Figure 1B). These five mutations interrupt the potential 
for Watson-Crick base pairing between miR164 and 
CUC1 without altering the amino acid sequence of the 
encoded CUC1 protein (Figure 1A). The introduced mu
tations also create an Nsp1 restriction site that allowed 
us to specifically monitor 5mCUC1 expression in plants.

We used an in vitro assay that relies on miRNA-pro- 
grammed RISC endogenously present in wheat-germ 
extract [30] to determine whether miR164-directed 
cleavage of SmCUCI RNA is reduced. Specific cleavage 
was detected for the wild-type (wt) CUC1 RNA, but not 
for the 5mCUC1 RNA (data not shown), although in both 
cases most of the RNA remained uncleaved after a 60 
min incubation, suggesting that these extracts have only 
low levels of miR164-programmed RISC or perhaps that 
the sequence of this miRNA has diverged in wheat.

To assess the in vivo consequences of disrupting 
miR164 regulation of CUC1, we transformed wt Arabi
dopsis plants with 5mCUC1 and control CUC1 genomic 
constructs under the control of the native CUC1 5' and 
3' regulatory sequences (Figure 1B) and analyzed the 
resultant transformants for developmental defects. None 
of the 62 control CUC1 primary transformants displayed 
any morphological abnormalities. In contrast, 34 of 74 
SmCUCI transformants displayed striking floral organ 
phenotypes that included one to four extra petals and 
one or two missing sepals (Figures 3D-3F); these pheno-

SmCUCI (J) floral buds and vertical view SEM of T2 control CUC1 
(K) and SmCUCI (L) stage-12 flowers. Note the absence of a sepal 
pair in the 5mCUC1 buds causes buds to open. Vertical view SEM 
of a young T2 SmCUCI flower (M) and horizontal view SEM of a 
more mature 5mCUC1 flower (N). Petals (P) and sepals (Se) are 
indicated. Scale bars = 100 p.m.
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types were observed in 5mCUC1 progeny as well (Fig
ures 3G-3N). In wt plants, petals and reproductive struc
tures are encased within two pairs of sepals as buds 
develop (Figures 3G, 31, and 3K). In 5mCUC1 plants, 
the altered sepal number and position, delayed sepal 
formation or maturation, and the proliferation of petal 
organs caused immature floral buds to expose petals 
and reproductive structures throughout development 
(Figures 3H, 3J, and 3L-3N). Moreover, mature flowers 
of 5mCUC1 plants appeared larger than wt because of 
their open, claw-like shape (Figures 3E and F). Although 
floral organ development was altered in the 5mCUC1 
plants, flower phyllotaxy on the primary stem and 
branches appeared normal. 5mCUC1 plants had re
duced fertility compared to the control CUC1 plants; 
however, all but the most severely affected plants pro
duced viable seed, indicating that both male and female 
reproductive structures were at least partially functional.

In addition to the abnormal flower morphology, the 
progeny of some 5mCUC1 transformants displayed cot
yledon orientation defects and rosette leaf abnormali
ties, including severe reduction of rosette leaf petioles 
and broadened rosette leaf shape (Figures 3A-3C). The 
5mCUC1 progeny that exhibited rosette leaf abnormali
ties had the most severely altered floral organ develop
ment. Quantitative RT-PCR analysis revealed that floral 
buds and meristems of 5mCUC1 plants with aberrant 
phenotypes accumulate higher steady-state levels of 
CUC1 mRNA than do those of 5mCUC1 plants with wild- 
type phenotypes, control CUC1 plants, or untransformed 
wt plants (Figure 4A). In addition, the fraction of CUC1 
RT-PCR product that corresponded to 5mCUC1, as 
monitored by Nsp1 digestion, correlated with the pres
ence of the phenotype (Figure 4B). We also found that 
miR164 accumulation was unchanged in 5mCUC1 and 
control CUC1 plants (data not shown), indicating that 
the expression of an additional copy of CUC1 or 
5mCUC1 does not affect miR164 biogenesis.

Because abnormal phenotypes were not observed in 
any of the 62 control CUC1 primary transformants or 
progeny plants analyzed, we conclude that the 5mCUC1 
phenotypes result from disruption of miR164-directed 
CUC1 regulation rather than from simply expressing an 
extra copy of CUC1 from endogenous regulatory ele
ments. Together, the phenotypic and molecular data 
demonstrate that proper miR164-directed regulation of 
CUC1 is essential for normal embryonic, vegetative, and 
floral organ development.

mir164b Mutant Plants Have Reduced miR164 
Accumulation but Retain Sufficient miR164 
to Prevent Developmental Abnormalities 
Mutant plants that do not express miR164 would be 
expected to display phenotypes that overlap with 
5mCUC1 phenotypes. Therefore, we searched the Salk 
Institute Genomic Analysis Laboratory collection [46] for 
plants with disruptions in MIR164a and MIR164b, two 
genomic loci with the potential to encode miR164 [7]. 
Although no mutants were found with insertions near 
MIR164a, a mutant (designated mir164b-1) was found 
with a T-DNA insertion within the MIR164b foldback. 
Sequencing the left border junction revealed that the 
T-DNA was inserted in the loop of the predicted hairpin

| |  wild-type phenotype 
|  flower phenotype 

[~| leaf and flower phenotype

CUC1

6000 - TUB4

2000

3 00EM CM
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Sm C U C l/C U C 1  
(corrected for heteroduplex formation)

Figure 4. CUC1 mRNA in 5mCUC1 Flowers
(A) Phenotypic 5mCUC1 plants accumulate increased steady-state 
levels of CUC1 mRNA. The indicated mRNAs were analyzed by using 
real-time quantitative RT-PCR with primers and probes designed 
around the miRNA complementarity site of CUC1 and normalized 
to the level of 18S rRNA in the sample. Total RNA was prepared 
from a mix of buds and inflorescence meristems of wt Col-0 plants, 
control CUC1 1-18 and 6-20, and 5mCUC1 M-20 and A-20 trans
formants lacking phenotypes, 5mCUC1 M-18 and B-19 trans
formants displaying flower phenotypes, and 5mCUC1 A-32 and P-18 
transformants displaying both rosette leaf and flower phenotypes. 
TUB4 is included as a nontarget control. mRNA levels are displayed 
in arbitrary units, and error bars represent the standard deviations 
of three PCR replicates.
(B) Relative levels of CUC1 and SmCUCl mRNAs in transgenic 
plants. The same RNA used in (A) was reverse transcribed, and the 
resulting cDNA was PCR amplified to completion, then digested 
with Nsp1, which cuts the 5mCUC1 amplicon, but not the CUC1 
amplicon (Figure 1C) or heteroduplex molecules that result from 
annealing of CUC1 and 5mCUC1 strands. Agarose-gel separation 
and ethidium-bromide staining revealed the full-length PCR product 
(330 bp) and the Nsp1 digestion fragments (220 bp and 110 bp). 
DNA gel-blot analysis (not shown) was used to quantitate the 330 
bp and 220 bp DNAs, and the amount of 5mCUC1 relative to CUC1 
(correcting for heterodupiex) is shown below each lane.

precursor. The reduced miR164 accumulation in this line 
(Figure 5A) indicated that it may be a miR164b null allele. 
Although the level of miR164 accumulation was reduced 
approximately 15-fold in mirl64b mutant seedlings (Fig
ure 5A), we did not observe any developmental abnor
malities in the mutant plants, indicating that the reduc
tion in miR164 level at this early developmental stage 
is not sufficient to impact development. In accordance 
with this result, quantitative RT-PCR analysis of miR164
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Figures. Reduced miR164 Accumulation mir164b Mutant Plants 
and Increased miR164 Levels in 35S:MIR164b Plants.
(A) RNA gel-blot analysis of 30 ng total RNA prepared from 7-day- 
old wt Col-0 and mir164b-1 (SALK_136105) seedlings.
(B) Progeny of 35S:MIR164b plants that display organ fusion pheno
types have increased seedling miR164 accumulation. RNA gel-blot 
analysis of 30 |j.g total RNA prepared from 7-day-old wt Col-0 seed
lings and 7-day-old seedling progeny of 35S:MIR164b plants. Line 
7 displayed no fusion phenotypes; line 2 displayed stem-pedicle 
and weak sepal fusions; line 27 displayed stem-pedicle, stem-leaf, 
and sepal fusions; and line 8 displayed stem-pedicle, stem-leaf, 
sepal, stamen, and rosette leaf fusions.
(C) 35S:MIR164b plants that display organ fusion phenotypes have 
increased miR164 accumulation in flowers. RNA gel-blot analysis 
of 9 |ig total RNA prepared from a mix of buds and inflorescence

target mRNA levels in mir164b mutant seedlings did not 
reveal consistent changes in mRNA steady-state levels 
of the five predicted miR164 targets (data not shown). 
The T-DNA insertion in miR164b-1 is located within the 
loop of the miR164b precursor; thus, it is likely that this 
line is a null allele and it supports the hypothesis that 
MIR164a is at least partially redundant with MIR164b. 
Interestingly, a miR164-like sequence (miR164c) was 
cloned from Arabidopsis that differs from the sequence 
of miR164a and miR164b by a single adenine-to-guanine 
substitution at the 3' end (M. Jones-Rhoades, B. Reinhart, 
B.B., and D.P.B., unpublished data); therefore, miR164c 
may also contribute to miR164 target gene regulation.

Constitutive Overexpression of MIR164b 
Recapitulates cud cuc2 Double 
Mutant Phenotypes
Because plants expressing a miR164-resistant CUC1 
mRNA have altered development, we expected that proper 
miR164 expression would also be required for normal de
velopment. To investigate this hypothesis, the stem loop 
of the MIR164b gene was cloned behind the CaMV 35S 
promoter and introduced into wt Arabidopsis plants. 
Misexpressed miR164 was expected to increase target 
mRNA cleavage, especially in cells that normally do not 
express the miRNA, and thereby phenocopy the organ 
separation defects seen in the cud cuc2 double mu
tants, including fused cotyledons, sepals, and stamens 
[40, 43]. Indeed, although most 35S:MIR164b primary 
transformant seedlings had a wild-type appearance 
(Figures 6A and 6D), several displayed partially fused 
cotyledon petioles (Figures 6B and 6C), similar to the 
cud cuc2 mutants [40], Mild cotyledon petiole fusion 
was correlated with the first true leaves appearing asym
metrically from the shoot apex (Figures 6E and 6F). More 
dramatic and frequent fusion phenotypes were ob
served in adult plants. 58 of 85 35S:MIR164b primary 
transformants displayed partial or complete sepal fusion 
(Figures 6Q and 6R; compare to Figures 6L and 6M), 
and 16 of 85 displayed some degree of stamen fusion 
(Figure 6S; compare to Figure 6N). These results demon
strate that misexpression of MIR164b can recapitulate 
certain cue 1 cuc2 double mutant phenotypes, indicating 
that control of miR164 dosage and localization is neces
sary for proper CL/C activity.

Other phenotypes displayed by cud cuc2 double mu
tants were not frequently observed in the 35S:MIR164b 
plants. In particular, cud cuc2 mutants often display 
cotyledons fused along both margins accompanied by a 
missing SAM [40], whereas the partial cotyledon fusions 
that we observed in some 35S:MIR164b plants (Figure 
6B, C) were usually accompanied by an intact SAM (Fig
ures 6E and 6F). We did observe one transformed plant 
with fused cotyledon petioles and lacking a SAM (Figure

meristems of wt Col-0 and 35S:MIR164b plants. Line 81 displayed 
no fusion phenotypes; line 61 displayed stem-pedicle, stem-leaf, 
and sepal fusions; and line 8D displayed stem-pedicle, stem-leaf, 
sepal, stamen, and rosette leaf fusions. The positions of 32P-labeled 
RNA oligonucleotides are noted. Blots were stripped and reprobed 
with oligonucleotides complementary to miR160 and U6 as loading 
controls.
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Figure 6. Fusion Phenotypes of 35S:MIR164b Plants
(A-C) Ten-day-old 3SS:MIR164b seedlings displaying no fusion (A) or partial cotyledon petiole fusion (B and C).
(D-F) Same seedlings as in (A-C) at 13 days old, displaying true leaf formation to one side of the partially fused cotyledon petioles (E and F).
(G) 13-day-old 35S:MIR164b seedling displaying fused cotyledon petioles and no SAM.
(H) 29-day-old wt Col-0 plant.
{I—K) 35S:MIR164b plants (34 days old) displaying rosette leaf fusion (arrow in [J]) or leaf-stem fusions (arrows in [I] and [KD-
(L-P) Wild-type (Col-0) plants. Buds (L) and flowers (M) display separated sepals and six distinct stamen (N) imaged by SEM (arrows denote the
points of separation). Pedicles emerge from the inflorescence stems (O) and separated flower parts abscise from the fertilized siliques (P).
(Q-U) 35S:MIR164b T1 plants display floral organ fusion defects. Buds (Q) and flowers (R) have various extents of sepal fusion, and removal 
of sepals and petals exposes fused stamen ([S]; arrows denote points of separation). 3SS:MIR164b plants display varying degrees of pedicles 
fused to stems ([T]; arrow highlights the altered angles between pedicle and stem; compare to [O]). Fused sepals abscise late from 3SS:MIR164b 
siliques ([U]; arrow indicates dried sepals firmly attached to the silique). Occasional stamen-carpel fusions are observed (arrowhead in [U]). 
The scale bar in (A) represents 1 mm and applies to panels (AHC). The scale bar in (D) represents 1 mm and applies to panels (DHG). The 
scale bars in (I) and (J) represent 1 cm, the scale bars in (LHN) and (QMS) represent 500 .̂m, and the scale bars in (O), (P), (T), and (U) 
represent 1 mm.
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6G) among the 86 35S:MIR164b transformants ob
served. The reduced severity of embryonic defects in 
the 35S:MIR164b plants compared to the cud cuc2 
mutant may reflect the reduced activity of the 35S pro
moter during early stages of embryogenesis [47]. In ad
dition, unlike cud cuc2 mutant plants, which lack func
tional CUC1 and CUC2 protein, 35S:MIR164b plants still 
accumulate detectable levels of CUC1 and CUC2 
mRNAs (data not shown).

miR164-Directed Cleavage of NAC1, At5g07680, 
and At5g61430 Could Explain Additional 
Organ-Separation Defects
Interestingly, 35S:MIR164b plants display organ fusion 
phenotypes not reported in cud cuc2 mutants [40, 43, 
44, 48]. These 35S:MIR164b phenotypes include fused 
rosette leaves (13/85 T1 plants; Figure 6J), leaf-stem 
fusions (28/85 T1 plants; Figures 61 and 6K; compare to 
Figure 6H), stem-pedicle fusions (25/85 T1 plants; Fig
ure 6T; compare to Figure 60), and occasional stamen- 
silique fusions (Figure 6U). Floral organs of affected 
plants did not abscise normally after fertilization but, 
rather, remained on the parent plant (52/85 T1 plants; 
Figure 6U; compare to Figure 6P), perhaps due to sepal 
separation defects (Figures 6Q and 6R).

The organ separation defects in the 35S:MIR164b 
plants that are not observed in cud cuc2 could be 
explained by miR164-directed cleavage of additional 
targets. In addition to CUC1 and CUC2, at least three 
Arabidopsis NAC-domain genes, NAC1 ,At5g07680, and 
At5g61430, have extensive complementarity to miR164 
([25]; Figure 1 A). To determine if these mRNAs are also 
targeted for cleavage in Arabidopsis, we amplified cleav
age products from these mRNAs from wt Arabidopsis 
Col-0 RNA by using the RNA ligase-mediated 5'-RACE 
protocol that was used to demonstrate miR164-directed 
cleavage of CUC1 and CUC2 messages [28, 29], RNA 
sequences with 5' termini corresponding to the center 
of the miR164 complementary site were consistently 
detected for all three genes (Figure 1C), indicating that 
NAC1, At5g07680, and At5g61430 are in vivo miR164 
cleavage targets.

To assess whether the fusion phenotypes that we 
observed correlated with the level of miR164 overex
pression, we examined miR164 levels in progeny seed
lings of 35S:MIR164b transformants with strong and 
weak fusion phenotypes. We found that progeny of 
plants with a variety of fusion defects accumulate 
miR164 to a level ~9-fold higher than wt, whereas prog
eny of 35S:MIR164b plants without fusion phenotypes 
accumulated miR164 to a level similar to wt plants (Fig
ure 5B). This correlation between miR164 levels and 
phenotypic severity was observed in RNA prepared from 
both seedlings (Figure 5B) and floral buds and meri
stems (Figure 5C), indicating that the miR164 overex
pression persisted through development.

Together, our results strongly suggest that proper 
miR164-directed gene regulation of CUC1, CUC2, and 
at least one other NAC-domain gene is essential for the 
separation of adjacent embryonic, vegetative, and floral 
organs and implicate miR164 as a common regulatory 
factor in the mechanism(s) controlling organ separation.

The cud cuc2-like fusions in 35S:MIR164b plants (Fig
ure 6), the increase in CUC1 mRNA steady-state levels 
in 5mCUC1 plants with aberrant phenotypes (Figure 4), 
the detection of miR164-directed mRNA cleavage prod
ucts in wild-type Arabidopsis (Figure 1), and the increase 
in CUC2 mRNA accumulation in mutants defective in 
miRNA biogenesis and function [22], all suggest that 
miR164 is regulating its target genes, at least in part, 
by mediating mRNA cleavage. However, we cannot rule 
out the possibility that miR164, in addition to directing 
mRNA degradation, may also repress translation, as re
ported for miR172 [31, 32].

miRNA Regulation of Lateral Organ Boundaries 
in Plants
miR164 is conserved between Arabidopsis and rice [7], 
and miR164 targets are found in the NAC-domain family 
in other plants as well. For example, rice encodes a NAC- 
domain mRNA (OsNAC2) with a two-mismatch miR164 
complementary site [25]. In addition, examination of the 
petunia NAM [41] and snapdragon CUPULIFORMIS 
(CUP) mRNAs [49] reveals that each contain a miR164 
complementarity site with three mismatches (Figure 1 A). 
The petunia nam mutant displays cotyledon fusions and 
usually lacks a SAM [41]. nam shoots that develop dis
play altered numbers of second and third whorl floral 
organ primordia [41]. The snapdragon cup mutant dis
plays defects in SAM formation and dramatic cotyledon, 
leaf, inflorescence, and floral organ fusions [49] reminis
cent of the diverse organ fusions observed in the 
35S:MIR164b plants (Figure 6). It is likely that several 
genes similar to CUC1/2, NAM, and CUP regulate lateral 
organ boundaries and that the exact division of labor 
among the genes varies depending upon the extent and 
nature of gene duplication in various plant lineages. The 
occurrence of miR164 complementary sites in these NAC- 
domain genes implicated in lateral organ boundary forma
tion suggests that the miR164-based regulation of the 
process uncovered here will be general to flowering plants.

There are over 100 NAC-domain genes in Arabidopsis, 
but only some of these are known to be miR164 target 
genes. One miR164 target is NAC1, which is important in 
lateral root development; others are Arabidopsis CUC1, 
CUC2, At5g07680, and At5g61430 (Figure 1C) [29]. An
other likely miR164 target, At5g39610, which is closely 
related to At5g07680 and At5g61430, has a miR164 
complementarity site with only four mismatches (includ
ing one G:U wobble) and is among the miR164 targets 
predicted in a recent computational analysis (M. Jones- 
Rhoades and D.P.B., unpublished data). However, 
other closely related genes of unknown function (e.g., 
At3g29035) and CUC3, which has a function partially 
redundant with CUC1 and CUC2 [50], lack extensive 
complementarity to miR164. It appears that miR164 reg
ulation of these genes has either been lost over the 
course of evolution or does not involve extensive com
plementarity between the miRNA and the messages.

In plants, organ primordia derive from stem cells in 
the meristematic regions. These pluripotent stem cells 
develop into determinate organs through a series of 
coordinated cell-cell signaling events [51]. During em
bryogenesis, CUC1 and CUC2 are expressed in a few
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apical cells as early as the globular stage, and as the 
embryo develops, expression spreads to numerous cells 
located between the two cotyledon primordia [40, 43, 
48]. This CUC1 and CUC2 expression is thought to de
fine boundaries between developing cotyledons, per
haps by restricting cell proliferation, and thereby helping 
to establish bilateral symmetry [40, 43, 48]. CUC1 and 
CUC2 also are required for adjacent floral organ separa
tion, suggesting that an analogous boundary definition 
process occurs during floral development [40, 43, 48], 
and our data point to other NAC-domain genes mediat
ing additional organ separation events. The identifica
tion of miR164 as an integral regulator of a subset of 
NAC-domain genes, including CUC1 and CUC2, adds 
a new layer of complexity to the gene regulatory mecha
nisms that control cell differentiation and organ develop
ment in plants.

Perturbing miR164-directed CUC1 or CUC2 regulation 
in the 5mCUC1 and 35S:MIR164b plants would likely 
misregulate genes that rely directly or indirectly on 
proper CUC1 or CUC2 expression. For example, CUC1 
or CUC2 is required for expression of SHOOT MERI- 
STEMLESS (STM) [44,48], which encodes a class I knot- 
ted-like homeobox (KNOX) protein that functions in 
meristematic and interprimordial regions to maintain 
cells in an undifferentiated state and to prevent these 
cells from proliferating [52-54]. Loss of STM results in 
partial cotyledon and floral organ fusions and reduced 
or absent SAM formation, reminiscent of the defects in 
35S:MIR164b plants (Figure 6) [54, 55]. Genetic interac
tions imply that STM maintains the SAM by inhibiting 
expression of ASYMMETRIC LEAVES1 (AS1), a MYB- 
domain transcription factor [56]. as1 mutants develop 
abnormal rosette leaves with outgrowths or lobes [56], 
a phenotype similar to that of 5mCUC1 plants (Figures 
3B and 3C). Thus, misexpression of genes known to be 
downstream of CUC1 or CUC2 is likely to contribute to 
the cotyledon, leaf, and floral organ defects that we 
observed (Figures 3 and 6).

Interestingly, the phenotypes observed in the 5mCUC1 
plants did not overlap with phenotypes reported for 
35S:CUC1 plants, which include lobed cotyledons and 
ectopic adaxial meristems [43,44]. The CaMV 35S pro
moter likely directs higher and more widespread ex
pression than the CUC1 promoter [57], and thus miR164 
may not be at sufficient levels in all relevant tissues to 
counter the message expressed in 35S:CUC1 plants, 
even though miR164 is present in many organs (Figure 
2B). Similarly, plants expressing 35S:NAC1 also have 
developmental abnormalities [45]. The fact that 35S pro
moter-driven expression of CUC1 and NAC1 confers 
developmental anomalies indicates that miRNA-medi- 
ated regulation and other forms of posttranscriptional 
control, such as ubiquitin-mediated proteolysis [58], 
may not be sufficient for proper development and sug
gests that transcriptional regulation of both genes is 
also necessary. Indeed, CUC1 transcriptional control 
was demonstrated when in situ hybridization analysis 
of embryonic CUC1 mRNA accumulation [43] showed 
CUC1 expression closely resembling the embryonic 
pattern of CUC1 promoter-driven green fluorescent pro
tein (GFP) accumulation [57], even though the GFP re
porter does not contain a miR164 complementary site.

Nonetheless, the cotyledon orientation defects ob
served in 5mCUC1 plants (Figure 3A) reveal a clear role 
for miR164 during embryonic development that may be 
too subtle to detect by comparing mRNA in situ analysis 
with that of GFP reporters, suggesting that miRNAs also 
may be playing roles in other cases where posttranscrip
tional regulation has not been suspected. The striking 
abnormalities observed during floral development of 
5mCUC1 plants (Figure 3) also illustrate the importance 
of miRNA-mediated postembryonic regulation of CUC1. 
Notably, the dual control of CUC1 and NAC1 by both 
transcriptional and posttranscriptional mechanisms dis
tinguishes these miR164 targets from several mRNAs 
targeted by the miR156/157, miR159/JAW, miR165/166, 
and miR172 families, which do not confer dramatic phe
notypes when driven by the 35S promoter but, in the 
cases tested, do confer dramatic phenotypes when 
miRNA-resistant versions are expressed [26,32,38,59].

Petal and sepal whorls have different responses to 
the increased or expanded presence of the 5mCUC1 
miR164-resistant mRNA, perhaps reflecting somewhat 
differing gene regulatory circuitry controlling the separa
tion of developing petal and sepal primordia. We specu
late that the increased number of petals and decreased 
number of sepals could both be the outcome of in
creased organ separation in these plants: in one case 
increased instances of separation and in the other, an 
increased degree of separation. In the petal whorl, loss 
of miR164-mediated CUC1 regulation may increase the 
instances of petal primordia separation, resulting in ad
ditional primordia, and ultimately additional petals. In 
the sepal whorl, loss of miR164-mediated CUC1 regula
tion may increase the degree of separation between sepal 
primordia, resulting in fewer sepal primordia. The dis
covery that miR164-directed mRNA cleavage is impor
tant in these processes of organ development and sepa
ration will facilitate their molecular characterization.

Conclusions
Here, we demonstrate that miR164 regulates NAC- 
domain target genes in Arabidopsis. Perturbation of 
miR164-directed regulation causes development abnor
malities in embryonic, vegetative, and floral organs, thus 
establishing miR164 as a key regulatory component es
sential for normal plant development and furthering the 
understanding of the biological roles of miRNA regula
tion in plants.

Experimental Procedures

DNA Constructs and Transgenic Plants 
CUC1 and 5mCUC1
The genomic sequence of CUC1 (At3g15170), including ~1.4 kilo- 
bases (kb) and ~0.7 kb of putative 5' and 3' regulatory sequences, 
respectively, was cloned as an ~3.7 kb BamH1-EcoR1 fragment 
into pBluescriptllSK+ (Stratagene) from the bacterial artificial chro
mosome F4B12. Site-directed mutagenesis was performed by using 
PfuUltra polymerase followed by Dpn1 digestion, as suggested by 
the manufacturer (Stratagene), to produce the 5mCUC1 sequence. 
The sequence of the primer pair used for CUC1 mutagenesis is 
5mCUC1 forward 5'-CCGATCATCAATACCTTTGCGACGGAGCAT 
GTTTCATGTTTTT CAAATAACTCTGCTGCTCATACCG-3' and 5mCUC1 
reverse 5'-CGGTATGAGCAGCAGAGTTATTTGAAAAACATGAAAC 
ATGCTCCGTCGCAAAGGTATTGATGATCGG-3’. After mutagene
sis, a 1.5 kb Pad  -Nco1 fragment spanning the mutagenized CUC1
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miR164 complementary site was subcloned and used to replace 
the corresponding wild-type sequence of the original genomic CUC1 
clone. This 1.5 kb fragment was sequenced to ensure that only the 
desired silent mutations were present. The control CUC1 and the 
5mCUC1 ~3.7 kb BamH1-EcoR1 fragments were subcloned into 
the binary vector pGreenll0219 and then electroporated [60] into 
Agrobacterium tumefaciens strain GV3101::pMP90 [61]. Arabidop
sis thaliana (Col-0 accession) was transformed by using the floral 
dip method [62], The collected seeds were surface sterilized and 
plated on Bouturage No. 2 media (Duchefa Biochemie) containing 
30 |xg/mL hygromycin for selection of transformants. Seedlings were 
grown under long-day conditions (16 hr light, 8 hr dark) at 20°C for 
about 14 days before transfer to Metromix 200 soil (Scotts), where 
they were grown at 20°C under long-day conditions.
35S:MIR164b
To make the 35S:MIR164b construct, genomic DNA from Col-0 
plants was PCR amplified by using oligonucleotides MIR164b-C3 
5'-GTCctcgagTCACGTTTTCAAATATCAAACCTAC-3' and MIR164b-C2 
5'-TATgcggccgcTCTCCTGTCTAATACTCGCTAACC-3', which have 
flanking Xho1 or Not1 sites (lowercase). The resulting ~900 basepair 
(bp) product encoded the predicted miR164b hairpin precursor 
along with 385 bp of upstream and 355 bp of downstream sequence. 
The PCR amplification product was gel purified by using a Matrix 
Gel Extraction kit (Marligen Biosciences, Ijamsville, MD) and sub
cloned into the pCR4-TOPO vector (Invitrogen). The resultant clones 
were sequenced to identify PCR-derived errors, and a clone was 
selected with the expected sequence except for an A and T deleted 
374 bp and 192 bp upstream of the foldback, respectively. The 
Xhol-Notl insert from this clone was ligated into Xho1-Not1-cut 
35SpBARN [63] between the CaMV 35S promoter and the nos termi
nator. The resultant 35S:MIR164b plasmid was electroporated [60] 
into A. tumefaciens GV3101, which was used to transform Col-0 by 
using the floral dip method [62]. Transf ormants were identified on PN 
(plant nutrient medium) [64] plates containing 7.5 p.g/ml glufosinate 
ammonium (Crescent Chemical, Augsburg, Germany). Seedlings 
were grown under continuous light at 22°C for approximately 14 
days before transfer to Metromix 200 soil (Scotts), where they were 
grown in continuous light at 22°C. Transformation of each T1 plant 
was confirmed by PCR amplification of genomic DNA [65] with the 
primers 35S-F 5'-AAGGGATGACGCACAATCCCACTATCC-3' and 
MIR164b-C2, which yielded a 1 kb product from Col-0 (35S:MIR164b) 
plants. 
mir164b
The mir164b mutant was identified from the SALK_136105 line gen
erated by the SALK Institute Genomic Analysis Laboratory, La Jolla, 
CA [46]. The genotypes of plants segregating for this insertion ob
tained from the ABRC were determined by PCR-amplifying genomic 
DNA by using the primers MIR164b-1 5'-CAAAGAAATGTTGTTACC 
TGGTAATTAG-3' and a modified version of the LBb1 primer 5'- 
CAAACCAGCGTGGACCGCTTGCTGCAACTC-3'; http://signal.salk. 
edu), which results in an ~700 bp product from the disrupted chro
mosome, or MIR164b-1 and MIR164b-4 5'-CCATAAAGCTTCAAAA 
TTTACAGAGTTTCC-3', which results in a 694 bp product from the 
wild-type chromosome. The former product was directly sequenced 
by using the LBb1 primer to determine the exact location of the 
T-DNA insert, which was found to be at position 84 within the 149 
nt predicted foldback of MIR164b. Homozygous plants were com
pared to the wild-type Col-0 after growth on PN medium supple
mented with 0.5% sucrose or in soil.

CUC1 Transcript Preparation and In Vitro Cleavage Assay 
Arabidopsis CUC1 transcripts containing the miR164 complemen
tary site were generated by PCR amplification of CUC1 or 5mCUC1 
genomic clones followed by in vitro transcription by using T7 RNA 
polymerase. The primer sequences used to generate CUC1 and 
5mCUC1 template were 5'-GGCCGTAATACGACTCACTATAGGGG 
AGAAGGAGTGGTACTTCTTC-3' and 5'-CATTGCAAATGACGGAGG 
AGG-3'. Wheat germ lysate preparation, cap labeling, and in vitro 
cleavage assays were performed as described [30].

5' RACE
poly(A)+ RNA isolation, cDNA synthesis, non-gene-specific 5'-RACE 
amplifications, and gene-specific 5'-RACE amplifications were per

formed as described [28,29] by using the GeneRacer Kit (Invitrogen) 
with the exception that an additional nested gene-specific 5'-RACE 
amplification was performed. The following primers were used with 
the GeneRacer 5' Nested Primer: NAC1 external 5'-CAGTGCTTG 
GAATACCGATGTCGGTCAG-3', NAC1 internal 5'-GCTGACTGAG 
TAGAGCTCTGAGAACCATC-3'; At5g61430 external 5'-GATCAACC 
GGTCCAGTAGAGGAAGACGG-3', At5g61430 internal 5'-CAGTGT 
TCATGTCAGTTGAAACTCCGG-3'; AtSg07680 external 5'-GGTTCA 
AGATCAACCGGACCGGAAGAG-3',Af5g07680intemal5-CCCGGT 
TTCTTGCGAGATGC TCAATG-3'.

RNA Isolation and miRNA Gel-Blot Analysis 
Total RNA was isolated as described [66] or by using RNeasy Plant 
Mini Kits (Qiagen, Valencia, CA). For RNA gel-blot analysis, total 
RNA was separated on a 15% denaturing polyacrylamide gel, elec
troblotted to nylon membrane, and hybridized with an end-labeled 
miR164 DNA probe, and then stripped and reprobed with miR160 
and/or U6 DNA probes [7]. Hybridization signals were quantified 
with a Fuji phosphorimager.

Reverse Transcription and Quantitative Real-Time PCR 
For each sample, 0.6 pg total RNA was treated with DNasel (Amplifi
cation Grade, Roche Applied Science, Indianapolis, IN) and reverse 
transcribed in a 40 p.l volume by using 400 units Superscript III 
(Invitrogen, Carlsbad, CA) primed with a mixture of reverse primers 
(QRTR primers listed below; 2 pM each) for the NAC-domain genes, 
TUB4, and 18S rRNA. The resulting cDNA was diluted to 200 pi with 
water. Gene-specific primers and TaqMan probes were designed 
to span the miRNA-complementary site of each mRNA by using 
Primer Express software (Applied Biosystems, Foster City, CA). 
Quantitative real-time PCR was carried out in triplicate 25 pi reac
tions by using the ABI Prism 7000 Sequence Detection System and 
TaqMan Universal PCR Master Mix (ABI) with primers at a final 
concentration of 0.5 pM each and using 10 pi diluted cDNA for 
the mRNAs or 0.001 pi for the 18S reaction. Primer pairs used were 
CUC1-QRTF 5'-TCTGCCGGTTCTGCAATTG-3’ and CUC1-QRTR 
5 -CATCGGTATGAGCAGCAGAGTT-3', CUC2-QRTF 5 -CAGCCGT 
AGCACCAACACAA-3' and CUC2-QRTR 5'-GTCTAAGCCCAAGGCC 
CCGTAGTA-3', NAC1-QRTF 5'-AACCCTCTTCTTATCTCAGTGATG 
ATC-3' and NAC1-QRTR 5 -AGGTTCGAGTTTAAGGTTTGGTTCT- 
3', At5g07680-QRTF 5'-CCACCTTTAACTGATTCTTCACCATA-3', 
and At5g07680-QRTR 5 '-AGCAATTGAGTATTGTTCCTCTAGTT 
TCA-3', At5g61430-QRTF 5'-CCAAAACAGAACCGGTCTACGT-3' 
and At5g61430-QRTR 5'-GAAGCAATTGAGTGTGGTTCCTT-3', TUB4- 
QRTF 5'-CTGTTTCCGTACCCTCAAGC-3', and TUB4-QRTR 5'-AGG 
GAAACGAAGACAGCAAG-3'. The following probes were paired with 
the respective primer pairs at a final concentration of 0.2 pM: CUC1 - 
probe 5'-TCCGATCATCAATACCT-3', CUC2-probe 5'-AGCGCAA 
TAACCGAGC-3', NAC1 -probe 5'-CTACATCATCAATGAGCA-3', At5g- 
probe 5'-CTGCTTCTCCAACCAA-3', and TUB4-probe 5'-CGCTAAT 
CCTACCTTTGGTGATCTTAACCAT-3'. The NAC-domain gene spe
cific probes were 5' labeled with 6-FAM and 3' labeled with MGBNFQ 
(minor groove binder/nonfluorescent quencher). The TUB4 probe was 
5' labeled with HEX and 3' labeled with TAMRA. The 18S primers 
and probe were from ABI (TaqMan Ribosomal RNA Control Re
agents). PCR conditions were 2 min at 50°C and 10 min at 95°C 
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. cDNA 
amplification was monitored in real time by using ABI Prism 7000 
Sequence Detection System software. Amplification of 18S rRNA 
was monitored as an endogenous control that was used to normalize 
template amounts using the comparative CT method (ABI Prism 7700 
Sequence Detection System User Bulletin #2, http://www.appliedbi- 
osystems.com). Control reactions in which reverse transcriptase 
was omitted did not give amplification signals above the threshold. 
Direct sequencing of the CUC1 and CUC2 amplification products 
revealed that the CUC1 and CUC2 primer pairs were gene specific.

RT-PCR, Nsp1 Digestion, and DNA Gel-Blot Analysis 
Total RNA was prepared from a mix of buds and inflorescence 
meristems of 57-day-old T2 5mCUC1, control CUC1, and wt Col-0 
plants as described [66], 5 p.g of total RNA was used for oligo-fdTJa, 
primed first strand cDNA synthesis followed by RNase H digestion 
as recommended by the manufacturer (ThermoScript RT system,
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Invitrogen). PCR amplification with 50 ng of cDNA as a template 
was performed to completion by using the following CUC1 primer 
pair: CUC1 forward 5’-GCGTAGTTAGTAGAGAGACG-3' and CUC1 
reverse 5'-GAGGCAGAGAAGGTAGATTCG-3'. To equalize the pos
sibility of heteroduplex formation in the 5mCUC1 samples, the final 
PCR products were denatured and renatured. Nsp1 digestion of 
the 330 bp 5mCUC1 PCR product yielded ~110 bp and ~220 bp 
fragments. The wt CUC1 PCR product did not contain an Nsp1 
restriction site and thus was not cleaved after Nsp1 digestion. To 
monitor Nsp1 digestion efficiency, parallel reactions were con
ducted in which each reaction was spiked with a 1.2 kb DNA frag
ment containing an Nsp1 restriction site, which produced ~560 bp 
and ~600 bp fragments after digestion. This control DNA was 
cleaved to completion, indicating that the undigested fragments in 
the SmCUCl RT-PCR did not contain the Nsp1 site and derived 
from the endogenous CUC1 gene. DNA gel-blot analysis was per
formed as described [66]. Undigested and Nsp1 -digested PCR am
plified products were separated on a 2% agarose gel, blotted to 
nylon membrane, and hybridized with 32P end-labeled CUC1 reverse 
primer (above), which detects both the undigested CUC1 and 
5mCUC1 330 bp PCR products and the 220 bp fragment generated 
by Nsp1 digestion of the 5mCUC1 PCR product. Hybridization sig
nals were quantified with a Fuji phosphorimager. Heteroduplex DNA 
involving one strand of CUC1 hybridized to one strand of SmCUCl 
was assumed to be refractory to Nsp1 cleavage. The square root 
of the fraction cut by Nsp1 indicated the total fraction of 5mCUC1 
present as either a homoduplex or one strand of a heteroduplex 
and was used to calculate the reported mRNA ratios.

Scanning Electron Microscopy
Plant tissues were fixed in 3% gluturaldehyde, 25 mM NaP04 (pH 
6.8) overnight at 4°C with constant shaking, rinsed five times with 
50 mM sodium cacodylate buffer (pH 7.0), and treated with 1% 
OsO„, 50 mM sodium cacodylate (pH 7.0) for at least 6 hours at 
25°C. Tissues were dehydrated through a graded ethanol series 
(25%, 50%, 75%, 90%, 95%, and 100% ethanol) and then critical 
point dried by using C02. Tissues were mounted on stubs and shad
owed with gold and pallidium (4:1) before viewing through a Jeol 
5600LV scanning electron microscope.
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Note Added in Proof

The data referred to as “M. Jones-Rhoades and D.P.B., unpublished
data” are now in press: Jones-Rhoades, M.W. and Bartel, D.P.
(2004). Computational identification of plant microRNAs and their
targets, including a stress-induced miRNA. Mol. Cell 14, 787-799.
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