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ABSTRACT OF THE DISSERTATION 

Integration of Molecular Networks in the Shoot Apical Meristem that Controls Floral 
Specification in Arabidopsis thaliana 

 
 

by 
 

Shruti Lal 
 

Doctor of Philosophy, Graduate Program in Genetics, Genomics and Bioinformatics 
University of California, Riverside, August 2011 

Dr. Harley M. S. Smith, Chairperson 
 

 

Post-embryonic development in plants derives from the Shoot Apical Meristem 

(SAM). The floral transition is a major developmental phase change that transforms the 

identity of SAM from vegetative to inflorescence. The transition from juvenile to adult 

vegetative phase is regulated by miRNA156 (miR156) and miRNA172 (miR172). In 

Arabidopsis, the endogenous flowering time pathway is mediated by miR156 and a subset 

of SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE (SPL) genes including SPL3, 

SPL4 and SPL5. During shoot development, a subset of SPLs is post-transcriptionally 

regulated by miR156. The miR156/SPLs module functions to specify floral meristem 

identity by activating floral integrators and floral meristem identity genes including 

APETELLA1 (AP1). The universal florigen FLOWERING LOCUS T (FT) promotes 

floral induction by activating, in part, SPL3, SPL4 and SPL5. In turn, SPLs act in parallel 

with FT to promote floral meristem identity. Two related BELL1-like homeobox genes, 

PENNYWISE (PNY) and POUND-FOOLISH (PNF), which are expressed in the SAM, 

are required for floral specification. Previous genetic studies indicate that the floral 
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specification function of FT depends upon PNY and PNF. However, the relationship 

between these homeodomain proteins and miR156/SPLs is not known. Results from this 

study indicate that the photoperiodic floral induction of SPL3, SPL4 and SPL5 is 

dependent upon PNY and PNF. Moreover, the levels of miR156 fail to decline in pny pnf 

apices under floral inductive conditions. Therefore, PNY and PNF appear to regulate 

levels of miR156 during reproductive development. In addition, PNY and PNF control 

SPL3, SPL4, and SPL5 expression by negatively regulating miR156. Furthermore, results 

demonstrate that ectopic expression of miR156 resistant SPL4 partially restores 

reproductive development in pny pnf plants whereas SPL3 and SPL5 failed to promote 

floral specification. This suggests that the function of SPL3, SPL4, and SPL5 is 

dependent upon PNY and PNF as well as expression of multiple SPLs is required for 

completing floral specification in pny pnf plants. Lastly, GA application activates SOC1 

and AGL24 in pny pnf plants but failed to promote flower formation. Therefore, PNY and 

PNF acts downstream of GA signaling pathway and SOC1 and AGL24 are dependent 

upon PNY and PNF for flower specification.  
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Chapter 1 

Introduction 

 

Post-embryonic development derives from a set of self-organizing cells located at 

the growing tip of plants known as the shoot apical meristem (SAM; Steeves and Sussex, 

1989; Lyndon, 1998). The SAM is the site for organogenesis and ultimately gives rise to 

all the aerial parts of the plant (Steeves and Sussex, 1989; Lyndon, 1998). The SAM is 

subdivided into three functionally distinct domains. The central zone (CZ) is located at 

the apex and contains stem cells. The peripheral zone (PZ) is on the flanks of the SAM 

surrounding the CZ, while the rib meristem (RM) is located at the base of CZ (Steeves 

and Sussex, 1989; reviewed in Meyerowitz, 1997; Bleckmann and Simon, 2009). As stem 

cells exit the CZ, they are incorporated into lateral organs such as leaves and/or axillary 

meristems in the PZ (Steeves and Sussex, 1989). The fate of the axillary meristem and 

shoot is under developmental control. For example, axillary meristems produced during 

reproductive growth will develop into a flower (Bennett and Leyser, 2006). Alternatively, 

the axillary meristem may also remain dormant. Cells that exit the RM develop into cell 

types that constitute the pith of the stem. The proper maintenance of the meristem is 

highly critical throughout the phases of plant development.   

 

Vegetative phase change 

Plants undergo series of sequential phases of development (Poethig, 2003). After 

embryogenesis, plants enter a vegetative mode of development. The initial stage of 

vegetative growth is referred to as the juvenile phase of shoot development. In 
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Arabidopsis, the juvenile phase of development is quite short and lasts only for few days 

(Poethig, 2003). However, in many woody perennials plants, the juvenile phase of 

development can last for years (Doorenbos, 1965; Lawson and Poethig, 1995). For 

example, in Eucalyptus globulus, the juvenile phase can last from months to 30-40 years 

(Doorenbos, 1965). In contrast to adult shoots, the juvenile shoots are unable to respond 

to floral inductive signals that act to promote reproductive development. The morphology 

of the leaves produced during the juvenile phase often differs from the morphology of 

adult leaves (Lawson and Poethig, 1995). For example, in Hedera helix, leaves with 

palmate and lobed morphology develop during the juvenile phase of development. 

However, during the adult phase of development, the shoots produce entire and ovate 

leaves (Lawson and Poethig, 1995). In addition, the phyllotaxy changes from alternate to 

spiral during the juvenile and adult vegetative phases, respectively. In other plants, such 

as Arabidopsis, the juvenile leaf traits are less obvious. Arabidopsis juvenile leaves lack 

trichrome production on the abaxial (lower) surface. However, the adult leaves form 

trichromes on both abaxial and adaxial (upper) surfaces (Telfer et al, 1997). In addition to 

the morphological features of juvenile and adult leaves, cell types on the ad- and abaxial 

domains of the leaf differ. For example in maize, the epidermal cell type and shape 

gradually changes from circular to rectangular during juvenile to adult phase change 

(Lawson and Poethig, 1995; Poethig, 2003). The temporal and spatial coordination of 

change in traits during phase transition is highly critical for plant survival and 

reproduction.  
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In Caenorhabditis elegans (C. elegans), the juvenile (larva) to adult phase of 

development is controlled by the activity of two microRNAs called lin-4 and let-7 (Lee et 

al., 1993; Reinhart et al., 2000; reviewed in Pasquinelli and Ruvkun, 2002; Rougvie, 

2005; Moss, 2007). During the initial development in C. elegans, lin-4 activity regulate 

the fate of larval cells during the first and second stage of larval phase while let-7 activity 

regulate the larval cells fate in adult phase (Lee et al., 1993; Reinhart et al., 2000). lin-4 

targets two genes, lin-14 and lin-28, that act downstream of lin-4. Loss-of-function in lin-

14 and lin-28 causes precocious late developmental stages during the first and second 

larval stages (Wightman et al., 1991; Moss et al., 1997). lin-14 and lin-28 encode nuclear 

and cold-shock zinc finger proteins, respectively (Moss et al., 1997). lin-14 regulates 

transition from first to second larval stage while lin-28 regulates second to third larval 

stage (Moss et al., 1997). let-7 regulates multiple genes in a tissue specific manner. One 

of its targets is lin-41 that encodes RBCC protein. Loss-of-function mutation in lin-41 

causes precocious expression of adult fates at larval stages, a phenotype opposite of let-7 

mutants (Reinhart et al., 2000). Thus, LIN-4 and LET-7 controls early and late 

development, respectively. 

In Arabidopsis and maize, recent studies have shown that the juvenile to adult 

phase transition is mediated by the sequential action of microRNA156 (miR156) and 

microRNA172 (miR172; Chuck et al., 2007; Wu et al., 2009). During shoot development, 

miR156 levels were highly abundant in the juvenile phase of growth; however, the levels 

decline as plants transition toward an adult mode of development (Wu and Poethig, 2006; 

Chuck et al., 2007; Wang et al., 2009). Studies in Arabidopsis and maize revealed that 
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miR156 promotes the juvenile phase of development by repressing the expression of a 

subset of SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE (SPL) transcription 

factors (Wu and Poethig, 2006; Chuck et al., 2007; Gandhikota et al., 2007; Wu et al., 

2009; Wang et al., 2009). SPLs function to positively regulate the floral transition. In 

addition, they regulate flower specification during inflorescence development (Chuck et 

al., 2007; Yamaguchi et al., 2009). Constitutive expression of miR156 prolongs the 

juvenile phase resulting in late flowering phenotype (Wu and Poethig, 2006; Wu et al., 

2009). Furthermore, a reduction in miR156 activity shortens the juvenile phase of 

development causing early flowering (Chuck et al., 2007; Wu et al., 2009). Therefore, 

miR156 is a key regulator that promotes juvenile identity during shoot development. 

Remarkably, the mechanism of miR156 appears to be evolutionally conserved in both 

annual herbaceous plants and perennial trees (Wu et al., 2009; Wang et al., 2011).  

The adult phase of development is mediated in part by the activity of miR172, 

which displays a temporal expression pattern that is opposite of miR156 (Wu et al., 2009; 

Wang et al., 2011). miR172 targets a subset of APETALA2-LIKE (AP2-like) transcription 

factors that function to repress the floral transition (Aukerman and Sakai, 2003; Schmid 

et al., 2003; Jung et al. 2007; Mathieu, 2009). In contrast to miR156, miR172 is expressed 

at low levels during the early stages of shoot development. However, as the levels of 

miR156 decline, the levels of miR172 increase (Wu et al., 2009). Plants over-expressing 

miR156 have reduced levels of miR172 whereas reducing the miR156 activity increases 

the miR172 level (Wu et al., 2009). In contrast, over-expressing miR172 has no effect on 

the levels of miR156 (Wu et al., 2009). Taken together, these results indicate that miR172 
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acts downstream of miR156. The interplay between these microRNAs also appears to be 

evolutionarily conserved, as it was recently shown that these miRNAs regulate the 

juvenile to adult phases in woody plants (Wang et al., 2011). For example, in the woody 

plants such as Hedera helix and Eucalyptus globulus and in trees such as Populus X 

canadensis, miR156 is expressed at higher levels in juvenile leaves compared to adult 

leaves, whereas miR172 had opposite expression pattern (Wang et al., 2011).  

 

Floral or reproductive phase transition  

In contrast to embryogenesis in most animals, germ cells are not specified during 

plant embryogenesis. Instead, plants utilize and integrate environmental cues such as day 

length and temperature, as well as endogenous cues such as hormones, to switch from a 

vegetative to a reproductive mode of development. The floral transition is a major 

developmental phase transition that is crucial for plants reproductive success. In general, 

floral inductive signals are produced in the leaves and move to the shoot meristem to 

evoke the floral transition (Takada and Goto, 2003; Yamaguchi et al., 2005). Upon 

arrival, the floral inductive signals morphologically transform the vegetative shoot 

meristem into inflorescence meristem (IM), which functions to initiate floral meristems 

(FMs) that give rise to flowers. Anatomical studies indicate that the Rib meristerm is the 

first region that responds to these floral inductive signals (Hempel and Feldman, 1993). 

Subsequently, cell division activity increases in the PZ as well as the CZ. Collectively, 

the alteration in the cell division and cell elongation patterns in the RM, PZ and CZ 

facilitate the change in meristem morphology known as floral evocation (Bernier, 1988; 
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Hempel and Feldman, 1993; Lyndon, 1998). It has been proposed that floral evocation is 

necessary for floral specification (Bernier, 1988; Lyndon, 1998). 

 

Role of photoperiod pathway in floral transition: identity and activity of the florigen 

Primarily based on results from Arabidopsis, the CONSTANS (CO) and 

FLOWERING LOCUS T (FT) module plays a central role in long-day photo-induction 

(Kobayashi et al., 1999; Samach et al., 2000; reviewed in Amasino, 2010). In response to 

long-day photoperiods, CO promotes the up-regulation of FT in phloem companion cells 

of the leaf (Kobayashi et al., 1999; Samach et al., 2000; Takada and Goto, 2003). After 

translation, FT moves from the companion cells into the phloem via plasmodesmata 

(Mathieu et al., 2007). In the phloem, FT moves toward the sink tissues such as the shoot 

apical meristem (Abe et al., 2005; Wigge et al., 2005). Interestingly, studies in cucurbits 

indicate that changes in photoperiod regulate the movement of FT into the phloem (Lin et 

al., 2007). At the base of the shoot meristem, FT is believed to move cell to cell to reach 

the cells of the shoot meristem. In the shoot meristem, FT associates with FD, a b-ZIP 

transcription factor and this complex activates genes required for mediating the floral 

transition (Abe et al., 2005; Wigge et al., 2005; Corbesier et al., 2007; Amasino, 2010). 

After the floral transition is completed, FT-FD functions to up-regulate flower meristem 

identity genes during early stages of flower specification (Schmid et al., 2003; Abe et al., 

2005; Temper-Bamnolker and Samach, 2005; Wigge et al., 2005; Amasino, 2010). In 

Arabidopsis, a gene closely related to FT, TWIN SISTER OF FT (TSF) also promotes 

flowering (Yamaguchi et al., 2005). TSF is also regulated by cytokinin (D'Aloia et al., 
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2011), a plant hormone which has been implicated in floral induction (Corbesier et al. 

2003; reviewed in Davis, 2009). Lastly, FT appears to function as the universal florigen 

as it promotes flowering in facultative long-day plants such as Arabidopsis, short-day 

plants such as rice and cucurbits, day-neutral plants such as tomato as well as in woody 

perennial trees such as citrus and populus (Endo et al., 2005; Bohlenius et al., 2006; Hsu 

et al., 2006; Kobayashi and Weigel, 2007; Igasaki et al., 2008; Turck et al., 2008; 

Zeevaart, 2008).  

FT-FD activity the floral transition in part by regulating two MADS-box genes 

FRUITFULL (FUL) and SUPRESSOR OF OVEREXPRESSION OF CO1 (SOC1; Schmid 

et al., 2003; Abe et al., 2005; Temper-Bamnolker and Samach, 2005; Wigge et al., 2005; 

Amasino, 2010). In addition, FT-FD may act to upregulate SPLs in response to long-day 

(Yamaguchi et al., 2009). Whether the FT-FD complex directly regulates SOC1, FUL and 

SPLs has not been determined. Although current models indicate that FT act solely 

through FD to regulate flowering, however, experimental studies suggest otherwise. For 

example, overexpression of FT in fd mutants results in an early flowering phenotype 

similar to that caused by ectopic expression of FT in wild-type plants (Wigge et al., 

2005). This result shows that FT may facilitate the floral transtion and flower 

specification in association with other transcription factors that have yet to be identified. 

 After the floral transition is completed, the FT-FD complex directly up-regulates 

the late flower meristem identity gene APETALA1 (AP1) during early stages of flower 

development (Abe et al., 2005; Wigge et al., 2005; Amasino, 2010). Genetic screening 

indicates that mutations in AP1 gene affect flower development. In ap1 mutants the floral 
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organs are replaced by bract-like structure indicating that AP1 is required for the floral 

organ as well as floral meristem identity (Irish and Sussex, 1990; Bowman et al., 1993). 

Furthermore, SOC1 associates with a MADS-box gene AGAMOUS-LIKE24 (AGL24) and 

together they positively regulate the early flower meristem identity gene LEAFY (LFY; 

Lee et al., 2008; Liu et al., 2008; Amasino, 2010). Mutations in LFY gene severely impair 

the transition from shoot to floral meristem resulting in partial conversion of flowers into 

inflorescence shoots (Weigel et al., 1992). Double mutants of lfy either with ft or fd 

produce much stronger phenotype than ft or fd single mutants, in which flowers are 

completely replaced by shoots (Abe et al., 2005; Wigge et al., 2005). In addition, AP1 

levels are highly reduced in these double mutants indicating that FT-FD may functions 

redundantly with LFY to regulate AP1 (Abe et al., 2005; Wigge et al., 2005). Moreover, 

ap1 and lfy single mutants show dramatic flower to shoot phenotype and ap1 lfy double 

mutants display complete conversion of flowers to shoots indicating that they may act 

redundantly to specify floral meristem identity (Irish and Sussex, 1990; Huala and 

Sussex, 1992; Weigel et al., 1992). Over-expressing LFY and AP1 are not only required 

but also sufficient to trigger the floral transition (Mandel and Yanofsky, 1995; Weigel 

and Nilsson, 1995). 

Experimental studies show that SOC1 and AGL24 are activated by the gibberellin 

pathway, indicating that these transcription factors are key regulators of LFY in the 

absence of photoperiod induction (Lee et al., 2008; Liu et al., 2008). The loss-of-function 

of SOC1 gene shows delayed floral transition phenotype whereas gain-of-function shows 

early flowering phenotype (Moon et al., 2003). Interestingly, constitutive expression of 
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AGL24 causes floral reversion, similar to ap1 and lfy mutants, indicating that AGL24 

promotes inflorescence identity (Yu et al., 2004). Both SOC1 and AGL24 have 

overlapping expression in shoot apex during floral transition (Lee et al., 2008). LFY 

expression is reduced in both soc1 and agl24 single mutants (Yu et al., 2002). Moreover, 

SOC1 and AGL24 interact with each other and their interaction is required for the 

activation of LFY (Michaels et al., 2003; Lee et al., 2008; Liu et al., 2008). Once 

activated, LFY functions in parallel with the FT-FD complex to directly activate the late 

flower meristem identity gene AP1 (Weigel et al., 1992; Abe et al., 2005; Wigge et al., 

2005). Once the floral meristem identity is established, it is maintained by a positive 

feedback loop between LFY and AP1 that functions redundantly to up-regulate the 

expression of LFY in the floral meristem (Bowman et al., 1993; Liljegren et al., 1999; 

Ferrándiz et al., 2000).  

In the developing flower meristem, AP1, CAULIFLOWER (CAL) and FUL 

function to maintain LFY expression (Liljegren et al., 1999; Ferrándiz et al., 2000; 

Wellmer et al., 2006). LFY directly regulates AP1 and CAL in a feed-forward loop to 

specify and maintain floral meristem identity (Parcy et al., 1998; Wagner et al., 1999). 

Mutations in the CAL gene have no visible phenotype. However, ap1 cal double mutants 

show dramatic floral phenotype resulting in the massive proliferation of inflorescence-

like meristem indicating that CAL function overlaps with AP1 in specifying floral 

meristem identity (Bowman et al., 1993; Kempin et al., 1995). Mutations in FUL gene 

showed delay in floral transition whereas elevating the levels of FUL is sufficient to 

trigger the developmental switch (Ferrándiz et al., 2000; Melzer et al., 2008). FUL is 
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expressed at high levels in both ap1 single and ap1 cal double mutants indicating that 

AP1 negatively regulates FUL (Mandel and Yanofsky, 1995). ap1 cal ful triple mutant 

enhances the ap1 cal double mutant phenotype produced proliferated leaves and failed to 

form flowers (Ferrándiz et al., 2000). However, ectopically expressing LFY restored the 

flower formation in ap1 cal ful triple mutants indicating that AP1, CAL and FUL 

functions redundantly to activate the levels of LFY in the floral meristem (Bowman et al., 

1993; Liljegren et al., 1999; Ferrándiz et al., 2000). Moreover, the loss of AP1 function in 

plants ectopically expressing FT has no effect on its precocious flowering phenotype also 

indicate that AP1 acts redundantly with FUL and CAL to promote flowering (Abe et al., 

2005). These studies indicate that photoperiod pathway activates floral integrators as well 

as floral meristem identity genes during floral transition and specification. 

 

Regulation of shoot development by the endogenous pathway: targets of miR156 

In Antirrhinum, the two SPL transcription factors called SQUAMOSA 

PROMOTER-BINDING PROTEIN (SBP)-box1 and SBP2 were identified by their ability 

to specifically associate with the TNCGTACAA DNA-binding motif located in the 

promoter of the SQUAMOSA (SQUA) gene that is homologous to the AP1 gene of 

Arabidopsis (Klein et al., 1996). Recent genetic studies show that SBP1 and SBP2 appear 

to regulate flowering and floral meristem identity (Klein et al., 1996; Preston and 

Hileman, 2010). In Arabidopsis, 16 SPL genes have been identified and a large subset, 

SPL2, SPL3, SPL4, SPL5, SPL6, SPL9, SPL10, SPL11, SPL13, SPL15, are regulated by 

miR156 (Rhoades et al., 2002). SPL3, SPL4 and SPL5 contain miR156 target sequence in 
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their 3’UTR region while other SPLs contain this target sequence in the coding region 

(Gandhikota et al., 2007). The miR156 targeted SPLs are divided into four major clades: 

SPL3/4/5, SPL9/15, SPL6/13 and SPL2/10/11 (Guo et al., 2008). The temporal expression 

analyses indicate that, under long-day growth conditions, SPL3 transcripts accumulate 

first followed by SPL4 and SPL5 (Cardon et al., 1997; Cardon et al., 1999; Wu and 

Poethig, 2006). Spatial expression analyses have shown that SPL3 is expressed in the 

cryptic bract and cortex of the SAM, SPL4 is localized to the RM and SPL5 is expressed 

in the PZ as well as in young floral primordia (Cardon et al., 1997; Cardon et al., 1999; 

Wang et al., 2009; Yamaguchi et al., 2009). Instead of showing different expression 

patterns, SPL3, SPL4 and SPL5 functions redundantly to control shoot development (Wu 

and Poethig, 2006). First, studies revealed that SPL3, SPL4 and SPL5 regulate the 

vegetative phase change as over-expression of these SPLs accelerates the abaxial 

trichome production of adult leaves (Wu and Poethig, 2006). Second, the levels of SPL3, 

SPL4 and SPL5 mRNA increase during the vegetative phase change (Wu and Poethig, 

2006). In addition, ectopic expression studies indicate that SPL3, SPL4, SPL5 promote 

flowering and floral specification (Cardon et al., 1997; Wu and Poethig, 2006; 

Gandhikota et al., 2007). Reverse genetic approaches used to determine the function of 

SPLs in flowering have not been successful, which is likely due to functional redundancy 

between these SPLs. For example, mutations in SPL3 have no visible phenotype (Wang 

et al., 2009) and the spl3 spl4 spl5 triple mutant has yet to be described. Therefore, to 

understand the role of SPLs in flowering, researchers have constructed plants over-

expressing miR156. As stated above, over-expression of miR156 delays flowering by 
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increasing the juvenile phase of growth (Schwarz et al., 2008; Wang et al., 2009; Wu et 

al., 2009). Interestingly, expression of miR156 in the shoot meristems of lfy and fd 

enhance the flower meristem identity phenotypes displayed by these mutants (Wang et 

al., 2009). For example, the first set of flowers produced in lfy inflorescences displays 

flower to shoot conversion. However, pFD:miR156 lfy causes flower to shoot conversion 

for most of the axillary meristems produce by the inflorescence meristem (Wang et al., 

2009). To better understand the role of SPLs in flowering and the floral transition, 

chromatin immunoprecipitation (ChIP) assay was performed to test a possible role of 

SPL3 in direct up-regulation of FUL, AP1 and LFY (Yamaguchi et al., 2009). Results 

suggest that SPL3 binds to the genomic regions of FUL, AP1 and LFY strongly implicate 

the role of SPLs in regulating developmental transition (Yamaguchi et al., 2009). These 

results suggest that SPLs play a role in flower specification. 

The miR156/SPL module is also involved in the heteroblastic change of leaf cell 

number and size during the transition from juvenile to adult phase (Usami et al., 2009). 

Genetic screening reveals that SPL3, SPL4, SPL5, SPL9 and SPL15 are involved in the 

heteroblastic regulation of cell number, size and trichome production during leaf 

development indicating that these SPLs might have overlapping functions in Arabidopsis 

(Wu and Poethig, 2006; Schwarz et al., 2008; Usami et al., 2009). SPL9 and SPL15 

regulate juvenile to adult vegetative phase change, control shoot maturation, affect 

plastochron length and leaf initiation rate (Schwarz et al., 2008; Wang et al., 2008; Wu et 

al., 2009). The vegetative phase change is not much affected in the spl9 and spl15 single 

mutants but much delayed in spl9 spl15 double mutants, indicating that they have 
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functional redundancy in positively regulating juvenile to adult phase change (Schwarz et 

al., 2008). In addition, the spl9 spl15 double mutants displayed short plastochorns 

indicating that they also function redundantly in determining plastochron length (Wang et 

al., 2008). SPL2, SPL10 and SPL11 redundantly regulate lateral organ development in the 

reproductive phase (Shikata et al., 2009). Single and double mutants of SPL2, SPL10 and 

SPL11 have no visible phenotype with regards to leaf shape, trichome distribution and 

time to floral transition (Shikata et al., 2009). However, constitutive expression of SPL10 

causes altered cauline leaf shape indicating their role in shoot maturation during floral 

transition (Shikata et al., 2009). SPL8 has a role in pollen sac development and fertility 

(Unte et al., 2003). Loss-of-function phenotype of SPL8 affects megasporogenesis, 

trichome formation on sepals, and stamen filament elongation (Unte et al., 2003). 

However, not all SPLs have similar function. Interestingly, mutation in SPL14 gene, 

which is not targeted by miR156, results in truncated juvenile phase indicating that SPL14 

has antagonistic function to other SPLs during vegetative phase change (Stone et al., 

2005). This suggests that miR156/SPL module function to promote the vegetative phase 

change and floral transition in Arabidopsis. 

 

Repressors of floral induction: targets of miR172  

In Arabidopsis, miR172 targets APETALA2-LIKE (AP2-like) transcription factor 

family TARGET OF EAT1 (TOE1), TOE2, TOE3, APETALA2 (AP2), SCHLAFMUTZE 

(SMZ) and SCHNARCHZAPFEN (SNZ) that functions to repress flowering (Aukerman 

and Sakai, 2003; Schmid et al., 2003; Jung et al. 2007; Mathieu et al., 2009; Yant et al., 
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2009). Targets of miR172 have opposite effect on vegetative and reproductive phase 

change than the targets of miR156. Loss-of-function mutations in TOE1 and TOE2 result 

in early flowering and this effect enhances in toe1 toe2 double mutants (Aukerman and 

Sakai, 2003; Schmid et al., 2003; Jung et al. 2007; Mathieu et al., 2009). The early 

flowering phenotypes of toe1 toe2 double mutants are similar to plants over-expressing 

miR172 indicating that AP2-like family members function redundantly to repress 

flowering (Aukerman and Sakai, 2003; Chen, 2003; Schmid et al., 2003; Jung et al. 2007; 

Mathieu et al., 2009). Surprisingly, smz or snz single mutants do not have early flowering 

phenotype, however, smz snz double mutants produced wild-type phenotype strongly 

implicating the functional redundancy among AP2-like family members (Mathieu et al., 

2009). TOE1, TOE2, SMZ and SNZ act primarily in leaves whereas AP2 and TOE3 are 

expressed in the SAM to regulate flowering (Schmid et al., 2003; Mathieu et al., 2009). 

The florigen FT moves from leaves to SAM to trigger floral transition (Kobayashi et al., 

1999; Samach et al., 2000). Interestingly, it was shown that SMZ directly binds to the FT 

locus and regulate its expression in leaves (Mathieu et al., 2009). In addition, ChIP-chip 

experiments strongly suggest that SMZ directly binds to the genomic regions of SOC1 

and AP1 (Mathieu et al., 2009). Interestingly, SMZ not only binds to its own genomic 

regions but also regulate SNZ, TOE3 and AP2 demonstrating a negative feedback 

regulation among miR172 targets genes (Mathieu et al., 2009). These results suggest that 

AP2-like genes function together to regulate and maintain vegetative identity in the SAM. 

Moreover, in maize, miR172 represses Glossy15, an AP2-like gene, to promote juvenile 
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to adult phase change indicating that it has a similar role in other plant species (Lauter et 

al., 2005).  

In Arabidopsis and maize, interplay between miR156 and miR172 regulate the 

phase transition (Chuck et al., 2007; Wu et al., 2009). Plants over-expressing SPL9 and 

SPL10 with mutated miR156 binding sequences have abundant levels of miR172 (Wu et 

al., 2009). However, over-expressing SPL3, SPL4 and SPL5 with mutated miR156 

binding sequences have no effect on the abundance of miR172 levels indicating that 

miR156 effects miR172 independent of these SPLs (Wu et al., 2009). Although SPL3 

levels increase in toe1 toe2 double mutants, SPL4 and SPL5 levels remain unaffected 

indicating that SPL3, SPL4 and SPL5 acts independently of TOE1 and TOE2 (Wu et al., 

2009). Moreover, spl9 has no significant effect on the abundance of miR172. However, 

miR172 levels were slightly reduced in the spl9 spl15 double mutants indicating that they 

may regulate its transcription (Wu et al., 2009). It was shown that SPL9 and SPL10 

directly promote the transcription of the miR172b (Wu et al., 2009). This indicates that 

SPL9 and SPL10 function to regulate the floral transition by activating the levels of 

miR172 which functions to down-regulate the AP2–floral repressors.  

 

Floral specification and inflorescence architecture 

 Plants can be found in diverse varieties in nature. They differ in shape, size, color 

and position of organs such as flowers, fruits, leaves and shoot. The arrangement, number 

and pattern of these organs characterize the plant architecture. Besides providing 

ornamental value plants are the great source of food and fiber. Therefore, it is highly 
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critical for crop plants to produce flowers. The flower-bearing branch of a plant is called 

inflorescence. The above ground or aerial parts of the plant are derived from SAM 

(Lyndon, 1998; Steeves and Sussex, 1989). The SAM generates leaves during the 

vegetative phase of plant development. Upon floral transition, during the reproductive 

phase, the SAM is transformed into inflorescence meristem (IM) and form flowers. The 

floral meristems (FMs) are derived from IM and execute different functions (Bernier, 

1988; Lyndon, 1998).  

The architecture of the inflorescence is characterized by the timing, shape, 

branching pattern and relative position of flowers on branches (Angenent et al., 2005; 

Benlloch et al., 2007). The architectural types of inflorescences found in nature are 

classified into three broad categories (i) Panicle (ii) Raceme, and (iii) Cyme (Figure 1.1; 

Prusinkiewicz et al., 2007; Prenner et al., 2009). In panicle inflorescence, each branch 

including main and lateral shoots terminate with flower (Figure 1.1; Benlloch et al., 2007; 

Prusinkiewicz et al., 2007). This kind of inflorescence is largely characteristic of grasses 

such as Zea mays and Oryza sativa. Arabidopsis thaliana and Antirrhinum majus are the 

examples of raceme inflorescence in which the SAM results in indeterminate 

inflorescence producing main axis with laterally generating floral meristems (Figure 1.1; 

Benlloch et al., 2007). Cyme is an example of determinate inflorescence and present in 

species such as Petunia, Solanum lycopersicum (tomato) and Nicotiana tabacum 

(tobacco). It lacks a main axis and the SAM terminates with a flower while lateral axes 

continuously produce terminal flowers iterating the process several times (Figure 1.1; 

Benlloch et al., 2007). The temporal and spatial distribution of floral meristem identity 
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genes in different plants is responsible for producing new and dynamic inflorescence 

architecture.  

 

Floral specification in raceme inflorescence 

In Arabidopsis and Antirrhinum, genetic screenings have been performed to 

identify the regulators that control floral meristem identity. LFY and FLORICULA (FLO) 

genes are required for the specification of floral meristem identity in Arabidopsis and 

Antirrhium, respectively. In lfy and flo mutants, the flowers are replaced by the shoot-

like-structures indicating that the specification of floral meristem identity is highly 

compromised in these plants (Schultz and Haughn, 1991; Weigel et al., 1992; Shannon 

and Meeks-Wagner, 1993; Hames et al., 2008). Unlike flo mutants that display complete 

conversion of flowers into inflorescence shoots, mutations in lfy causes only partial 

transformation of flowers into shoot. Both LFY and FLO are expressed in the young 

floral primordia and on the flanks of inflorescence meristem reflecting their significance 

in establishing floral meristem identity (Coen et al., 1990; Weigel et al., 1992). 

Molecular studies showed that LFY directly regulates the expression of late floral 

meristem identity gene AP1 in Arabidopsis (Parcy et al., 1998; Wagner et al. 1999). 

Recent studies indicate that SPL3 functions to promote floral meristem identity by 

directly regulating LFY, FUL and AP1 (Yamaguchi et al., 2009). In addition, FT-FD 

complex functions parallel to SPLs to activate floral integrators (Wang et al., 2009). 

Moreover, FT-FD functions in parallel to LFY to activate AP1 to promote flower 

formation (Weigel et al., 1992; Abe et al., 2005; Wigge et al., 2005). In Antirrhium, FLO 
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acts together with SQUA, an ortholog of AP1, to promote floral meristem identity and 

flower development (Carpenter et al., 1995).  

 

Floral specification in cyme inflorescence 

 The LFY/FLO homologues FALSIFLORA (FA) in Solanum lycopersicum (tomato) 

and ABERRANT LEAF AND FLOWER (ALF) in petunia function same to specify floral 

meristem identity in these plants. Genetic screens indicate that in fa and alf mutants, the 

conversion of flowers into shoots is similar to lfy mutants of Arabidopsis (Souer et al., 

1998; Molinero-Rosales et al., 1999). However, the expression pattern of ALF and FA 

significantly differs from the LFY and FLO expression in Arabidopsis and Antirrhium, 

respectively. Both ALF and FA are expressed in the vegetative meristerm as well as FMs 

whereas LFY and FLO are only expressed in the FMs (Souer et al., 1998; Molinero-

Rosales et al., 1999). 

 

Floral specification in panicle inflorescence 

 ZEA MAYS FLORICAULA/LEAFY1 (ZFL1) and ZFL2 are FLO/LFY homologs in 

Zea mays. Genetic screening suggests that zfl1 and zfl2 mutants show dramatic 

inflorescence phenotype and delay in flowering indicating that they specify floral 

meristem identity (Bomblies et al., 2003). Both ZFL1 and ZFL2 are expressed in 

vegetative meristem and upper sector of the floral meristem (Bomblies et al., 2003). RFL 

is the FLO/LFY homolog in Oryza sativa. Inactivating RFL expression causes delay in 

transition to flowering whereas over-expressing RFL triggers early flowering (Rao et al., 
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2008). Unlike LFY, RFL is expressed in the apical meristem but have highly reduced 

expression in floral meristem (Kyozuka et al., 1998; Prasad et al., 2003). 

 

Role of PENNYWISE and POUND-FOOLISH in floral specification 

 In Arabidopsis, BELL1-like HOMEOBOX (BLH) genes regulate vegetative to 

reproductive phase transition (Hamant and Pautot, 2010). Two BLH redundant 

functioning genes PENNYWISE (PNY; also known as VAAMANA, LARSON, 

REPLUMLESS, BELLRINGER) and POUND-FOOLISH (PNF) are expressed in 

vegetative, inflorescence and floral meristems and regulate internode patterning, 

meristem maintenance and floral specification events during reproductive development 

(Smith and Hake, 2003; Smith et al., 2004; Bao et al., 2004; Bhatt et al., 2004; Kanrar et 

al., 2006; Yu et al., 2009; Ung et al., 2011). pnf mutant plants are similar to wild-type 

plants that shows regular patterns of internode development while pny mutants display 

internode patterning defects producing short or cluster of internodes dispersed randomly 

in the inflorescence (Smith et al., 2004; Kanrar et al., 2006). While pny and pnf single 

mutants form flowers, pny pnf double mutants failed to complete the floral specification 

producing a non-flowering phenotype (Smith et al., 2004; Kanrar et al., 2006; Kanrar et 

al., 2008). pny pnf double mutants failed to produce any signs of internode and 

reproductive development, and continued to produce leaves indefinitely even when 

exposed to flower promoting long-day inductive conditions (Smith et al., 2004). 

Although, pny pnf apices failed to form flowers, the change in morphology of leaf, 

enlargement of the axillary meristem and increase rate of leaf production in these mutants 
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suggests that the SAM of pny pnf responds to floral inductive signals but somehow failed 

to complete the phase transition (Smith et al., 2004).  

 In support of non-flowering phenotype of pny pnf double mutants, the expression 

levels of floral meristem identity genes LFY, AP1 and CAL are highly reduced in the 

apices of these plants (Smith et al., 2004; Kanrar et al., 2008). This indicates that PNY 

and PNF function is required for the activation of LFY, AP1 and CAL during 

inflorescence development. Genetic studies showed that the ectopic expression of LFY in 

pny pnf double mutants promoted flower formation indicating that LFY acts downstream 

of PNY and PNF (Kanrar et al., 2008). Interestingly, molecular and genetic study 

indicates that FT requires the function of PNY and PNF to regulate floral specification 

genes (Kanrar et al., 2008). The FT transcripts were detected in the rosette leaves but not 

in the SAM of pny pnf plants indicating that mechanism of FT activation is normal in the 

leaves but requires PNY and PNF function to initiate reproductive development (Kanrar 

et al., 2008). This was further supported by the observation that ectopic expression of FT 

in pny pnf plants failed to restore flower specification (Kanrar et al., 2008). In addition, 

the expression levels of LFY, AP1 and CAL were also highly reduced in the pny pnf 

plants over-expressing FT (Kanrar et al., 2008). These studies indicate that floral 

specification network requires the combined activities of floral integrators and PNY/PNF 

to initiate flower formation. 

 Boundary maintenance between SAM and initiating primordia is critical for shoot 

growth. STM was previously shown to play an important role in meristem maintenance 

(Clark et al. 1996; Long et al. 1996) while BP regulates internode-patterning events 
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during inflorescence development (Douglas et al. 2002; Venglat et al. 2002). Biochemical 

studies showed that PNY and PNF interact with STM and BP forming heterodimers 

during inflorescence development (Kanrar et al., 2006). This indicates that KNOX-BELL 

heterodimers controls floral specification, internode development and boundary 

maintenance between floral primordia and inflorescence meristem (Kanrar et al. 2006). 

Moreover, nuclear transport of STM depends on the heterodimer formation with BLH 

protein in SAM (Cole et al., 2006). Genetic analysis of PNY, PNF, STM and BP indicates 

that they are highly critical for floral specification, internode-patterning events and 

maintaining boundaries during inflorescence development (Kanrar et al., 2006). In 

addition, ATH1 also interacts with STM to regulate meristem maintenance (Rutjens et 

al., 2009). Genetic studies revealed that mutations in ATH1 increases the inflorescence 

potential of pny pnf mutant plants indicating that ATH1 acts opposite of PNY and PNF 

during inflorescence development (Rutjens et al., 2009). Taken together, these studies 

indicate that BELL-KNOX combinatorial interaction is critical for the SAM 

maintenance. 

 At the time when this project was initiated little was known about the role of PNY 

and PNF during floral specification. It was shown that LFY acts downstream of PNY/PNF 

and at the same time the FT-FD network requires PNY/PNF function (Figure 1.2; Kanrar 

et al., 2008). In addition, PNY and PNF interact with STM during inflorescence 

development (Figure 1.2; Kanrar et al., 2006). To further elucidate the role of PNY and 

PNF in regulating genes that are required for floral specification, whole genome 

expression profiling experiment was performed where the transcriptomes of wild-type 
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and pny pnf apices were compared. Results demonstrate that a subset of SPLs, which are 

targets of miR156 failed to accumulate in the shoot apices of pny pnf plants. The role of 

SPL3, SPL4 and SPL5 was further molecularly and genetically characterized in pny pnf 

plants. In addition, the role of floral integrators SOC1 and AGL24 were also characterized 

in pny pnf plants. 
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Figure 1.1. Inflorescence architectures 

 

(a) Panicle – a determinate inflorescence in which each branch including 

main and lateral shoots terminate with flower 

(b) Raceme – an indeterminate inflorescence producing main axis with 

laterally generating floral meristems 

(c) Cyme – a determinate inflorescence that lacks a main axis  
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Figure 1.2. A model for Floral Specification during inflorescence development in 

Arabidopsis 

 

In this model, it was proposed that STM-PNY/PNF heterodimers and FT-FD 

complex function to specify floral meristem identity. Both FT-FD and LFY 

directly regulate floral meristem identity gene AP1 to mediate flower 

formation. AP1 also up-regulate LFY. Moreover, SOC1-AGL24 positively 

regulates LFY. PNY and PNF act upstream of LFY during flower formation. 

In addition, FT-FD network depends upon PNY/PNF to regulate AP1. 
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Chapter 2 

 

Bioinformatic analysis of floral specification genes in pny pnf double mutants 

 

Abstract 

 

Gene expression profiling is a genomics based approach that is used to gain 

insight into the molecular basis of plant phenotypes. Based on genetic and molecular 

studies, gene regulatory networks controlling the floral transition and flower specification 

have been generated in Arabidopsis. Two BELL1-like homeobox genes, PENNYWISE 

(PNY) and POUND-FOOLISH (PNF), function in the shoot apical meristem to regulate 

floral transition and floral specification. Recent studies indicate that PNY and PNF act 

upstream and in parallel with the early flower meristem identity gene, LEAFY (LFY). In 

addition, the function and activity of florigen, FLOWERING LOCUS T (FT) is 

dependent upon PNY and PNF for mediating flower specification. To further investigate 

the role of PNY and PNF in the gene regulatory networks that regulate floral transition 

and flower specification, a gene expression profiling approach was used to compare the 

transcriptome between the shoot apices of wild-type and pny pnf plants. Results from this 

study indicate that PNY and PNF not only integrate photoperiod flowering time pathways 

but also developmental input from the recently identified endogenous flowering time 

pathway controlled by the SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE 

transcription factors that are targeted by microRNA156. 
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Introduction 

 

Plants undergo distinct phases of growth during shoot development (Poethig, 

2003). The floral transition is a major developmental phase change that mediates 

reproductive development. In response to environmental and endogenous cues, the 

vegetative meristem transitions to an inflorescence meristem or directly to a meristem 

with floral identity (Bernier and Perilleux, 2005; Corbesier and Coupland, 2005). 

Molecular and genetic evidences in plants indicate that genes related to the Arabidopsis 

FLOWERING LOCUS T (FT) encode the universal florigen that operates in short, long 

and day neutral plants to promote flowering and floral specification (Kobayashi and 

Weigel, 2007; Turck et al., 2008; Zeevaart, 2008). FT encodes a small mobile protein 

related to RAF kinase inhibitors in animals (Kardailsky et al., 1999; Kobayashi et al., 

1999). In Arabidopsis, FT is synthesized in the leaf companion cells in response to long-

day photoperiod.  

Arabidopsis serves as a model system to study how flower specification occurs in 

plants that give rise to an inflorescence with a raceme architecture. In Arabidopsis, the 

separation of inflorescence and floral meristem identity is essential for the maintenance 

of shoot growth. The inflorescence meristem initiates axillary meristems that can acquire 

two developmental fates: (1) inflorescence or (2) flower fate. Understanding the temporal 

and spatial events that regulate the fate of the axillary meristem may profoundly allow 

plant breeders to increase crop productivity. 
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Gene regulatory networks that control flower specification 

One of the key factors that regulate flower specification is the mobile florigenic 

signal, FT. At shoot apex, FT interacts with a bZIP transcription factor FD and together 

FT-FD directly regulate floral meristem identity gene APETALA1 (AP1; Abe et al., 2005; 

Wigge et al., 2005). A related FT-like gene called, TWIN SISTER OF FT (TSF), encodes 

a protein that acts redundantly with FT (Yamaguchi et al., 2005). In fact, ft tsf mutants 

fail to respond to long-day photoinduction (Yamaguchi et al., 2005). The FT/TSF-FD 

complex activates MADS-box genes, SUPPRESSOR OF OVEREXPRESSION OF CO1 

(SOC1) and FRUITFULL (FUL; Schmid, et al., 2003). SOC1 interacts with AGAMOUS-

LIKE24 (AGL24) to regulate LFY (Liu et al., 2008). LFY acts to promote early events in 

flower specification and is considered to be the master regulator of the floral meristem 

identity (FMI) switch. The inflorescence of lfy mutants displays a conversion of flowers 

into shoots during the early stage of inflorescence development. However, the shoots 

eventually initiate flowers displaying shoot-like characteristics (Weigel et al., 1992). LFY 

and FT-FD function in parallel pathways to directly activate the late meristem identity 

genes including AP1 (Wagner et al., 1999; Abe et al., 2005; Wigge et al., 2005). This is 

supported by the fact that lfy ft and lfy fd mutants fail to initiate flowers during 

inflorescence development. The ap1 mutants display the conversion of flowers by bract-

like structure indicating that AP1 is essential for FMI transition (Irish and Sussex, 1990; 

Bowman et al., 1993). AP1 regulates FMI in a feed-back loop with LFY (Bowman et al., 

1993). ful mutants also display slight delay in flowering (Ferrándiz et al., 2000; Melzer et 

al., 2008). Ectopic expression of any of the genes LFY, FUL and AP1 is sufficient to 
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trigger the meristem identity switch, indicating that they are the key regulators of 

flowering (Mandel and Yanofsky, 1995; Weigel and Nilsson, 1995; Ferrándiz et al., 

2000).  

In Arabidopsis, as well as in other plant species an endogenous pathway also acts 

to promote the floral transition. In Arabidopsis and maize, the endogenous floral 

inductive pathway is mediated by a subset of the SQUAMOSA-PROMOTER BINDING 

PROTEIN-LIKE (SPL) transcription factors. Recent studies show that the interplay 

between these SPLs and microRNA156 (miR156) regulates the juvenile to adult transition 

as well as reproductive growth (Wu and Poethig, 2006; Wang et al., 2009). miR156 

targeted SPLs are divided into four clades: SPL3/4/5, SPL9/15, SPL6/13 and SPL2/10/11 

(Guo et al., 2008). The miR156 target recognition sequences are located in the 3’ UTR 

region of SPL3/4/5 and the coding regions of SPL9/15, SPL6/13 and SPL2/10/11 

(Gandikota et al., 2007). In Arabidopsis and maize, the levels of miR156 are high during 

the juvenile phase of vegetative growth, but the levels of this microRNA decline during 

the floral transition (Wu and Poethig, 2006; Chuck et al., 2007; Wang et al., 2009). 

Ectopic expression of SPLs with mutated or deleted miR156 binding sites reduces the 

juvenile phase of development and promotes early flowering (Cardon et al., 1997; Wu 

and Poethig, 2006). To date, loss-of- function alleles of SPLs have no effect on flowering 

in Arabidopsis (Wu et al., 2006; Wang et al., 2008). However, plants with increased 

levels of miR156 promote and extend the juvenile phase resulting in delay in flowering. 

Plants flower early when the miR156 activity is reduced indicating that miR156 targeted 

SPLs regulate flowering (Wu and Poethig, 2006; Schwarz et al. 2008; Wang et al., 2008; 
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Wang et al., 2009; Wu et al., 2009). Interestingly, the levels of miR156 gradually 

decrease while the levels of SPL3/4/5 and SPL9/10/15 are rapidly induced upon 

flowering (Cardon et al., 1999; Schmid et al., 2005; Wu and Poethig, 2006; Wang et al, 

2009). This suggests that these SPLs are post-transcriptionally regulated by miR156. 

Recent studies indicate that SPL3 directly activates the transcription of LFY, AP1 and 

FUL (Yamaguchi et al., 2009). In addition, SPL9 directly induces the transcription of 

SOC1 and AGAMOUS-LIKE42 (AGL42; Wang et al., 2009). Moreover, SPLs function in 

parallel with the FT-FD network to activate floral integrators FUL, SOC1 and AGL42 and 

late floral meristem identity gene AP1 (Wang et al., 2009; Yamaguchi et al., 2009). Thus, 

the miR156/SPL module function in photoperiod-independent pathway to regulate 

flowering and reproductive development. 

 

PENNYWISE and POUND-FOOLISH are key integrators of floral specification 

network  

 In Arabidopsis, two redundant functioning BELL1-like HOMEOBOX (BLH) genes 

PENNYWISE (PNY; also known as VAAMANA, REPLUMLESS, BELLRINGER) and 

POUND-FOOLISH (PNF) are expressed in vegetative, inflorescence and floral 

meristems (Smith and Hake, 2003; Bao et al., 2004; Bhatt et al., 2004; Smith et al., 2004; 

Kanrar et al., 2008; Hamant and Pautot, 2010). While pny and pnf single mutants do not 

display floral defects, pny pnf double mutants fail to complete the floral specification 

producing a non-flowering phenotype (Smith et al., 2004; Kanrar et al., 2008). Highly 

reduced expression levels of floral meristem identity genes LFY, AP1 and 
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CAULIFLOWER (CAL) in the mature shoots of pny pnf double mutants support its non-

flowering phenotype (Smith et al., 2004; Kanrar et al., 2008). Although, pny pnf apices 

fail to form flowers, the change in leaf morphology and axillary meristem suggests that 

the SAM of pny pnf responds to floral inductive signals but, somehow, fails to complete 

the floral transition (Smith et al., 2004). A recent study indicates that florigenic signal FT 

requires the function of PNY and PNF to promote floral specification (Kanrar et al., 

2008). These studies suggest that PNY and PNF are the integral components of the floral 

specification network and promote flower formation and specification during 

inflorescence development. 

 After the completion of genome sequencing of Arabidopsis and other plant 

species, several technologies have emerged including microarray platforms that can be 

used to monitor levels of the transcriptome during plant development (Rensink and Buell, 

2005). Comparing expression profiles between wild-type and mutant plants can uncover 

the role of regulator proteins in gene regulatory networks. In order to further gain insight 

into the role of PNY and PNF in regulating floral specification, a gene expression 

profiling (microarray) experiment was used to compare the transcriptome between wild-

type and pny pnf shoot apices. The goal of this experiment was to gain insight into the 

role of PNY and PNF in the floral specification network described above. Results indicate 

that the floral inductive up-regulation of the miR156 targeted SPLs are dependent upon 

PNY and PNF. In addition, the floral inductive increase in SOC1 is partially dependent 

upon PNY and PNF. Interestingly, AGL24 was expressed at higher levels in pny pnf 

plants. These results support the hypothesis that PNY and PNF may function upstream 
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and/or in parallel with SOC1 and AGL24. Taken together, the photoperiod and 

endogenous flowering time pathways are dependent upon PNY and PNF during 

inflorescence development. 

 

Results 

Phenotypes of wild-type, pny, pnf and pny pnf plants 

Arabidopsis thaliana is an excellent angiosperm model system to understand the 

complex process of floral specification. The Arabidopsis wild-type plant showed regular 

pattern of internode development (Figure 2.1a). pnf single mutant had no visible 

phenotype (Figure 2.1b) while pny single mutant plants displayed defects in internode 

patterning with short or long internodes randomly dispersed throughout the inflorescence 

(Figure 2.1c). pny and pnf single mutants completed floral specification and formed 

flowers, however, pny pnf double mutants displayed severe floral and internode 

patterning defects as they continued to produce leaves and never form flowers (Figure 

2.1d). Although, the morphology of the leaves produced in the pny pnf plants changes 

after floral transition, they initiated leaves at the time when wild-type plants formed 

flowers (Figure 2.1d; Smith et al., 2004). Moreover, the morphology of SAM of pny pnf 

changed after floral transition indicating that they respond to floral inductive signals but 

they never adopt the morphology observed in the wild-type plants (Smith et al., 2004). 

The pny pnf double mutants produced non-flowering phenotype even after 6 months in 

flower promoting long-day inductive conditions (Smith et al., 2004). pny pnf failed to 

produce flowers indicates that they are integral components of floral specification 
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pathway. Although key players that control flowering and floral specification have been 

identified, how PNY and PNF are integrated with meristem functioning genes is poorly 

understood.  

 

The global gene expression profiling of pny pnf shoot apices 

The availability of complete genome sequence of Arabidopsis thaliana made it 

easier to employ techniques like microarray to elucidate the gene regulatory network 

involved in floral specification. To identify changes in expression of the floral 

specification gene regulatory network between wild-type and pny pnf, whole-genome 

gene expression profiling (microarray) was performed using Affymetrix Arabidopsis 

ATH1 arrays. The array is based on information from the international Arabidopsis 

sequencing project (www.arabidopsis.org). ATH1 genechip represents approximately 

22,810 genes. Total RNA was isolated from micro-dissected shoot apices of wild-type 

30-days after germination (DAG) and from pny pnf 40 DAG in long-day conditions in 

order to ensure that pny pnf plants transitioned to inflorescence development (Figure 2.1e 

and 2.1f). At this time point, wild-type plants were initiating flowers, while the pny pnf 

plants showed no visible signs of flower formation as they continued to produce leaves 

(compare Figure 2.1a and 2.1d). Although the apices from wild-type and pny pnf are 

composed of different tissues types (compare Figure 2.1e and 2.1f), the goal was to 

identify the altered gene expression of floral integrators in pny pnf plants. Three 

biological replicates were generated for both wild-type and pny pnf. Approximately 100-

120 wild-type and pny pnf shoot apices were used per biological replicate. The labeled 
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cDNAs from each sample was hybridized to ATH1 microarrays. Data from the three 

biological replicates were analyzed using the statistical platform R along with 

Bioconductor packages (http://www.r-project.org).   

To examine the correlations in gene expression between the wild-type and pny 

pnf, scatter plots of microarray datasets were generated using GeneSpring GX software 

(www.agilent.com). When replicates of same samples were compared, genes fell within 

the range of identity line indicating that they were not differentially regulated (Figure 

2.2a and 2.2b). In contrast, when the average microarray dataset of all three replicates for 

wild-type and pny pnf was compared the genes were widely distributed (Figure 2.2c). 

This indicates that the gene expression profiles of wild-type and pny pnf are very 

different. Line plot also showed that half of the genome has different expression levels 

between wild-type and pny pnf tissues (Figure 2.2d). Many of the genes that have high 

expression values in wild-type are down regulated in double mutants and the genes that 

are low in expression in wild-type showed higher expression in pny pnf plants (Figure 

2.2d).  

Since, the pny pnf and wild-type plants consists of different tissue types (Figure 

2.1e and 2.1f), a large of number of genes were expected to be differentially expressed. A 

total of 11,828 genes displayed changes in the expression levels using a statistically 

significant cutoff value of p < 0.05 (Figure 2.3a). Among the differentially expressed 

genes, 51% showed higher gene expression where as 49% had low expression values 

(Figure 2.3a). To further narrow down the gene list, one more statistical threshold fold-

change was applied. A total of 4,125 genes were differentially expressed using p < 0.05 
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and fold-change >=2; (Figure 2.3b). In order to clearly demonstrate that wild-type and 

pny pnf had different gene expression pattern during floral transition, a heat map was 

generated using MeV software (Saeed et al., 2003; Saeed et al., 2006) based on the 

expression profiles of floral integrator genes that controls the floral meristem identity 

(Figure 2.3c). The leaf-bearing pny pnf plants mature shoot apices were enormously 

different from flower-bearing wild-type shoot apices (Figure 2.1e and 2.1f). Thus, at least 

four classes of genes could expected to be differentially expressed between the two tissue 

types: floral activators such as SPLs, floral repressors such as TOEs, floral meristem 

identity genes such as AP1 and floral patterning genes such as AG. Results demonstrate 

that mRNA levels for AGL24 was higher in pny pnf plants compared to wild-type, while 

the transcript levels for FUL were lower (Figure 2.3c). Transcript accumulations for 

SOC1, FD and the FLOWERING PROMOTING FACTOR1 (FPF1) were somewhat 

similar in wild-type and pny pnf apices (Figure 2.3c). Interestingly, the mRNA levels for 

the floral integrator genes, SPL3, SPL4, SPL5, SPL9 and SPL10, were significantly lower 

in pny pnf apices compared to wild-type (Figure 2.3c). In addition, transcript levels of 

flower meristem identity genes LFY and AP1 that are directly regulated by SPL3 were 

highly reduced in pny pnf apices (Figure 2.3c). Moreover, mRNA levels of CAL were 

significantly lower in the apices of pny pnf plants (Figure 2.3c). Consistent with the non-

flowering pny pnf phenotype, the ABC-MADS-box transcription factor genes involved in 

floral patterning were expressed at significantly low levels (Figure 2.3c). The results 

obtained from MeV software was further verified by using a different expression 

profiling software called GeneSpring GX (www.agilent.com) by plotting hierarchical 
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clustering of 4,125 differentially expressed genes (Figure 2.3d). Results demonstrated 

that the similar genes fell into the same clusters (Figure 2.3d). The raw expression data 

for the microarray experiment is provided (Table 2.1, Table 2.2 and Table 2.3).   

Although the apices from wild-type and pny pnf are composed of different tissue 

types, the goal was to identify the altered gene expression of floral integrators in pny pnf 

plants. To further narrow down the list of genes whose expression is altered by the loss of 

PNY / PNF and not due to the differences in tissue types, a published microarray data was 

downloaded (Schmid et al., 2005) in which the transcriptome of wild-type plants that 

were going through the floral transition (wild-type shoot apex transition before bolting) 

was determined. A total of 1,316 genes showed differential expression between pny pnf 

and the published data set (Table 2.4). In this analysis, known floral integrators were 

examined. Several floral genes get induced in the shoot apex of wild-type plants upon 

floral induction, including AP1, LFY and the SPLs (Figure 2.4). Consistent with the 

above analysis, these set of floral integrators were significantly reduced in the mature 

shoot apices of pny pnf at the time when the wild-type plants were in the process of floral 

transition but hadn’t transitioned to reproductive phase and all floral marker genes were 

transcribed in these plants (Figure 2.4). Thus, this analysis suggest that the differentially 

expressed genes including floral integrators between wild-type and pny pnf were not 

because of different tissue types.  
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Gene Ontology analysis 

To elucidate the biological function associated with the genes; 4,125 differentially 

expressed genes were subjected to Gene Ontology (GO) analysis using the AgriGo web-

based GO tool (Zhou and Su, 2007). The results displayed significant differences in the 

genes that are categorized by each GO term among wild-type and pny pnf plants. A large 

number of genes are localized to GO term cell part (Figure 2.5a and Table 2.5). One of 

the GO terms that showed significant over-representation comprises of genes involved in 

the transcription regulator activity (Figure 2.5b and Table 2.5). A significant enrichment 

of genes in the nucleic acid binding and catalytic activity was also observed (Figure 2.5b 

and Table 2.5). A large number of genes are involved in cellular and metabolic processes 

(Figure 2.5c and Table 2.5). Furthermore, the results indicate that the genes involved in 

transcriptional regulation such as transcription factor activity that comprises of 144 genes 

including SPL3, SPL4 and SPL5, were expressed at significant levels (Figure 2.5c and 

Table 2.5). Interestingly, transcripts showed strong enrichment for functions in pollen 

development, post-embryonic development and regulation of biosynthetic processes 

(Data not shown). These results suggest that many of the genes that regulate floral 

transition showed significant change in pny pnf plants. 

 

A subset of SPL transcripts failed to accumulate in the apices of pny pnf plants 

The transcript levels of many floral regulators failed to accumulate in pny pnf 

double mutants upon floral transition. Intrestingly, one set of genes encoded by 

SQUAMOSA-PROMOTER BINDING PROTEIN (SBP) proteins, many of which regulate 
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flowering, showed significant reduction in the transcript accumulation in pny pnf double 

mutants when compared to the wild-type plants. In the microarray analysis, transcript 

levels for eight SPL genes, SPL2, SPL3, SPL4, SPL5, SPL9, SPL10, SPL11 and SPL15, 

failed to increase in the apices of pny pnf plants when grown in the flower-promoting 

long-day growth conditions (Figures 2.6a and Table 2.1). However, not all SPL 

transcripts showed alteration in gene expression as the transcript levels for SPL1, SPL6, 

SPL7 and SPL14 in pny pnf shoots were comparable to wild-type (Figure 2.6a). Recent 

studies showing that ectopically expressed SPL3, SPL4 and SPL5 promote precocious 

flowering (Cardon et al., 1997; Wu and Poethig, 2006; Wang et al., 2009; Yamaguchi et 

al., 2009) promoted me to examine the interplay between the age dependent regulators of 

flowering time and floral specification with PNY and PNF. 

To validate the microarray results, transcript accumulation for SPL3, SPL4, SPL5, 

SPL9 and SPL10 was investigated via semi-quantitative reverse transcriptase-PCR (RT-

PCR) analysis. In wild-type inflorescence apices, transcript levels of SPL3, SPL4, SPL5, 

SPL9 and SPL10 were easily detected after floral transition (Figure 2.6b). In addition, 

transcripts of floral meristem identity gene AP1 were easily amplified in the inflorescence 

apices of wild-type plants (Figure 2.6b). In contrast, the transcript levels for this group of 

SPLs failed to increase in the pny pnf double mutants after the reproductive transition 

(Figure 2.6b). Quantitative PCR (Q-PCR) further confirmed that the transcript levels for 

SPL3 did not increase in pny pnf after wild-type plants transitioned to reproductive phase 

(Figure 2.6c). In contrast to SPL3, SPL4, SPL5, SPL9 and SPL10, transcripts for SPL1 

and SPL14 were comparable in wild-type and pny pnf shoot apices indicating that not all 
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SPLs are regulated by PNY and PNF (Figure 2.6b). Thus, the floral inductive increase for 

SPL3, SPL4, SPL5, SPL9 and SPL10 gene expression requires the function of PNY and 

PNF. 

 

Floral integrators require PNY and PNF function 

During floral transition, the expression of floral integrators is required to establish 

the reproductive growth patterns (Benlloch et al, 2007). The MADS-box genes, SOC1 

and FUL are activated by FT-FD complex (Schmid et al., 2003). In addition, SOC1 and 

AGL24 interact with each other to regulate LFY (Lee et al., 2008; Liu et al., 2008). 

Previously, it was shown that AP1 and LFY require PNY and PNF function (Kanrar et al, 

2008). Since, SOC1, AGL24 and FUL along with LFY and AP1 plays a vital role in floral 

specification, expression patterns of these floral integrators were examined in the pny pnf 

shoot apices. Microarray data showed that in wild-type plants the expression levels of 

FUL, AP1 and LFY are significantly higher than in pny pnf plants (Figure 2.7a). 

However, the expression level of SOC1 is slightly lower in pny pnf double mutants 

compared to wild-type plants (Figure 2.7a). Interestingly, the AGL24 expression level 

was considerably higher in pny pnf plants than wild-type (Figure 2.7a). In order to 

validate the results obtained from microarray analysis, transcript accumulation was 

investigated for FUL, SOC1, AGL24, AP1 and LFY via semi-quantitative reverse 

transcriptase-PCR (RT-PCR) analysis. In wild-type inflorescence apices, transcript levels 

of FUL, SOC1, AGL24, AP1 and LFY were easily detected (Figure 2.7b). However, 

transcript accumulations of FUL, AP1 and LFY were not detected in pny pnf mutants 
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indicating that these genes act downstream of PNY and PNF (Figure 2.7b). In agreement 

with the microarray data, the transcript accumulation of SOC1 was slightly lower and 

AGL24 was significantly higher in pny pnf than wild-type plants (Figure 2.7b). These 

results suggest that the combined activity of floral integrators is required to complete the 

floral specification in pny pnf double mutants.  

 

Discussion 

As shoots maturate, they pass through sequential phases of development (Poethig, 

2003). The interplay between miR156 and SPLs defines the age dependent shoot 

maturation pathway that regulates both the juvenile to adult phase as well as floral 

transition (Poethig, 2003; Wu and Poethig, 2006; Wang et al., 2008; Poethig, 2009; Wang 

et al., 2009). The juvenile phase of development is specified by miR156, and the levels of 

this microRNA are high during the early period of vegetative shoot development (Wu 

and Poethig, 2006; Wang et al., 2009). During the juvenile phase, miR156 down-

regulates a subset of SPLs, some of which act to promote flowering and floral 

specification (Wu and Poethig, 2006; Wang et al., 2009). After the juvenile to adult 

transition, the levels of miR156 gradually decline, while the transcript levels of SPLs 

concomitantly increase (Wu and Poethig, 2006). However, the floral transition results in 

a rapid transcriptional activation of SPLs including SPL3, SPL4, SPL5, SPL9 and SPL10 

(Wu and Poethig, 2006). Gain-of-function studies indicate that SPL3, SPL4 and SPL5 

promote the floral transition and act to specify floral meristem identity, while SPL9 and 

SPL10 induce flowering by up-regulating miR172b (Wu et al., 2009; Yamaguchi et al., 
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2009). The temporal and spatial activation of these SPLs and floral meristem identity 

plays a vital role in the regulation of inflorescence architecture (Benlloch et al., 2007; 

Prusinkiewicz et al., 2007; Wang et al., 2009). PNY and PNF function is required for 

plants to transition from vegetative to reproductive development and also act to specify 

floral meristem identity (Byrne et al., 2003; Bhatt et al., 2004; Smith et al., 2004; Kanrar 

et al., 2008; Rutjens et al., 2009). Previous studies showed that the mobile florigenic FT 

protein is dependent upon PNY and PNF for mediating the floral transition and flower 

specification in response to photoperiod (Kanrar et al., 2008). In this study, results 

indicate that interplay between the miR156 targeted SPLs and PNY/PNF control floral 

specification. Therefore, we propose that PNY and PNF are key regulators of floral 

specification pathway. 

 

A subset of SPLs function downstream of PNY and PNF 

To gain further insight into the role of PNY and PNF in the floral transition, the 

gene expression profiles were compared between wild-type inflorescence and pny pnf 

mature shoot apices grown under floral inductive conditions. Microarray results showed 

that the accumulation of SPL3, SPL4, SPL5, SPL9 and SPL10 did not increase in the 

shoot apices of pny pnf plants. Therefore, we propose that a subset of SPLs including 

SPL3, SPL4, SPL5, SPL9 and SPL10 act downstream of PNY and PNF (Figure 2.9). In 

support of this hypothesis, the RT-PCR analyses indicate that this subset of SPLs failed to 

induce in pny pnf plants. If PNY and PNF directly regulate these SPLs, then we would 

expect to find KNOX/BELL-like DNA binding motifs enriched in the promoters and/or 
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introns of these SPL genes. After scanning the intragenic and promoter regions (up to 

1500 bp) of SPL3, SPL4, SPL5, SPL9 and SPL10, only SPL3 contains a KNOX/BELL-

like DNA-binding motif in the promoter of this gene (Figure 2.10a-b). However, mRNA 

in-situ hybridization studies indicate that SPL3 is expressed in bracts and the cortex cells 

of the stem (Wang et al., 2009) whereas PNY and PNF are expressed in the peripheral 

zone of SAM, and SPL3 does not overlap with the expression patterns for PNY and PNF 

in the SAM. Therefore, we propose that PNY and PNF may regulate SPL3, SPL4, SPL5, 

SPL9 and SPL10 indirectly (Figure 2.9). 

 

The SAM of pny pnf double mutants partially responds to floral inductive signals 

Histological studies showed that the morphology of the SAM of pny pnf double 

mutants changes after floral transition (Smith et al, 2004). In order to confirm that the 

SAM of pny pnf double mutants responds to floral inductive signals, the expression levels 

of floral integrators FUL, SOC1, AGL24, AP1 and LFY were analyzed. Both microarray 

as well as RT-PCR analyses displayed that the levels of FUL, AP1 and LFY are 

substantially reduced in the pny pnf while SOC1 and AGL24 were amplified in the double 

mutants indicating that the SAM of pny pnf partially respond to floral inductive signals 

but failed to induce the levels of floral meristem identity genes AP1 and LFY. The lower 

levels of SOC1 in pny pnf are probably due to the reduction of size of SAM. Based on 

these analyses, we propose that PNY and PNF are the integral components of the floral 

specification pathway and the inflorescence development is highly compromised when 
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the functions of PNY and PNF are reduced (Figure 2.8). Further studies should be 

focused to understand how PNY and PNF regulate SOC1 and AGL24 (Figure 2.8).  

 

Material and Methods 

Plant material and growth conditions 

Arabidopsis thaliana, ecotype Columbia, plants were grown at 21°C in long-day 

(16 hr of light and 8 hr of darkness) conditions. The mutants used in this study have been 

previously described: pny-40126 (Smith and Hake, 2003) and pnf-33879 (Smith et al., 

2004). Primers for genotype determination for pny and pnf T-DNA insertions have been 

previously described (Smith and Hake, 2003; Smith et al., 2004).  

 

Genetic analysis 

All genetic analyses have been performed in the Columbia ecotype. The pny/pny 

PNF/pnf plants were self-pollinated and F2 plants were screened for pny pnf double 

mutants.  

 

Microarray data analysis 

All tissues used for microarray probing were collected at the end of the long-day 

light period. Inflorescence apices from 30-day old wild-type plants were micro-dissected 

and any flower that is older than stage 6 was removed. Inflorescence-like apices from pny 

pnf double mutants were harvested after 40-day to ensure that the SAM of these plants 

had acquired inflorescence-like fate. A total of 3 biological replicate for wild-type and 
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pny pnf were generated. Approximately 100-120 wild-type and pny pnf apices were used 

per biological replicate. Total RNA was isolated using the RNeasy kit from Qiagen 

(http:///www.qiagen.com) and samples were hybridized to ATH1 microarrays in 

triplicates (GeneChip System; Affymetrix; http://www.affymetrix.com). Hybridization 

was performed at Genome core facility at UCR (http://genomics.ucr.edu). CEL files were 

processed by statistical software R and Bioconductor packges (http://www.r-project.org). 

Expression data was normalized with RMA (Robust Multichip Average) method using 

default settings of the R function. Analysis of differentially expressed genes (DEGs) was 

performed with the LIMMA package using the RMA normalized expression values. 

Empirical Bayes method was used for assessing differential gene expression, to adjust p-

value for multiple testing and to determine false discovery rate (FDR). Hierarchical 

clusters were generated using GeneSpring GX (www.agilent.com) and Average 

clustering algorithm and Euclidian distance were applied for creating matix. Signal 

intensity heat maps were generated using MeV software (Saeed et al., 2003; Saeed et al., 

2006) using default settings. Gene Ontology (GO) analysis was performed using agriGO 

web-based GO analysis tool (http://bioinfo.cau.edu.cn/agriGO) by using default 

parameters.  

 

Reverse transcriptase-PCR (RT-PCR) and quantitative PCR (Q-PCR) analyses 

Tissues used in RT-PCR and Q-PCR were collected at the end of the long-day 

light period. For RT-PCR experiments, inflorescence apices from wild-type and 

inflorescence-like apices from pny pnf were collected at the end of the 28-day period. For 
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each RT-PCR experiment, three biological replicates were performed and 14-15 apices 

for each replicate were harvested. The RNeasy kit from Qiagen (http:///www.qiagen.com) 

was used for total RNA isolation from each biological sample. Four micrograms of total 

RNA from each sample was used to synthesize cDNA using RQ1-DNase (Promega, 

http://www.promega.com) and SuperScript-II reverse transcriptase system (Invitrogen, 

http://invitrogen.com). PCR, for each biological replicate, was normalized by comparing 

the levels of ACTIN gene for 15 cycles and following normalization, specific primers for 

SPL1, SPL3, SPL4, SPL5, SPL9, SPL10, SPL14, AGL24, SOC1, FUL, AP1 and LFY were 

used to amplify these genes using 20 cycles. For RT-PCR analysis, in order to determine 

the transcript levels of SPL3, SPL4, SPL5, SPL9, SPL10, AGL24, SOC1, FUL, AP1 and 

LFY genes 20 µl of PCR products were separated by 1.2% agarose gel, transformed to 

nylon membrane (Sambrook and Russel, 2001) and hybridized by using 32p radioactive 

isotope. Q-PCR was performed using iQ SYBRGreen Supermix and iQ5 thermocycler 

(Bio-Rad, http://www/bio-rad.com) and normalized by using UBIQUITIN5 (UBQ5). 

Gene specific primers for SPL3 and UBQ5 were used and the experiment was performed 

in triplicate. Primer sequences for each gene used in RT-PCR and Q-PCR analyses are 

provided in Table 2.6. Accession numbers of the genes used in this study are provided in 

Table 2.7. 
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Figure 2.1. pny pnf plants display a non-flowering phenotype 

 

(a) Inflorescence of wild-type plant that shows regular internode pattern. 

(b) Inflorescence of pnf single mutant plant shows no visible phenotype 

compared with those of wild-type plant.  

(c) Inflorescence of pny single mutant plant has internode patterning defect. 

(d) An image of pny pnf double mutant plant shows non-flowering phenotype. 

(e) Close-up view of a wild-type inflorescence. Box indicates the tissue used for 

expression profiling. 

(f) Close-up of a pny pnf shoot apex. Box indicates the tissue used for 

expression profiling. 
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Figure 2.2. Global analysis of the transcriptome between wild-type and pny 

pnf shoot apices 

 

(a) Scatter plot analysis of wild-type replicate 1 versus wild-type replicate 2. 

(b) Scatter plot analysis of pny pnf replicate 1 versus pny pnf replicate 2. 

(c) Scatter plot analysis of log10 raw intensity values of wild-type versus pny 

pnf transcriptome showing differentially expressed genes. 

(d) A line plot showing the normalized expression values of all genes between 

wild-type and pny pnf. 
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Figure 2.3. Analysis of the microarray data between wild-type and pny pnf 

shoot apices 

 

(a) A pie chart derived from the microarray data displayed the differentially 

expressed genes (DEGs) between wild-type inflorescence and pny pnf shoot 

apices. There were 11,828 DEGs with p-value < 0.05; 6,498=High 

Expression (51%); 5,330=Low Expression (49%). 

(b) A Heat map displayed the signal intensities of the 4,125 DEGs with p-value < 

0.05 and fold change >= 2. This analysis includes the 2,025 high (Yellow) 

and 2,100 low (Blue) expressed genes. 

(c) Heat map showing expression patterns of floral activators, floral repressors, 

floral meristem identity and floral patterning genes. 

(d) Hierarchical clustering of the 4,125 DEGs with p-value < 0.05 and fold 

change >=2.   
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Figure 2.4. Analysis of expression levels of genes in published wild-type and 

pny pnf shoot apices 

 

(a) In this analysis, the transcriptome of pny pnf were compared to the 

transcriptome of published wild-type plants that are under floral transition 

(Schmid et al., 2005). A total of 1,316 genes were differentially expressed 

between pny pnf compared to the published wild-type by using statistically 

significant threshold.  

(b) Known floral markers were examined in the differentially expressed gene 

list. Several floral genes get induced in the shoot apex of wild-type plants 

upon floral induction including AP1, LFY and SPL3/4/5/9/10/15. However, 

their levels failed to increase in the mature apices of pny pny plants. (WT-BB 

indicates wild-type shoot apex, transition, before bolting).  
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Figure 2.5. Selected Gene Ontology (GO) groups identified in different DEGs 

between wild-type and pny pnf 

 

(a) List of genes in the GO term Cellular component that describes the 

location of genes at subcellular level. 

(b) List of genes in the GO term Molecular function that describes the genes 

involved in biological process such as signal transduction.  

(c) List of genes in the GO term Biological process that describes the 

activities of genes that occur at the molecular level such as 

transcrioptional activity. 
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Figure 2.6. Analysis of transcript accumulations of SPLs in wild-type and pny 

pnf shoot apices 

 

(a) Bar Graph displaying the relative transcript levels for SPL genes between 

wild-type and pny pnf. 

(b) RT-PCR was used to validate the transcript levels for a subset of SPL genes in 

the shoot apices of 28-day old wild-type and pny pnf plants. 

(c) Quantitative PCR (Q-PCR) was used to determine the relative transcript 

levels of SPL3, SPL4 and SPL5 in 28-day old wild-type and pny pnf shoot 

apices. 
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Figure 2.7: Analysis of the transcript accumulations of floral integrators 

(FUL/SOC1/AGL24/AP1/LFY) between wild-type and pny pnf 

shoot apices 

 

(a) Graph displaying the relative transcript levels for 

FUL/SOC1/AGL24/AP1/LFY genes between wild-type and pny pnf. 

(b) RT-PCR was used to validate the transcript levels for 

FUL/SOC1/AGL24/AP1/LFY genes in the shoot apices of 28-day old wild-

type and pny pnf plants. 
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Figure 2.8. Model of floral integrative network of photoperiodic pathway in 

the shoot apex specifying floral meristem identity 

 

  In this model, flower formation is mediated by the up-regulation 

of floral meristem identity gene AP1. Both FT-FD and LFY directly 

regulate AP1. PNY and PNF act upstream of LFY and FUL during 

flower formation. In addition, the FT-FD complex depends upon PNY 

and PNF to positively regulate AP1. How PNY and PNF regulate 

SOC1-AGL24 complex that regulate LFY expression will be further 

analyzed.  
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Figure 2.9. Model of floral integrative network of endogenous pathway in the 

shoot apex specifying floral meristem identity 

 

 

 In this model, flower formation is mediated by the up-regulation of 

floral meristem identity gene AP1. A subset of SPLs is negatively 

regulated by miR156. SPL3 directly regulate the expression of FUL, 

LFY and AP1 (Yamaguchi et al., 2009). In addition, SPL9/10 directly 

regulate miR172b (Wu et al., 2009). How PNY and PNF regulate 

SPLs and miR156 will be further investigated.  
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Figure 2.10. Promoter analysis of SPL3 gene 

 

PNY/PNY binds to TGACAGG/CT DNA binding motif.   

 

(a) Half –sites (TGAC) of PNY/PNF binding motif were found in the upstream 

region of SPL3 start site (There are total of 13 half sites). 

(b) Perfect PNY/PNF (TGACAGGT) binding motif (There are total of 2 perfect 

sites on 1000 bp upstream of SPL3 start site). 
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Table 2.1. RMA normalized expression values of pny pnf and wild-type 
 
 
Table 2.2. List of Differentially Expressed Genes (DEGs) between pny pnf and 

wild-type (pValue<0.05) 
 
 
Table 2.3. List of DEGs between pny pnf and wild-type (adjusted pValue<0.05 

and Fold Change >= 2) 
 
Table 2.4. List of DEGs between pny pnf /wild-type and published wild-type 

from Schmid et al., 2005 (Probe number ATGE_8) 
 
Table 2.5. GO analysis of DEGs between pny pnf and wild-type  
 
 
Table 2.6 Primer sequences used in this study 

 
Purpose Gene Name Sequence 

RT-PCR SPL1-Forward GGT ATC TTG CAG CGC TTT TGT CAG C 
 SPL1-Reverse ACC GCA GCA ATC GCC ACC ATT G 
 SPL3-Forward CAC CAT GAG TAT GAG AAG AAG CA 
 SPL3-Reverse GTC AGT TGT GCT TTT CCG C 
 SPL4-Forward ATG GAG GGT AAG AGA TCA CAA GGA 
 SPL4-Reverse CTA TCT AAT CTG TGG TCG CTT GAA T 
 SPL5-Forward ATG GAG GGT CAG AGA ACA CAA CGC  
 SPL5-Reverse TTA TCT GAT CTG TGG TCG CTT GAA TG 
 SPL9-Forward GGG CTC ATG TTT GGC CAG AAG ATC 
 SPL9-Reverse GCC GTG CCA CTA CTT ATC TGA CAA 
 SPL10-Forward GCT CTG CTA CTA GTT TCT GGC ACA C 
 SPL10-Reverse GCC AAA TAT TGG CGG TGG TTC GGC 
 SPL14-Forward GTT TTG CCA ACA GTG TAG CAG GTT 
 SPL14-Reverse TTG CAG CGT AGC TGT ATG GAG 
 AP1-Forward ATG GGA AGG GGT AGG GTT CAA TTG 
 AP1-Reverse TCA TGC GGC GAA GCA GCC AAG G 
 LFY-Forward ATG GAT CCT GAA GGT TTC ACG AG 
 LFY-Reverse CTA GAA ACG CAA GTC GTC GCC GC 
 AGL24-Forward ATA TAG AAT TCA TGG CGA GAG AGA AGA 

TAA GG 
 AGL24-Reverse ATA TAG TCG ACT CAT TCC CAA GAT GGA AG 
 SOC1-Forward CTG CAG GGA TCC GAA TGG TGA GGG GCA 

AAA CTC AG 
 SOC1-Reverse CTG CAG GTC GAC GGC TTT CTT GAA GAA CAA 

GGT A 
 FUL-Forward  CAC CAT GGG AAG AGG TAG GGT T  
 FUL-Reverse CTC GTT CGT AGT GGT AGG ACG 
 Actin-Forward AAA ATG GCC GAT GGT GAG G 
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 Actin-Reverse ACT CAC CAC CAC GAA CCA G 
Q-PCR SPL3-Forward CAC CAT GAG TAT GAG AAG AAG CA 
 SPL3-Reverse GTC AGT TGT GCT TTT CCG C 
 Ubiquitin-Forward GAT CTT TGC CGG AAA ACA ATT GGA GGA 

TGG T 
 Ubiquitin-Reverse CGA CTT GTC ATT AGA AAG AAA GAG ATA 

ACA GG  
Genotyping LBa1 TGG TTC ACG TAG TGG GCC ATC G 
 pnf-033879 CTT CGT CCA TCT CTC ATT TCG TG 
 pny-40126 TGG AAT TGG AGA CAA AAT GTG TTA 

 
 
 

Table 2.7. Accession numbers of genes used in this study 
 

Gene Name  Accession Number 
AP1  AT1G69120 
AGL24 AT4G24540 
FUL AT5G60910 
LFY  AT5G61850 
SOC1 AT2G45660 
SPL1  AT2G47070 
SPL3  AT2G33810 
SPL4  AT1G53160 
SPL5  AT3G15270 
SPL9  AT2G42200 
SPL10  AT1G27370 
SPL14  AT1G20980 
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Chapter 3 

 

PNY and PNF regulates SPLs/miR156 module during floral specification  

 

(Note: This chapter is adapted full or in part with permission from Lal et al., 2011, 

Molecular Plant, doi: 10.1093/mp/ssr041) 

 

Abstract 

 

The Shoot Apical Meristem (SAM) is a self-organizing structure that initiates 

vegetative and reproductive organs. The transition from juvenile to adult vegetative phase 

is accompanied by the sequential actions of miRNA156 (miR156) and miRNA172 

(miR172). The endogenous flowering time pathway that interplays between miR156 and 

SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE (SPL) genes, functions to specify 

floral meristem identity by activating floral integrators. The FLOWERING LOCUS T 

(FT) activates, in part, SPL3, SPL4 and SPL5 to promote floral induction. In turn, the 

SPL/miR156 module acts in parallel with FT to promote floral meristem identity. 

Genetics studies indicate that floral specification function of FT depends on PENNYWISE 

(PNY) and POUND-FOOLISH (PNF). However, the relationship between PNY/PNF and 

the SPL/miR156 module that controls floral specification is not known. Results from this 

study indicate that the floral induction of SPL3, SPL4 and SPL5 is partially dependent 

upon PNY and PNF. Further, PNY and PNF also control SPL3, SPL4 and SPL5 by 

negatively regulating miR156. Lastly, ectopic expression of miR156 resistant SPL4 

partially restored reproductive development in pny pnf plants whereas SPL3 and SPL5 
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failed to promote floral specification. This suggests that PNY and PNF act to down-

regulate the levels of miR156 at the time when levels of SPL3, SPL4 and SPL5 increases 

in the SAM during inflorescence development. In addition, miR172 levels failed to 

increase in pny pnf plants during floral transition indicating that it requires PNY and PNF 

function.  

 

Introduction 

 

 The SAM is located at the growing tip of the shoot and produces lateral organs and 

axillary meristems (Steeves and Sussex, 1989; Lyndon, 1998). Plants undergo distinct 

phases of development that alters the activity, identity and morphology of the SAM 

(Poethig, 2003). These developmental transitions can be regulated by feed- back and/or 

forward transcriptional networks, microRNAs and floral inductive signals that travel 

from leaves to shoot apex (Amasino, 2010). Flowering is a major developmental decision 

that transforms the identity of the SAM from vegetative to inflorescence (Steeves and 

Sussex, 1989; Lyndon, 1998; Amasino, 2010).  

 

Regulation of floral specification network by photoperiod pathway 

 In Arabidopsis, the floral specification requires the integration of flowering time 

genes at the shoot apex during inflorescence development. The key factor of photoperiod 

pathway is the mobile florigen FLOWERING LOCUS T (FT) and a closely related 

protein TWIN SISTER OF FT (TSF) that travels from leaf to shoot apex to promote 
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floral transition (Kobayashi and Weigel, 2007; Zeevaart, 2008; Amasino, 2010). During 

inflorescence development, at shoot apex FT and TSF associates with FD, a b-ZIP 

transcription factor, and together this complex activates genes required to mediate the 

floral transition (Abe et al., 2005; Teper-Bamnolker and Samach, 2005; Wigge et al., 

2005; Corbesier et al., 2007; Jang et al., 2009; Amasino, 2010). The FT/TSF-FD complex 

activates MADS-box genes, SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) 

and FRUITFULL (FUL; Schmid et al., 2003; Abe et al., 2005; Temper-Bamnolker and 

Samach, 2005; Wigge et al., 2005; Amasino, 2010). SOC1 acts with AGAMOUS-LIKE24 

(AGL24) to regulate LEAFY (LFY), an early floral meristem identity gene (Lee et al., 

2008; Liu et al., 2008; Amasino, 2010). Subsequently, the FT-FD complex and LFY 

functions in parallel to activate the late floral meristem identity gene APETALA1 (AP1; 

Abe et al., 2005; Wigge et al., 2005). Once established, floral meristem identity is 

maintained by a positive feedback loop between LFY and AP1 (Bowman et al., 1993; 

Schultz and Haughn, 1993; Liljegren et al., 1999). 

 

 Regulation of floral specification network by endogenous pathway 

In Arabidopsis, an age-dependent or endogenous flowering time pathway, which 

is regulated by a subset of SPL transcription factors, also promotes floral transition 

(Wang et al., 2009). The SQUAMOSA PROMOTER-BINDING PROTEINs (SBPs) were 

first discovered in Antirrhinum and can specifically associate with a DNA binding motif 

located in the promoter of SQUAMOSA (SQUA) gene, an ortholog of AP1 in Arabidopsis 

(Klein et al., 1996). Genetic screening indicates that SBP1 and SBP2 regulate the floral 
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specification and floral meristem identity (Klein et al., 1996). Recent studies show that 

the interplay between SPLs and miR156 regulates the vegetative and floral transition 

(Wang et al., 2009). The Arabidopsis genome contains 16 SPL genes and a subset of 

these genes including SPL3, SPL4 and SPL5 are regulated by miR156 during phase 

transition (Rhoades et al., 2002). In maize and Arabidopsis, miR156 acts to promote the 

juvenile phase of development by negatively regulating the SPL transcription factors (Wu 

and Poethig, 2006; Chuck et al., 2007; Wang et al., 2009). Remarkably, the mechanism 

of miR156 is evolutionally conserved in both annual herbaceous plants and perennial 

trees (Wu et al., 2009; Wang et al., 2011). In Arabidopsis, the levels of miR156 gradually 

decrease while the transcript levels of SPL3, SPL4 and SPL5 increase in the shoot apex, 

after plants transition to the adult phase of vegetative development indicating that miR156 

post-transcriptionally regulates these SPLs (Cardon et al., 1997; Cardon et al., 1999; Wu 

and Poethig, 2006; Wang et al., 2009). Cell type specific localization studies indicate that 

SPL3, SPL4 and SPL5 are expressed in distinct regions of the shoot apex (Cardon et al., 

1999; Wang et al., 2009). However, genetic studies suggest that these SPLs are 

functionally redundant, as spl3 mutants have no visible reproductive phenotype (Wang et 

al., 2008; Wu et al., 2009). Moreover, plants over-expressing SPL3, SPL4 or SPL5 with a 

deleted or altered miR156 binding sequence display similar reduced juvenile phase of 

growth and early flowering phenotypes (Cardon et al., 1997; Wu and Poethig, 2006). 

Chromatin immunoprecipitation (ChIP) assay indicate that SPL3 directly up-regulate the 

transcription of FUL, AP1 and LFY (Yamaguchi et al., 2009). In addition, SPL9 directly 

induces the transcription of SOC1 and AGAMOUS-LIKE42 (AGL42) as well as miR172b 
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(Wang et al., 2009). Moreover, SPLs function in parallel with FT-FD network to activate 

floral integrators and late floral meristem identity gene AP1 (Wang et al., 2009; 

Yamaguchi et al., 2009).  

In Arabidopsis, miR172 targets APETALA2-LIKE (AP2-like) transcription factor 

family that functions to repress flowering (Aukerman and Sakai, 2003; Schmid et al., 

2003; Jung et al. 2007; Mathieu et al., 2009; Yant et al., 2009). Targets of miR172 have 

opposite effect on vegetative and reproductive phase change than the targets of miR156. 

In Arabidopsis, maize as well as in woody plants, the phase transition is regulated by the 

interplay between miR156 and miR172 (Chuck et al., 2007; Wu et al., 2009; Wang et al., 

2011). In Arabidopsis, during the shoot development at the time miR156 level decreases 

the miR172 level increases (Wu et al., 2009). In addition, the plants with higher levels of 

miR156 have reduced amount of miR172 whereas plants with reduced miR156 activity 

has higher amount of miR172 (Wu et al., 2009). In contrast, the plants ectopically 

expressing miR172 have no effect on the amount of miR156 indicating that miR172 acts 

downstream of miR156 and primarily regulate epidermal identity (Wu et al., 2009). 

Plants over-expressing SPL9 and SPL10 with mutated miR156 recognition sequences 

have higher levels of miR172 (Wu et al., 2009). However, over-expressing SPL3, SPL4 

and SPL5 with mutated miR156 binding sequences have no effect on the abundance of 

miR172 levels indicating that miR156 effects miR172 independent of these SPLs (Wu et 

al., 2009). Thus, the sequential actions between miR156/miR172 and miR156/SPLs 

modules regulate the developmental phase transition.  
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PENNYWISE and POUND-FOOLISH are key integrators of floral specification 

network  

 In Arabidopsis, the specific members of the class I KNOTTED1 LIKE 

HOMEOBOX (KNOX) and BELL1-like HOMEOBOX (BLHs) proteins regulate floral 

specification during inflorescence development (Hake et al., 2004; Hamant and Pautot, 

2010). The BLH gene PENNYWISE (PNY: also known as BELLRINGER, REPLUMLESS, 

BLH9 and VAAMANA) and a closely related functionally redundant gene POUND-

FOOLISH (PNF), expressed in vegetative and reproductive shoot meristems, regulates 

meristem maintenance, internode patterning, floral specification and fruit development 

events during inflorescence development (Smith and Hake, 2003; Bao et al., 2004; Bhatt 

et al., 2004; Rutjens et al., 2009; Ung et al., 2011). Loss of function alleles of pnf mutant 

plants show no effect on shoot development while pny mutants display internode 

patterning defects producing short or cluster of internodes dispersed randomly throughout 

the inflorescence (Smith et al., 2004; Kanrar et al., 2006). However, the shoots of pny pnf 

double mutants failed to initiate flowers and internodes during inflorescence development 

(Smith et al., 2004; Kanrar et al., 2006; Rutjens et al., 2009). Moreover, genetic studies 

indicate that the flower specification function of FT is dependent upon PNY and PNF 

indicating that they function to specify floral meristem identity (Kanrar et al., 2008). In 

addition, studies indicate that PNY and PNF interact with SHOOTMERISTEMLESS 

(STM) that also functions to specify flower meristems with FT during inflorescence 

development (Smith et al., 2010). Therefore, specification of meristem identity involves 

the integration of floral integrators and PNY/PNF to initiate flower formation. 
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 To gain further insight into the role of PNY and PNF in regulating floral 

specification, the interplay between these homeodomain proteins and SPL3, SPL4 and 

SPL5 was examined. Results showed that the photoperiod floral inductive up-regulation 

of SPL3, SPL4 and SPL5 is dependent upon PNY and PNF. At the same time, PNY and 

PNF negatively regulate miR156 and positively regulate miR172 during shoot 

development.  

 

Results 

Transcript accumulation of SPL3, SPL4 and SPL5 is dependent upon PNY and PNF 

during floral transition 

In order to determine the relationship between SPL3/SPL4/SPL5 and PNY/PNF, the 

transcript accumulation of these SPLs were compared between wild-type and pny pnf 

shoot apices by quantitative PCR (Q-PCR). For Q-PCR analysis, the wild-type and pny 

pnf plants were grown for 30-days under short-day photoperiod conditions that delays 

flowering. Total RNA was isolated from micro-dissected vegetative shoot apices from 

wild-type and pny pnf 30-days after germination (DAG) in short-day conditions. This 

represents the zero floral induction time point. In order to induce flowering, 30-day short-

day grown wild-type and pny pnf plants were transferred to long-day conditions. In 

Arabidopsis, it takes approximately 3-days for SAM to initiate floral meristem in plants 

shifted from short-day to long-day (Hempel and Feldman, 1993). Transcript levels of late 

floral meristem identity gene AP1 increases rapidly after 3-days of floral induction 

(Hempel et al., 1997). In addition, expression profiling experiments showed that mRNA 



 

  88 

levels of SPL3, SPL4 and SPL5 rapidly induced once the wild-type plants shifted to long-

day conditions (Schmid et al., 2003). Since, wild-type and pny pnf plants comprise of 

different tissue types – flower and leaf bearing respectively, the apices were collected 

after 4-day of floral induction to ensure that pny pnf plants were transitioned to 

inflorescence development and SPL3, SPL4 and SPL5 as well as AP1 genes were 

activated.  

 The transcript accumulations of SPL3, SPL4 and SPL5 were similar in 30-short-

day grown wild-type and pny pnf plants (Figures 3.1a-f). In wild-type plants, the 

transcript levels of SPL3, SPL4 and SPL5 rapidly increased after 4-long-day grown plants 

i.e. after floral induction (Figures 3.1a, 3.1c and 3.1e). Although, the SPL3 transcript 

levels also increased in the mature shoot apices of pny pnf plants after 4-days of growth 

in long-day conditions but its levels were significantly lower compared to wild-type 

plants (Figure 3.1b). In addition, the mRNA levels of SPL4 and SPL5 slightly increased 

in the mature shoot apices of pny pnf plants after floral induction but not up to the level of 

wild-type (Figures 3.1d and 3.1f). In wild-type plants, the transcript levels of AP1 

dramatically induced after floral induction (Figure 3.1g) whereas AP1 levels failed to 

increase in pny pnf plants after 4 days in floral inductive conditions (Figure 3.1h). These 

results suggest that low levels of SPL3, SPL4, SPL5 and AP1 support the non-flowering 

phenotype of pny pnf plants.  
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PNY and PNF are required to repress the accumulation of miRNA156 during 

inflorescence development 

Recent studies indicate that down-regulation of miR156 is necessary for 

specifying flowers in plants during inflorescence development (Wang et al., 2009). 

Interestingly, all of the eight SPL transcripts (SPL2, SPL3, SPL4, SPL5, SPL9, SPL10, 

SPL11 and SPL15) that failed to increase in the mature shoot apex of pny pnf plants 

contain the miR156 target recognition sequence (Rhoades et al., 2002). The above Q-PCR 

results indicate that SPL3, SPL4 and SPL5 (possibly other 5 SPLs as well) require PNY 

and PNF function. Therefore, the levels of miR156 between wild-type and pny pnf apices 

were compared to test the hypothesis that PNY/PNF may regulate SPL3, SPL4 and SPL5 

through miR156 repression. In this experiment, plants were grown under long- and short-

day growth conditions for 20-days. The vegetative apices of wild-type and pny pnf were 

dissected 20-days after germination and the levels of miR156 were examined by northern 

blot analysis. Results from this experiment indicate that the levels of miR156 were 

comparable between wild-type and pny pnf plants during vegetative phase in both long-

and short-days (Figure 3.2a and 3.2b). In the next experiment, apices were dissected from 

30-day old wild-type and 30- and 40-day old pny pnf plants grown under long-day growth 

conditions. At this time point, wild-type plants had transitioned to inflorescence 

development whereas pny pnf plants initiated leaves and showed no sign of reproductive 

development. Results from this experiment showed that the levels of miR156 

dramatically declined after wild-type transitioned to inflorescence development (Figure 

3.2a and 3.2b). However, in contrast to the temporal regulation of miR156 in wild-type 
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inflorescences, the levels of miR156 steadily increased in 30- and 40-day old pny pnf 

apices (Figure 3.2a and 3.2b). Taken together, these results suggest that PNY and PNF are 

required for the temporal down regulation of miR156 during shoot and inflorescence 

development.  

 

PNY and PNF act to positively regulate miRNA172 during inflorescence 

development 

While miR156 acts to promote the juvenile phase of development, miR172 acts in 

an opposite manner to specify adult shoot identity by negatively regulating the AP2-like 

floral repressors, including TOE1 and TOE2 (Aukerman and Sakai, 2003; Schmid et al., 

2003; Chen, 2003). Recent studies have shown that ectopic expression of miR156 results 

in the down-regulation of miR172 by targeting SPL9 and SPL10 (Wu et al., 2009). In 

addition, SPL9 and SPL10 directly activate the expression of miR172b (Wu et al., 2009). 

Moreover, the expression profiling results showed that the transcripts for SPL9 and 

SPL10 did not increase in pny pnf apices after the floral transition (Figure 2.5a and 2.5b). 

Therefore, the levels of miR172 between wild-type and pny pnf plants were compared 

before and after floral induction. The northern blot that was used to determine the levels 

of miR156 was washed and reprobed with miR172 radiolabled probe. In wild-type plants, 

miR172 levels were low in vegetative shoot apices 20-days after germination in short- 

and long-day growth conditions (Figure 3.2a and 3.2c). However, the levels of miR172 

increased significantly after wild-type plants transitioned to reproductive development 
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(Figure 3.2a and 3.2c). In contrast to wild type, the levels of miR172 failed to increase in 

the shoot apices in pny pnf plants under floral inductive conditions (Figure 3.2a and 3.2c).  

In order to compare the levels of floral repressors TOE1 and TOE2, shoot apices 

were collected from wild-type and pny pnf plants at two developmental time points: (1) 

before and (2) after floral induction. Consistent with the above model, the levels of TOE1 

increased in pny pnf apices during the time at which wild-type plants flowered (Figure 

3.3a and 3.3b). In addition, transcript levels for SPL9 and SPL10, which activate miR172, 

did not accumulate in the apices of pny pnf plants under floral inductive conditions 

(Figure 3.3c). Taken together, these results indicate that the pny pnf non-flowering 

phenotype may be, in part, due to the inability of the shoots to activate miR172 in order to 

down-regulate the AP2-like floral repressors. 

 

Ectopic expression of miRNA172 partially restores reproductive development in pny 

pnf double mutants 

Ectopic expression of miR172 causes early flowering with some floral defects by 

negatively regulating the AP2-like floral repressor genes (Figure 3.4a; Aukerman and 

Sakai, 2003; Chen, 2004; Jung et al., 2007). To determine if the non-flowering phenotype 

of pny pnf plants is, in part, due to the lack of miR172 induction, 35S:miR172 was 

crossed to pny pnf plants and reproductive development was examined under long-day 

growth conditions. In 35S:miR172 pny pnf plants, reproductive development and 

internode patterning were partially restored (Figure 3.4b and 3.4c). However, flowers 

were not formed in 35S:miR172 pny pnf plants (Figure 3.4b). 35S:miR172 pny pnf plants 
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initiated terminal light green, leaf like structures that produced few trichomes (Figure 

3.4d). On close examination of terminal leaf-like structures showed that these organs 

were mosaic producing lobed-like cells found on the surfaces of pny pnf leaves as well as 

rectangular cells that were similar in morphology as wild-type carpel cells (Figure 3.4h). 

Interestingly, a solitary stamen-like structure was also observed, which initiated in the 

axil of leaf in 35S:miR172 pny pnf plants (Figure 3.4e and 3.4f). Taken together, these 

results indicate that the non-flowering pny pnf phenotype is partially due to the low levels 

of miR172. 

Northern blot analysis showed that the transcript levels for miR172 were detected 

in the shoot tips of 35S:miR172 pny pnf plants (Figure 3.5a). To determine if the shoot 

tips of 35S:miR172 pny pnf had acquired a reproductive fate, the levels of floral 

integrators FUL, SOC1, AGL24, SPL3, SPL4, SPL5, LFY and AP1 were analyzed by 

semi-quantitative reverse transcriptase-PCR (RT-PCR) analysis. For RT-PCR analysis, 

shoot apices from 28-day-old wild-type, pny pnf and 35S:miR172 pny pnf plants were 

collected. Since, 35S:miR172 plants flowered early the apices were collected after 15- 

days of germination in long-day conditions. In wild-type and 35S:miR172 inflorescence 

apices, transcript levels of FUL, SOC1, AGL24, SPL3, SPL4, SPL5, LFY and AP1 were 

easily detected (Figure 3.5b). However, transcript accumulations of all floral integrators 

except AGL24, SOC1 and SPL3 were not detected in pny pnf mutants indicating that this 

set of genes act downstream of PNY and PNF (Figure 3.5b). SPL3 levels failed to 

increase in pny pnf apices compared to wild-type (Figure 2.5c, 3.1b and 3.5b). The 

transcript accumulations of SPL4 but not SPL3 and SPL5 were detected in pny pnf plants 
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ectopically expressing 35S:miR172 (Figure 3.5b). However, AGL24 and SOC1 were 

easily detected in 35S:miR172 pny pnf inflorescence apices whereas FUL was expressed 

at low levels (Figure 3.5b). Moreover, transcripts for AP1 but not LFY were increased in 

the reproductive shoots of 35S:miR172 pny pnf plants (Figure 2.7b). Taken together, 

these results indicate that the non-flowering pny pnf phenotype is partially due to the low 

levels of miR172 and the ectopic expression of miR172 in pny pnf increases the 

reproductive potential of the shoot by activating SPL4, AP1 and FUL. 

 

Over-expression of SPL4 and SPL5 partially restores floral specification in pny pnf 

plants 

Genetic and molecular studies indicate that SPL3, SPL4 and SPL5 are targeted by 

the miR156 (Rhoades et al., 2002; Wu and Poethig, 2006; Gandikota et al., 2007). 

Experimental evidence showed that, in Arabidopsis, ectopic expression of miR156 

resistant SPL3, SPL4 and SPL5 (rSPL3, rSPL4 and rSPL5) promotes juvenile to adult 

phase transition, early flowering and act to up-regulate flower meristem identity genes 

during inflorescence development (Cardon et al., 1999; Wu and Poethig, 2006; Gandikota 

et al., 2007; Wang et al., 2009; Wu et al., 2009; Yamaguchi et al, 2009). Therefore, if 

SPL3, SPL4 and SPL5 function downstream of PNY and PNF, then ectopic expression of 

these rSPLs may promote flowering in pny pnf double mutants by restoring the floral 

meristem specification. To test the relationship between PNY/PNF and SPL3/4/5, pny pnf 

plants were crossed to 35S:rSPL3, 35S:rSPL4 and 35S:rSPL5 transgenic plants. 
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Wild-type and 35S:rSPL4 plants produced the inflorescence shoots after floral 

transition (Figure 3.6a and 3.6d). In contrast, the pny pnf double mutants produced leaves 

with no visible sign of inflorescence or reproductive growth at the time when wild-type 

and 35S:rSPL4 plants flowered (Figure 3.6b and 3.6c). Although the overall morphology 

of the 35S:rSPL4 pny pnf plants was similar to pny pnf plants, the vegetative shoots of 

35S:rSPL4 pny pnf plants underwent the floral transitions producing terminal flower-like 

structures at the ends of long pedicels (Figure 3.6e, 3.6f and 3.6g). The terminal flowers 

produced by the 35S:rSPL4 pny pnf plants initiated two unfused carpels (Figure 3.6g). To 

further verify that 35S:rSPL4 pny pnf plants had adopted reproductive morphology, 

apices were harvested from these plants after 30-days of growth in long-days. In addition, 

mature apices were harvested from 30-day old pny pnf plants and inflorescence apices 

from 30-day old wild-type and 15-day old 35S:rSPL4 plants. Semi quantitative RT-PCR 

experiments showed that the transcript levels for SPL4 were high in 35S:rSPL4 pny pnf 

plants (Figure 3.6h). In addition, the mRNA levels for AP1 and LFY genes were readily 

detected in wild-type and 35S:rSPL4 plants (Figure 3.6h). While the transcript levels for 

AP1 and LFY genes increased in 35S:rSPL4 pny pnf shoot tips, the mRNA levels of these 

floral meristem identity genes were not detected in pny pnf apices indicating that ectopic 

rSPL4 promotes flower specification in pny pnf plants (Figure 3.6h). However, mRNA 

levels of AP1 and LFY were lower in the shoot apices of 35S:rSPL4 pny pnf shoot 

compared to the levels in wild-type and 35S:rSPL4 apices (Figure 3.6h). Taken together, 

these results indicate that ectopic rSPL4 partially restores flower formation by activating 

floral meristem identity in pny pnf plants.  
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35S:rSPL4 and 35S:rSPL5 transgenic plants produced similar early flowering 

phenotypes (Figure 3.6d and 3.7a; Wu and Poethig, 2006; Yamaguchi et al., 2009). 

However, in contrast to 35S:rSPL4 pny pnf plants, no flowers were produced in 

35S:rSPL5 pny pnf plants (Figure 3.7b). Upon close examination, the shoots of 

35S:rSPL5 pny pnf terminated growth with light green color, twisted, leaf-like organs 

(Figure 3.7c and 3.7d) whereas pny pnf shoots did not display any change in meristem 

identity (Figure 3.6b and 3.6c). These leaf-like structure resemble flower with sepaloid-

like identity (Figure 3.7b and 3.7c) with either very few or no trichromes on the surface 

(Figure 3.7c-3.7f). Scanning electron microscopy (SEM) showed that some of the organs 

initiated ovule-like structures on the leaf margin indicating that carpel identity was not 

completely lost in these leaf-like organs (Figure 3.7f). Interestingly, the leaves of 

35S:rSPL5 pny pnf plants were mosaic, producing patches of cells with distinct 

morphologies between wild-type and pny pnf cell types (Figure 3.7g). The cells were 

lobed in pny pnf leaves (Figure 3.7i), while the cell types found on the surfaces of wild-

type carpels were small and rectangular (Figure 3.7k). The cells on the surfaces of wild-

type sepals were similar but longer to the cell types found on the surface of wild-type 

carpels (Figure 3.7j). In 35S:rSPL5 pny pnf plants, the patches of cells interspersed in the 

pny pnf leaf cells, resembled cell types found on the surfaces of sepals and carpels 

(Figure 3.7g and 3.7h). These results indicate that ectopic expression of SPL5 in pny pnf 

plants was able to alter the identity of the leaves but failed to restore flower formation. To 

determine if the shoot tips of 35S:rSPL5 pny pnf had acquired a reproductive fate, the 

transcript levels of LFY and AP1 were analyzed by RT-PCR. Apices were harvested from 
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pny pnf, 35S:rSPL5 pny pnf, and wild-type plants after 30 days of growth and from 

35S:rSPL5 plants after 15 days of growth in long-days conditions. The transcript levels 

for SPL5 were readily detected in the shoot tips of 35S:rSPL5 pny pnf plants (Figure 

3.7l). Transcripts levels of LFY and AP1 were readily detected in wild-type and 

35S:rSPL5 inflorescence apices (Figure 3.7l). However, transcripts for AP1 but not LFY 

were accumulated in shoot apices of 35S:rSPL5 pny pnf plants (Figure 3.7l). Moreover, 

the mRNA levels of AP1 in 35S:rSPL5 pny pnf were comparable to the wild-type but 

lower than the levels produced in the 35S:rSPL5 plants (Figure 3.7l). Taken together, 

these results show that ectopic expression of rSPL5 in pny pnf increases the reproductive 

potential of the shoot by activating AP1. 

 

Over-expression of SPL3 failed to restore flower specification in pny pnf plants 

Similar to 35S:rSPL4 and 35S:rSPL5 plants, 35S:rSPL3 also displays an early 

flowering phenotype (Figure 3.8a; Wu et al., 2006). However, the ectopic expression of 

rSPL3 in pny pnf plants had no affect on flowering producing a non-flowering phenotype 

similar to pny pnf plants (Figures 3.8b and 3.8c). The 35S:rSPL3 pny pnf plants showed 

no visible signs of reproductive development (Figures 3.8b and 3.8c). The SEM results 

indicate that the cell-types found on the surfaces of the 35S:rSPL3 pny pnf leaves were 

similar to cell-types of pny pnf leaves (Figures 3.8d and 3.8e). To determine if the shoot 

tips of 35S:rSPL3 pny pnf had acquired a floral fate by activating floral meristem genes, 

transcript levels of LFY and AP1 were analyzed by RT-PCR. Apices were harvested from 

pny pnf, 35S:rSPL3 pny pnf and wild-type plants after 30 days and 35S:rSPL3 plants after 
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15 days of growth in long-days. Although SPL3 transcripts were easily detected in 

35S:rSPL3 pny pnf apices the mRNA levels for LFY and AP1 were not increased in these 

apices (Figure 3.8f). These results suggest that over-expression of rSPL3 (35S:rSPL3) 

failed to restore floral specification in pny pnf double mutants and SPL3 is dependent 

upon PNY and PNF for specifying flowers and activating floral meristem identity genes.  

 

Discussion 

In Arabidopsis, the shoot maturation passes through sequential phases of 

development (Poethig, 2003). The transition from vegetative to reproductive 

development is mediated, in part, by photoperiod as well as endogenous pathways 

(Kobayashi and Weigel, 2007; Amasino, 2010). Experimental studies showed that 

FT/TSF is the photoperiod florigenic signal that directly activates floral meristem identity 

genes during inflorescence development (Abe et al., 2005; Temper-Bamnolker and 

Samach, 2005; Wigge et al., 2005; Zeevaart, 2008; Amasino 2010). In addition, the 

endogenous SPL flowering time transcription factors also directly promote the expression 

of floral meristem identity genes (Yamaguchi et al., 2009). The photoperiod pathway acts 

upstream and/or in parallel with endogenous pathway to specify flowers during 

reproductive development (Wang et al., 2009; Yamaguchi et al., 2009; Amasino, 2010). 

PNY and PNF also act to specify floral meristem identity as well as mediate meristem 

maintenance (Smith and Hake, 2003; Bao et al., 2004; Bhatt et al., 2004; Rutjens et al., 

2009; Ung et al., 2011). A recent report showed that FT requires the function of PNY and 

PNF for specifying floral meristems (Kanrar et al., 2008). In this study, results indicate 
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that PNY and PNF mediate endogenous pathway and function upstream and possibly in 

parallel with SPLs. Therefore, we propose that PNY and PNF are key regulators of the 

floral integrators, which mediate the age dependent flowering time and floral 

specification pathways. 

 

SPLs and miR172 function downstream of PNY and PNF 

During shoot development, the levels of miR156 decline (Wu and Poethig, 2006; 

Wang et al., 2009), while the transcript levels of SPL3, SPL4, and SPL5 as well as 

miR172 increase (Cardon et al., 1997; Cardon et al., 1999; Schmid et al., 2003; Wu and 

Poethig, 2006; Wang et al. 2009; Wu et al., 2009). Gain-of-function studies indicate that 

SPL3, SPL4 and SPL5 promote floral transition and act to specify flower meristem 

identity by directly activating floral meristem identity genes LFY and AP1, while SPL9 

and SPL10 induce flowering by up-regulating miR172b (Wu et al., 2009). In addition, 

during long-days, FT-FD florigenic complex mediates SPL gene expression (Wang et al., 

2009; Yamaguchi et al., 2009).  

In this study, the relationship between SPL3, SPL4, SPL5 and PNY/PNF was 

examined. The gene expression profiling analysis between wild-type inflorescence and 

pny pnf mature shoot apices indicates that the accumulation of SPL3, SPL4, SPL5, SPL9 

and SPL10 did not increase in the apices of pny pnf plants. In addition, Q-PCR 

experiments demonstrate that the long-day floral inductive increase in SPL3, SPL4, and 

SPL5 transcripts is dependent upon PNY and PNF. This is consistent with recent studies 

showing that the floral specification function of FT requires PNY and PNF (Kanrar et al., 
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2008). Consistent with these results, the levels of miR172, which is the target of SPL9 

and SPL10 also failed to increase in pny pnf shoots. In addition, floral repressor TOE1 

failed to decline while SPL9 and SPL10 failed to accumulate in the mature shoot apices 

of pny pnf plants. Therefore, we propose that a subset of SPLs including SPL3, SPL4, 

SPL5, SPL9 and SPL10 as well as miR172 act downstream of PNY and PNF. In support 

of this hypothesis, SPL4 and SPL5 partially restored reproductive development in pny pnf 

plants. In addition, miR172 transformed the leaves of pny pnf into organs containing 

carpel identity, indicating that the miR172 flowering time pathway partially induced 

reproductive development in pny pnf plants. Furthermore, if PNY and PNF directly 

regulate these SPLs, then we would expect to find KNOX/BELL-like DNA binding 

motifs enriched in the promoters and/or introns of these genes. After scanning the 

intragenic regions of SPL3, SPL4, SPL5, SPL9 and SPL10, only SPL3 contains a 

KNOX/BELL-like DNA-binding motif in the promoter of this gene. However, mRNA in 

situ hybridization studies indicate that SPL3 is expressed in bracts and the cortex cells of 

the stem which does not overlap with the expression patterns for PNY and PNF in the 

SAM while SPL5 overlap with PNY and PNF in the peripheral region of the SAM 

(Cardon et al., 1997; Wang et al., 2009), Therefore, we propose that PNY and PNF may 

regulate SPL3, SPL4, SPL5, SPL9 and SPL10 indirectly (Figure 3.9). Thus, the 

endogenous flower specification pathway is highly compromised in pny pnf plants 

supporting its non-flower producing phenotype. 
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The relationship between PNY/PNF and miR156 

During the juvenile phase of development, a large subset of SPLs including, SPL3, 

SPL4, SPL5, SPL9 and SPL10 are negatively regulated by miR156 (Wu and Poethig, 

2006; Wang et al., 2009; Wu et al., 2009). In addition, plants with increased levels of 

miR156 flower later than wild-type (Wu and Poethig, 2006; Wu et al., 2009). Moreover, 

in wild-type plants grown in short-days, the levels of miR156 gradually decline over a 40-

day growth period (Wang et al., 2009). In this study, experimental data showed that the 

levels of miR156 actually increase in pny pnf apices over a 40-day growth period while 

the levels of miR172, that acts opposite of miR156, failed to accumulate in the apices of 

pny pnf plants. Although it is not clear if PNY and PNF directly regulate miR156, 

sequences similar to the KNOX/BLH DNA-binding sequence (TGACAGG/CT) are 

conserved in the 5’ end of nearly all of the mature miR156 molecules identified in land 

plants (Table 3.1). Future studies will address if PNY and PNF directly regulate miR156 

by specifically associating at the 5’ end of the loci. Taken together, we propose that PNY 

and PNF regulate SPL genes expression by repressing miR156 (Figure 3.9).  

 

PNY and PNF may function in parallel with SPLs to specify flowers 

The early and late floral meristem identity genes LFY and AP1 as well as photoperiod 

florigen signal FT levels were highly reduced in pny pnf mature shoot apices (Kanrar et 

al., 2009). Ectopic expression of LFY in pny pnf plants could efficiently restore the floral 

specification (Kanrar et al., 2009). However FT, which activates floral integrator genes 

was unable to specify floral meristem identity in pny pnf plants (Kanrar et al., 2008). 
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Recent studies indicate that SPL3, SPL4 and SPL5 act in parallel with FT to specify floral 

meristems (Wang et al., 2009; Yamaguchi et al., 2009). Experimental evidences from this 

study indicate that SPL3, SPL4 and SPL5 are unable to promote flower specification in 

the absence of PNY and PNF. This suggests that the floral specification function of SPL3, 

SPL4 and SPL5 may be dependent upon PNY and PNF (Figure 3.9). Alternatively, SPL3, 

SPL4 and SPL5 functions together or possibly with other SPLs to promote flower 

formation in pny pnf. Thus, the expression of an individual SPL in pny pnf is not 

sufficient to restore flower specification.  

Since, loss-of-function mutation in SPL3 has no visible phenotype, it was proposed 

that SPL3, SPL4 and SPL5 are functionally redundant (Wu and Poethig, 2006; Wang et 

al., 2008). Interestingly, ectopic expression of these SPLs in pny pnf plants produced 

differences in the reproductive potential. Ectopic expression of rSPL4 has the highest 

reproductive potential, as some of the 35S:rSPL4 pny pnf shoots terminated growth with 

the formation of flowers composed of carpels. In addition, 35S:rSPL4 pny pnf shoot 

apices express the floral meristem identity genes LFY and AP1. In contrast to 35S:rSPL4 

pny pnf plants, neither 35S:rSPL5 pny pnf nor 35S:rSPL3 pny pnf plants produced 

flowers. Although 35S:rSPL5 pny pnf plants failed to produce flowers, over-expression 

of rSPL5 in pny pnf plants induced sepal and carpel-like identities in the terminal leaf-

like organs. In addition, AP1 but not LFY was expressed in the reproductive-like terminal 

shoots of 35S:SPL5 pny pnf plants indicating that activation of AP1 was able to change 

the fate of terminal leaves in these plants. In contrast to rSPL4 and rSPL5, over-

expression of rSPL3 did not promote any visible signs of reproductive development in 
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pny pnf plants. In addition, ectopic rSPL3 also failed to promote the transcription of LFY 

and AP1 in pny pnf plants. The differences in the reproductive potential for these rSPL3, 

rSPL4 and rSPL5 may be due to variations in the expression levels of these rSPLs. 

Interestingly, SPL4 that is expressed in the rib meristem of SAM has the highest 

reproductive potential. Histological studies indicate that the rib meristem is the first zone 

that responds to floral inductive signals and essential for mediating floral transition 

(Hempel and Feldman, 1993). Therefore, SPL4 may play a role in mediating floral 

transition and thus allowed SAM to acquire inflorescence meristem identity and initiate 

floral organs in pny pnf plants. In contrast, SPL5, which is expressed on the flanks of the 

SAM and in the young floral primordia, promoted floral meristem identity in pny pnf 

plants by activating AP1. Taken together, results from this study indicate that PNY and 

PNF mediate floral specification by regulating the function of SPLs in the SAM during 

shoot development. 

 

Material and Method 

Plant material and growth conditions 

Arabidopsis thaliana, ecotype Columbia, plants were grown at 21°C in long-day 

(16 hr of light and 8 hr of darkness) conditions. The mutants used in this study have been 

previously described: pny-40126 (Smith and Hake, 2003) and pnf-33879 (Smith et al., 

2004). Primers for genotype determination for pny and pnf T-DNA insertions have been 

previously described (Smith and Hake, 2003; Smith et al., 2004).  
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Genetic analysis and Scanning Electron Microscopy (SEM) 

All genetic analyses were performed in the Columbia ecotype. To determine if 

increased expression levels of SPL3, SPL4, SPL5 and miR172 could promote flowering in 

pny pnf double mutants, 35S:rSPL3, 35S:rSPL4, 35S:rSPL5 and 35S:miR172 plants were 

crossed to pny PNF/pnf plants. Selection marker for 35S:rSPL3, 35S:rSPL4 and 

35S:rSPL5 plants was BASTA and 35S:miR172 was Kanamycin. F1 PNY/pny PNF/pnf 

plants containing the 35S:rSPL3, 35S:rSPL4, 35S:rSPL5 and 35S:miR172 were 

identified. The F1 plants were self-pollinated and the F2 population was screened for 

35S:rSPL3 pny pnf, 35S:rSPL4 pny pnf, 35S:rSPL5 pny pnf and 35S:miR172 pny pnf 

plants. Seeds obtained from F2 pny PNF/pnf plants containing the 35S:rSPL3, 

35S:rSPL4, 35S:rSPL5 and 35S:miR172 transgenes were used to characterize the 

35S:rSPL3 pny pnf, 35S:rSPL4 pny pnf, 35S:rSPL5 pny pnf and 35S:miR172 pny pnf 

phenotypes. For scanning electron microscopy, freshly dissected tissue was examined 

using the Hitachi TM-1000 Microscope at the Microscopy Core Facility at the University 

of California, Riverside (UCR).  

 

Reverse Transcriptase-PCR (RT-PCR) and Quantitative-PCR (Q-PCR) analyses 

Tissues used in RT-PCR were collected at the end of the long-day light period. 

For RT-PCR experiments, inflorescence apices from wild-type and mature shoot apices 

from 35S:rSPL3 pny pnf, 35S:rSPL4 pny pnf and 35S:rSPL5 pny pnf, 35S:miR172 pny 

pnf and pny pnf plants were collected at the end of the 28-day period and inflorescence 

apices from 35S:rSPL3, 35S:rSPL4 and 35S:rSPL5 and 35S:miR172 plants were 



 

  104 

collected at the end of 15-day period since they flowered early. In addition, tissues from 

wild-type and pny pnf were harvested at the end of 21-day period. For each RT-PCR 

experiment, three biological replicates were performed and 12-14 apices for each 

replicate were harvested. The RNeasy kit from Qiagen (http:///www.qiagen.com) was 

used for total RNA isolation from each biological sample. Four micrograms of total RNA 

for each sample was used to synthesize cDNA using RQ1-DNase (Promega, 

http://www.promega.com) and SuperScript-II reverse transcriptase system (Invitrogen, 

http://invitrogen.com). PCR, for each biological replicate, was normalized by comparing 

the levels of ACTIN gene for 15 cycles and following normalization, specific primers for 

SPL3, SPL4, SPL5, SPL9, SPL10, AGL24, SOC1, FUL, TOE1, TOE2, AP1 and LFY were 

used to amplify these genes using 20 cycles. For RT-PCR analysis, in order to determine 

the transcript levels of SPL3, SPL4, SPL5, SPL9, SPL10, AGL24, SOC1, FUL, TOE1, 

TOE2, AP1 and LFY genes 20 µl of PCR products were separated by 1.2% agarose gel, 

transformed to nylon membrane (Sambrook and Russel, 2001) and hybridized by using 

32p radioactive isotope. Primer sequences for each gene used in RT-PCR analysis are 

provided in Table 3.2.  

For the Q-PCR experiments, wild-type and pny pnf plants were grown for 30-days 

under short-day growth conditions to delay flowering. Shoot apices were isolated from 

30-short-day grown wild-type and pny pnf plants, which represented the zero time point 

for floral induction. At this time point both wild-type and pny pnf plants were initiating 

leaves. To induce flowering, 30-short-day grown wild-type and pny pnf plants were 

shifted to long-day growth conditions. After transferring plants to long-day growth 
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conditions, shoot apices were isolated from wild-type and pny pnf plants 4-days after 

floral induction to ensure that all floral integrators were induced. At this time point, the 

dissected shoot apices of both wild-type and pny pnf plants contain leaf primordia. For 

each time point, 40 wild-type and pny pnf apices were dissected under a microscope. 

Three biological replicas were produced from each time point. Total RNA was extracted 

from the apices using the RNeasy Kit form Qiagen (http:///www.qiagen.com). One 

microgram of total RNA for each sample was used to synthesize cDNA using RQ1-

DNase (Promega, http://www.promega.com) and SuperScript-II reverse transcriptase 

system (Invitrogen, http://invitrogen.com). Q-PCR was performed using iQ SYBRGreen 

Supermix and iQ5 thermocycler (Bio-Rad, http://www/bio-rad.com). UBIQUITIN5 

(UBQ5) was used as reference gene. Gene specific primers for SPL3, SPL4, SPL5 and 

AP1 were used and the experiment was performed in triplicates. 

 

Northern blot analysis 

Wild-type and pny pnf shoot apices were dissected after 20-days of growth in 

short-days and 30-days of growth in long-days. In addition, apices from pny pnf were 

harvested after 40-days of growth in long-days. For each experiment, 40 dissected wild-

type or pny pnf apices were used per replica. Total RNA was extracted from shoot apices 

using the TRI-REAGENT (Molecular Research Center, Inc., http://www.mrcgene.com). 

50 µg of total RNA for each sample was separated on a 17% polyacrylamide-urea gel. 

The separated RNA was transferred to the Zeta probe GT Genomic tested blotting 

membrane (BioRad, http://www/bio-rad.com) and hybridized with ULTRAhyb®-Oligo 



 

  106 

buffer (Applied Biosystems, http://www.appliedbiosystems.com) containing the 

radiolabled 32P-miR172 (5’-3’) and 32P-miR156 locked nucleic acid (LNA; Integrated 

DNA Technologies, http://www.idtdna.com) probe. The levels of miR156 and miR172 

were quantified and normalized against the U6 small nuclear RNA using the Typhoon 

Fluorescence Imager (Genomics core facilities, UCR). Three biological replicates were 

used for each sample. 
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Figure 3.1. Analysis of transcript levels of SPL3, SPL4, SPL5 and AP1 in wild-

type and pny pnf plants 

  

 Wild-type and pny pnf plants were grown in short-day conditions for 30-

days to delay flowering. The shoot apices were collected after 30-days of 

growth. Q-PCR was used to determine the transcript accumulations of 

SPL3, SPL4, SPL5 and AP1 in wild-type and pny pnf apices. After 30-

days of growth in non-inductive conditions wild-type and pny pnf plants 

were then shifted to long-day photoperiod conditions to induce flowering. 

The shoot apices were collected after 4-days of growth. Transcript 

accumulations of SPL3, SPL4, SPL5 and AP1 were also analyzed in wild-

type and pny pnf florally induced apices. UBQUITIN5 was used to 

normalize the levels of SPL3, SPL4, SPL5 and AP1. Numbers on x-axis 

refers to plants grown in 30-short-day (0 d) and 4-long-day (4 d) growth 

conditions. Numbers on y-axis refers to the relative expression values of 

the genes.  

 

(a, c, e, g) Transcript levels for SPL3, SPL4, SPL5 and AP1 in wild-type 

apices 

(b, d, f, h) Transcript levels for SPL3, SPL4, SPL5 and AP1 in pny pnf 

apices 
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Figure 3.2. Expression levels of miRNA156 (miR156) and miRNA172 (miR172) in 

wild-type and pny pnf apices 

 

(a) Northern blot analysis was used to determine the levels of miR156 and 

miR172 in wild-type (WT) and pny pnf apices. The miRNA levels were 

examined during vegetative growth after 20-short-days (20 SD) and 30-

long-day (20 LD) as well as after floral induction long-day conditions (30- 

and 40 LD). Note: The blot was first probed with UBIQUITIN6 (U6) then 

washed and reprobed with miR156 and miR172, respectively. A doublet 

was detected after radiolabeled probing with miR156. The lower band 

corresponds to miR156 whereas upper band corresponds to miR157, a close 

homolog of miR156 (Wu and Poethig, 2006). The U6 small nuclear RNA 

was used as a loading control. The numbers at the base of the miR156 and 

miR172 corresponds to the expression levels of one of the three biological 

replicates of miR156 and miR172. 

(b) Bar chart represents the quantification of 3 biological replicates of miR156 

by scanning 3 northern blots. The levels of U6 were also quantified and 

used to normalize the levels of miR156. Transcript levels were analyzed in 

Wild-type (WT) and PP (pny pnf) after 20-short-days (20 SD) and 30-long-

day (20 LD) as well as after floral induction long-day conditions (30- and 

40 LD). 

(c) Bar chart represents the quantification of 3 biological replicates of miR172 

by scanning 3 northern blots. The levels of U6 were also quantified and 

used to normalize the levels of miR172. (See (b) for label details). 
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Figure 3.3. Expression levels of floral repressor and activator in wild-type and 

pny pnf plants 

 

(a) RT-PCR was used to determine the transcript levels for TOE1, TOE2,  

ACTIN2 in wild-type and pny pnf. 

(b) Q-PCR was used to confirm the transcript levels for TOE1, TOE2,  

ACTIN2 in wild-type and pny pnf. 

(c) RT-PCR was used to determine the transcript levels for SPL9, SPL10,  

ACTIN2 in wild-type and pny pnf. 
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Figure 3.4. Phenotypes of 35S:miRNA172 (35S:miR172) and 35S:miR172 pny pnf 

plants 

 

(a) An inflorescences shoot of 35S:miR172 plant. 

(b) An image of 35S:miR172 pny pnf plant (arrow points to a inflorescence-

like shoot produced in a 35S:miR172 pny pnf plant). 

(c) An image of 35S:miR172 pny pnf inflorescence-like shoot (arrow points at 

the elongated stem). 

(d) A terminal leaf-like shoot produced in 35S:miR172 pny pnf plants. 

(e) A stameniod-like organ initiated in the axil of a cauline leaf in a 

35S:miR172 pny pnf inflorescence shoot. 

(f) SEM image of a stameniod-like organ initiated in the axil of a cauline leaf  

in a 35S:miR172 pny pnf inflorescence shoot. (measurement bar = 300 µm) 

(g) SEM image of the terminal-leaf like shoot. (measurement bar = 1 mm) 

(h) SEM image of close up of a leaf-like organ containing rectangular cells on  

its surface. (measurement bar = 50 µm) 
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Figure 3.5. Expression levels of floral integrators in wild-type, pny pnf, 

35S:miR172 and 35S:miR172 pny pnf plants 

 

(a) Northern blot analysis was used to determine the levels of miR172 in 

wild-type, pny pnf, 35S:miR172 and 35S:miR172 pny pnf shoot apices. 

The U6 small nuclear RNA was used as a loading control.  

(b) RT-PCR was used to determine the transcript levels for LFY, AP1, and 

ACTIN2 in wild-type, pny pnf, 35S:miR172 and 35S:miR172 pny pnf 

shoot apices.  
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Figure 3.6. Ectopic expression of SPL4 in pny pnf plants partially restores floral 

specification 

 

(a) Inflorescence shoot of wild-type plant. 

(b) An image of pny pnf double mutant plant. 

(c) Close up of pny pnf leaf bearing apex (arrow indicates absence of 

reproductive development). 

(d) Inflorescence shoot of 35S:rSPL4 plant (r indicates deleted miRNA156 

recognition sequence). 

(e) 35S:rSPL4 pny pnf plant (arrows point at terminal flowers). 

(f) An inflorescence shoot was removed from 35S:rSPL4 pny pnf plant 

(arrows point at terminal flowers). 

(g) Close up of 35S:rSPL4 pny pnf terminal flower composed of two 

partially fused carpels (Note: Ovules can be seen). 

(h) RT-PCR was used to determine the transcript accumulation of SPL4 

and floral meristem identity genes LFY and AP1 in wild-type, pny pnf, 

35S:rSPL4 and 35S:rSPL4 pny pnf shoot apices after floral induction. 
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Figure 3.7. Ectopic expression of SPL5 partially restores floral specification in 

pny pnf double mutants 

 

(a) Inflorescence shoot of 35S:rSPL5 (r indicates deleted miRNA156 

recognition sequence). 

(b) A 35S:rSPL5 pny pnf plant. 

(c) Close up of 35S:rSPL5 pny pnf terminal leaf-like structure (arrow 

indicates leaf-like organs). 

(d) Close up of 35S:rSPL5 pny pnf terminal leaf-like structure.  

(e) Scanning electron micrograph (SEM) of terminal leaf-like organ in 

35S:rSPL5 pny pnf plants. Scale bar = 500 µm. 

(f) SEM of terminal leaf-like organ with an ovule-like structure on the 

margins of 35S:rSPL5 pny pnf plants. Scale bar = 100 µm (arrow indicates 

ovule formation). 

(g) SEM of cell type formed on the surface of terminal leaf-like organs in 

35S:rSPL5 pny pnf plants. Scale bar = 100 µm.  

(h) SEM of cell type formed on the surface of terminal leaf-like organs in 

35S:rSPL5 pny pnf plants. Scale bar = 100 µm.  

(i) SEM of cell type produced on the surface of pny pnf plants. Scale bar = 50 

µm. 

(j) SEM of cell type produced on the surface of wild-type sepal. Scale bar = 

50 µm. 

(k) SEM of cell type produced on the surface of wild-type carpel. Scale bar = 

50 µm. 

(l) RT-PCR was used to examine the transcript accumulation of SPL5, AP1 

and LFY in wild-type, pny pnf, 35S:rSPL5 and 35S:rSPL5 pny pnf shoot 

apices after floral induction. 
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Figure 3.8. Ectopic expression of SPL3 failed to restore floral specification in pny pnf 

double mutants 

 

(a) Image of inflorescence of 35S:rSPL3 plant (r indicates deleted miRNA156 

recognition sequence). 

(b) A 35S:rSPL3 pny pnf plant. 

(c) Close up of 35S:rSPL3 pny pnf inflorescence-like meristem (arrow indicates 

organs that displayed leaf identity). 

(d) Scanning electron micrograph of leaf-like organ in 35S:rSPL3 pny pnf. Scale bar 

= 100 µm. 

(e) Scanning electron micrograph of leaf organ in pny pnf. Scale bar = 100 µm. 

(f) RT-PCR was used to determine the transcript accumulation of SPL3, AP1 and 

LFY in wild-type, pny pnf, 35S:rSPL3 and 35S:rSPL3 pny pnf shoot apices after 

floral induction. 
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Figure 3.9. Model of floral integrative network of endogenous pathway in the  

      shoot apex specifying floral meristem identity 

 

 

This model displays the role of PNY and PNF in the endogenous 

flower specification pathway. PNY and PNF are required to positively 

regulate the transcript accumulation of SPL3/SPL4/SPL5 by repressing the 

activity of miR156 during shoot development. The dashed lines indicate the 

direct/indirect interaction. In addition, FT requires the function of PNY/PNF 

to positively regulate SPL3/SPL4/SPL5 expression. It was recently shown 

that SPL3 directly activates the expression of LFY and AP1 (Yamaguchi et 

al., 2009). In addition, SPL9 directly regulates miR172b (Wang et al., 2009). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 

  128 

 
 
 
 
  
 

 
 
 
 
 
 
 
 
 
 
 



 

  129 

Table 3.1. KNOX BELL1 binding sequence conservation in mature miR156 of   
land plants (ClustalW multiple sequence alignment)  
 

 
Species Name Sequence 

KNOX/BELL Binding motif   TGACAGG/CT 

Arabidopsis_thaliana_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_thaliana_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_thaliana_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_thaliana_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_thaliana_miR156e  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_thaliana_miR156f  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156e  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156f  -TGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156g  -CGACAGAAGAGAGTGAGCAC--- 
Arabidopsis_lyrata_miR156h  -TGACAGAAGAAAGAGAGCAC--- 
Aquilegia_coerulea_miR156a  -TGACAGAAGATAGAGAGCAC--- 
Aquilegia_coerulea_miR156b  -TGACAGAAGATAGAGAGCAC--- 
Arachis_hypogaea_miR156a  -TGACAGAAGAGAGAGAGCAC--- 
Arachis_hypogaea_miR156b-5p TTGACAGAAGATAGAGAGCAC--- 
Arachis_hypogaea_miR156c TTGACAGAAGAGAGAGAGCAC--- 
Brachypodium_distachyon_miR156  -TGACAGAAGAGAGAGAGCACA-- 
Brassica_napus_miR156a  -TGACAGAAGAGAGTGAGCACA-- 
Brassica_napus_miR156b TTGACAGAAGATAGAGAGCAC--- 
Brassica_napus_miR156c TTGACAGAAGATAGAGAGCAC--- 
Citrus_trifoliate_miR156  -TGACAGAAGAGAGTGAGCAC--- 
Citrus_sinensis_miR156  -TGACAGAAGAGAGTGAGCAC--- 
Festuca_arundinacea_miR156a  -TGACAGAAGAGAGAGAGCACA-- 
Festuca_arundinacea_miR156b TTGACAGAAGAGAGAGAGCAC--- 
Glycine_max_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Glycine_max_miR156b  -TGACAGAAGAGAGAGAGCACA-- 
Glycine_max_miR156c TTGACAGAAGATAGAGAGCAC--- 
Glycine_max_miR156d TTGACAGAAGATAGAGAGCAC--- 
Glycine_max_miR156e TTGACAGAAGATAGAGAGCAC--- 
Glycine_max_miR156f TTGACAGAAGAGAGAGAGCACA-- 
Glycine_max_miR156g     ---ACAGAAGATAGAGAGCACAG- 
Gossypium_hirsutum_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Gossypium_hirsutum_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Gossypium_hirsutum_miR156c  -TGTCAGAAGAGAGTGAGCAC--- 
Gossypium_hirsutum_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
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Hordeum_vulgare_miR156  -TGACAGAAGAGAGTGAGCACA-- 
Medicago_truncatula_miR156a  -TGACAGAAGAGAGAGAGCACA-- 
Medicago_truncatula_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Medicago_truncatula_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Medicago_truncatula_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Medicago_truncatula_miR156e TTGACAGAAGATAGAGAGCAC--- 
Medicago_truncatula_miR156f TTGACAGAAGATAGAGAGCAC--- 
Medicago_truncatula_miR156g TTGACAGAAGATAGAGGGCAC--- 
Medicago_truncatula_miR156h TTGACAGAAGATAGAGAGCAC--- 
Medicago_truncatula_miR156i  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156e  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156f  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156g  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156h  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156i  -TGACAGAAGAGAGTGAGCAC--- 
Oryza_sativa_miR156j  -TGACAGAAGAGAGTGAGCAC--- 
Physcomitrella_patens_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Physcomitrella_patens_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Physcomitrella_patens_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Pinus_taeda_miR156a      ----CAGAAGATAGAGAGCACATC 
Pinus_taeda_miR156b      ----CAGAAGATAGAGAGCACAAC 
Populus_trichocarpa_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Populus_trichocarpa_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Populus_trichocarpa_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Populus_trichocarpa_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Populus_trichocarpa_miR156e  -TGACAGAAGAGAGTGAGCAC--- 
Populus_trichocarpa_miR156f  -TGACAGAAGAGAGTGAGCAC--- 
Populus_trichocarpa_miR156g TTGACAGAAGATAGAGAGCAC--- 
Populus_trichocarpa_miR156h TTGACAGAAGATAGAGAGCAC--- 
Populus_trichocarpa_miR156i TTGACAGAAGATAGAGAGCAC--- 
Populus_trichocarpa_miR156j TTGACAGAAGATAGAGAGCAC--- 
Populus_trichocarpa_miR156k  -TGACAGAAGAGAGGGAGCAC--- 
Ricinus_communis_miR156a  -TGACAGAAGAGAGTGAGCACA-- 
Ricinus_communis_miR156b  -TGACAGAAGAGAGTGAGCACA-- 
Ricinus_communis_miR156c  -TGACAGAAGAGAGTGAGCACA-- 
Ricinus_communis_miR156d  -TGACAGAAGAGAGTGAGCACA-- 
Ricinus_communis_miR156e  -TGACAGAAGAGAGAGAGCACA-- 
Ricinus_communis_miR156f TTGACAGAAGATAGAGAGCAC--- 
Ricinus_communis_miR156g TTGACAGAAGATAGAGAGCAC--- 
Ricinus_communis_miR156h TTGACAGAAGATAGAGAGCAC--- 
Saccharum_officinarum_miR156  -TGACAGAAGAGAGTGAGCAC--- 
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Selaginella_moellendorffii_miRa  -CGACAGAAGAGAGTGAGCAC--- 
Selaginella_moellendorffii_miRb CTGACAGAAGATAGAGAGCAC--- 
Selaginella_moellendorffii_miRc TTGACAGAAGAAAGAGAGCAC--- 
Selaginella_moellendorffii_miRd TTGACAGAAGACAGGGAGCAC--- 
Solanum_lycopersicum_miR156a TTGACAGAAGATAGAGAGCAC--- 
Solanum_lycopersicum_miR156b TTGACAGAAGATAGAGAGCAC--- 
Solanum_lycopersicum_miR156c TTGACAGAAGATAGAGAGCAC--- 
Sorghum_bicolor_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Sorghum_bicolor_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Sorghum_bicolor_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Sorghum_bicolor_miR156d  -TGACAGAAGAGAGAGAGCACA-- 
Sorghum_bicolor_miR156e  -TGACAGAAGAGAGCGAGCAC--- 
Sorghum_bicolor_miR156f  -TGACAGAAGAGAGTGAGCAC--- 
Sorghum_bicolor_miR156g  -TGACAGAAGAGAGTGAGCAC--- 
Sorghum_bicolor_miR156h  -TGACAGAAGAGAGTGAGCAC--- 
Sorghum_bicolor_miR156i  -TGACAGAAGAGAGTGAGCAC--- 
Triticum_aestivum_miR156  -TGACAGAAGAGAGTGAGCACA-- 
Vitis_vinifera_miR156a  -TGACAGAAGAGAGGGAGCAC--- 
Vitis_vinifera_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Vitis_vinifera_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Vitis_vinifera_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Vitis_vinifera_miR156e  -TGACAGAGGAGAGTGAGCAC--- 
Vitis_vinifera_miR156f TTGACAGAAGATAGAGAGCAC--- 
Vitis_vinifera_miR156g TTGACAGAAGATAGAGAGCAC--- 
Vitis_vinifera_miR156h  -TGACAGAAGAGAGAGAGCAT--- 
Vitis_vinifera_miR156i TTGACAGAAGATAGAGAGCAC--- 
Zea_mays_miR156a  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156b  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156c  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156d  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156e  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156f  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156g  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156h  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156i  -TGACAGAAGAGAGTGAGCAC--- 
Zea_mays_miR156j  -TGACAGAAGAGAGAGAGCACA-- 
Zea_mays_miR156k  -TGACAGAAGAGAGCGAGCAC--- 
Zea_mays_miR156l  -TGACAGAAGAGAGTGAGCAC--- 
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Table 3.2. Primer sequences used in this study 
 

Purpose Gene Name Sequence 
RT-PCR SPL3-Forward CAC CAT GAG TAT GAG AAG AAG CA 
 SPL3-Reverse GTC AGT TGT GCT TTT CCG C 
 SPL4-Forward ATG GAG GGT AAG AGA TCA CAA GGA 
 SPL4-Reverse CTA TCT AAT CTG TGG TCG CTT GAA T 
 SPL5-Forward ATG GAG GGT CAG AGA ACA CAA CGC  
 SPL5-Reverse TTA TCT GAT CTG TGG TCG CTT GAA TG 
 SPL9-Forward GGG CTC ATG TTT GGC CAG AAG ATC 
 SPL9-Reverse GCC GTG CCA CTA CTT ATC TGA CAA 
 SPL10-Forward GCT CTG CTA CTA GTT TCT GGC ACA C 
 SPL10-Reverse GCC AAA TAT TGG CGG TGG TTC GGC 
 AP1-Forward ATG GGA AGG GGT AGG GTT CAA TTG 
 AP1-Reverse TCA TGC GGC GAA GCA GCC AAG G 
 LFY-Forward ATG GAT CCT GAA GGT TTC ACG AG 
 LFY-Reverse CTA GAA ACG CAA GTC GTC GCC GC 
 TOE1-Forward GAC TCT TGC TCT ACT CGA GCT TTC 
 TOE1-Reverse TTC CAG TAA AGG CGA TGA TCC GAG 
 TOE2-Forward CGA CCG AGT CTA CTC AGA ACG AAC 
 TOE2-Reverse GAT GCT GCA TTT GAA AAC AGT GGC 
 AGL24-Forward ATA TAG AAT TCA TGG CGA GAG AGA AGA TAA 

GG 
 AGL24-Reverse ATA TAG TCG ACT CAT TCC CAA GAT GGA AG 
 SOC1-Forward CTG CAG GGA TCC GAA TGG TGA GGG GCA AAA 

CTC AG 
 SOC1-Reverse CTG CAG GTC GAC GGC TTT CTT GAA GAA CAA 

GGT A 
 FUL-Forward  CAC CAT GGG AAG AGG TAG GGT T  
 FUL-Reverse CTC GTT CGT AGT GGT AGG ACG 
 Actin-Forward AAA ATG GCC GAT GGT GAG G 
 Actin-Reverse ACT CAC CAC CAC GAA CCA G 
Q-PCR SPL3-Forward CAC CAT GAG TAT GAG AAG AAG CA 
 SPL3-Reverse GTC AGT TGT GCT TTT CCG C 
 SPL4-Forward ATG GAG GGT AAG AGA TCA CAA GGA 
 SPL4-Reverse CTA TCT AAT CTG TGG TCG CTT GAA T 
 SPL5-Forward ATG GAG GGT CAG AGA ACA CAA CGC  
 SPL5-Reverse TTA TCT GAT CTG TGG TCG CTT GAA TG 
 AP1-Forward ATG GGA AGG GGT AGG GTT CAA TTG 
 AP1-Reverse TCA TGC GGC GAA GCA GCC AAG G 
 Ubiquitin5-

Forward 
AAT GTG AAG GCG AAG ATC CAA 

 Ubiquitin5-Reverse ACG GAG ACG GAG GAC GAG AT 
Northern miRNA156 (LNA) GTG +CTC A+CT +CT+ CTT CTG TCA 
 Ubiquitin6 (LNA) AGG GGC CAT G+CT AAT +CTT +CTC 
 miRNA172 (5’-3’) ATG CAG CAT CAT CAA GAT TC 
Genotyping LBa1 TGG TTC ACG TAG TGG GCC ATC G 
 pnf-033879 CTT CGT CCA TCT CTC ATT TCG TG 
 pny-40126 TGG AAT TGG AGA CAA AAT GTG TTA 
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Table 3.3. Accession numbers of genes used in this study 
 

Gene Name  Accession Number 
AP1  AT1G69120 
AGL24 AT4G24540 
FUL AT5G60910 
LFY  AT5G61850 
SOC1 AT2G45660 
SPL3  AT2G33810 
SPL4  AT1G53160 
SPL5  AT3G15270 
SPL9  AT2G42200 
SPL10  AT1G27370 
TOE1 AT2G28550 
TOE2 AT5G60120 
miRNA156b  AT4G30972 
UBQ5 AT3G62250   
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Chapter 4 

Interplay between SOC1, AGL24, FT and PNY/PNF 

 

Abstract 

 

The transition from vegetative to reproductive development is a highly regulated 

event that transforms the fate and function of the shoot meristem. In plants, with raceme 

inflorescences, such as Arabidopsis, the floral transition transforms the fate of the 

vegetative meristem to an inflorescence. During the initial phase of inflorescence 

development, the shoot meristem initiates axillary meristems that develop into 

coflorescence or secondary inflorescence shoots. Once this initial phase is completed, the 

inflorescence meristem initiates floral meristems that develop into flowers. In 

Arabidopsis, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS (SOC1) and 

AGAMOUS-LIKE 24 (AGL24) encode key MADS-box transcription factors that mediates 

the floral transition and specify inflorescence identity. Once activated, SOC1 and AGL24 

interact and regulate each other, which may serve to maintain inflorescence meristem 

identity. During the second phase of inflorescence development, SOC1 and AGL24 

activate the early flower meristem identity gene LEAFY (LFY) in the periphery of the 

inflorescence meristem. While SOC1 expression declines in the floral meristem, AGL24 

expression is transient and acts to specify floral meristem identity. PENNYWISE (PNY) 

and POUND-FOOLISH (PNF) encode two related homeobox genes that are essential for 

specifying flowers and activating LFY. In this study, the relationship between PNY/PNF 

was investigated and it is shown that transcripts for AGL24 and SOC1 are detected in 
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dissected shoot apices of PNY and PNF plants. Recent studies indicate that flower 

formation is dependent upon PNY and PNF for activating SPLs and the late flower 

meristem identity gene, APETALA1 (AP1). The hormone Gibberellin (GA) also plays a 

vital role in promoting flowering by up-regulating the expression of SOC1 and AGL24 

while PNY and PNF are pivotal for the specifying flowers. 

 

Introduction 

 

The transition from vegetative to reproductive development is marked by 

morphological and physiological changes in the growing shoots of plants (Hempel and 

Feldman, 1993; Lyndon 1998). Depending on the species of a plant, the architecture and 

morphology of the inflorescence can be highly variable due to the growth habit of 

internodes and pedicels as well as the timing and positioning of flower meristem 

specification (Angenent et al., 2005; Benlloch et al., 2007). Raceme inflorescence 

architecture is produced in many plant species including Arabidopsis. In Arabidopsis, the 

floral transition transforms the fate of the vegetative meristem to an inflorescence 

(Hempel and Feldman, 1993; Lyndon 1998). During the initial phase of inflorescence 

development, the shoot meristem initiates axillary meristems that develop into 

coflorescence or secondary inflorescence shoots. Once this initial phase is completed, the 

inflorescence meristem initiates floral meristems that develop into flowers (Bennett and 

Leyser, 2006). Thus, the raceme architecture of Arabidopsis is dependent upon 
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maintaining an indeterminate inflorescence meristem and the acquisition of flower 

meristem identity in the axillary meristems. 

 

Regulation of SOC1, AGL24 and FT during floral specification  

In Arabidopsis, the floral transition is controlled by the photoperiod, 

vernalization, age dependent/endogenous and gibberellin pathways. In addition, studies in 

the “autonomous” pathway demonstrate the importance of chromatin remodeling factors 

in regulating genes controlling the floral transition (Sung and Amasino, 2005). The 

photoperiod pathway is regulated by the CONSTANS (CO)/FLOWERING LOCUS T 

(FT) module (Kobayashi et al., 1999; Samach et al., 2000; reviewed in Amasino, 2010). 

In response to long-days, CO acts to up-regulate florigen FT, in the phloem companion 

cells (Kobayashi et al., 1999; Samach et al., 2000; Takada and Goto, 2003). 

Subsequently, FT moves to the shoot meristem via the phloem to evoke flowering by 

interacting with the b-ZIP transcription factor, FD (Abe et al., 2005; Wigge et al., 2005; 

Corbesier et al., 2007; Amasino, 2010). The FT-FD complex mediates the floral 

transition by up-regulating a subset of microRNA156 (miR156) targeted SQUAMOSA 

PROMOTER-BINDING PROTEIN-LIKE (SPL) genes including SPL3, SPL4 and SPL5 

(Wang et al., 2009). Genetic evidence indicates that miR156/SPL function as the age 

dependent/endogenous flowering time module (Wang et al., 2009). Therefore, the 

photoperiod CO-FT module can activate the age dependent/endogenous flowering time 

pathway. In addition, FT-FD also activates two MADS-box inflorescence meristem 

identity genes, SOC1 and FRUITFULL (FUL; Schmid et al., 2003; Abe et al., 2005; 
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Temper-Bamnolker and Samach, 2005; Wigge et al., 2005; Amasino, 2010). It has be 

pointed out that SPLs directly regulate SOC1 and FUL (Wu et al., 2009; Yamaguchi et 

al., 2009). Another inflorescence meristem identity gene, AGL24 is regulated by CO, but 

in an FT independent manner. The floral repressor, FLOWERING LOCUS C (FLC) 

represses the transcription of FT, SOC1 and FUL (Sung and Amasino, 2005; Searle et al., 

2006). Vernalization alters the chromatin state at the FLC locus to prevent transcription 

(Henderson and Dean, 2004; Sung and Amasino, 2005). Therefore, a loss of FLC 

transcription allows FT, SOC1 and FUL to respond to flowering time pathways that 

promote flowering such as the photoperiodic pathway. Unlike SOC1, levels of AGL24 are 

not affected by FLC indicating that AGL24 is also regulated by vernalization but in a 

FLC independent pathway (Michaels et al., 2003). 

 

Regulation of SOC1 and AGL24 by GA pathway during floral specification  

When Arabidopsis plants are grown in short-days, the gradual decline in the 

levels of miR156 plays a crucial role in determining the timing of floral induction (Wu 

and Poethig, 2006; Wang et al., 2009). In support of this, over-expression of miR156 

significantly delays flowering in short-days (Wu and Poethig, 2006; Wu et al., 2009). In 

contrast, a decrease in miR156 activity leads to early flowering in short-days (Wu et al., 

2009). Gibberellin (GA) is a plant hormone that also mediates flowering, as mutations in 

the GA biosynthetic ga1-3 mutants fail to flower in short-day (Wilson et al., 1992). In 

short-days, GA positively regulates SOC1 and AGL24 expression (Moon et al., 2003; Liu 

et al., 2008). SOC1 is expressed at low levels in ga1-3 mutants under short day conditions 
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and application of GA in ga1-3 mutants restores all the wild-type characteristics as well 

as induces SOC1 expression (Wilson et al., 1992; Moon et al., 2003). Constitutive 

expression of SOC1 in ga1-3 rescues its non-flowering phenotype in short-day conditions 

(Moon et al., 2003). The expression levels of SOC1 in agl24-1 and AGL24 in soc1-2 

mutants significantly reduces upon GA treatment indicating that the interaction between 

AGL24 and SOC1 mediates the effect of GA on floral specification and the loss-of-

function of either AGL24 and SOC1 genes compromises the effect of GA in regulating 

the other gene (Yu et al., 2002; Michaels et al., 2003; Liu et al., 2008). These results 

indicate that SOC1 and AGL24 are targets of GA signaling for flowering and their 

association is critical as they positively regulate each other’s expression. Recent studies 

indicate that SOC1 interacts with AGL24 to promote LFY expression (Lee et al., 2008; 

Liu et al., 2008). Studies also suggested that a MYB transcription factor AtMYB33, which 

is induced by GA, might act to directly regulate LFY (Gocal et al., 2001). Therefore, 

SOC1-AGL24 complex may regulate LFY in association with AtMYB33 in GA-dependent 

pathway to promote floral induction. The molecular basis of how GA induces the 

transcription of AGL24, SOC1 and AtMYB33 in the SAM to evoke flowering is not 

known. Lastly, it has been pointed out that GA is not the universal florigen as this 

phytohormone inhibits flowering in perennial fruit tree crops (Goldschmidt et al., 1997). 

 

The role of SOC1 and AGL24 in the specification of flower meristem identity 

Genetic and molecular studies indicate that a subset of MADS-box genes such as 

SOC1 and FUL, function as floral integrators as their expression rapidly induced in the 
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SAM upon flowering. CO is the key regulator of photoperiod pathway and expressed in 

the leaves where it activates FT (Kobayashi et al., 1999; Samach et al., 2000; Takada and 

Goto, 2003). The ectopic expression of CO results in early flowering and loss-of-function 

of SOC1 delays the early flowering in these plants indicating that CO regulates SOC1 

(Samach et al., 2000). In support of this, over-expression of SOC1 rescues the late 

flowering phenotype of co mutants (Samach et al., 2000). At shoot apex, FT associates 

with a b-ZIP transcription factor FD and FT-FD complex activates FUL and SOC1 to 

mediate the floral transition (Schmid et al., 2003; Abe et al., 2005; Temper-Bamnolker 

and Samach, 2005; Wigge et al., 2005; Corbesier et al., 2007; Amasino, 2010). 

Consistent with this, SOC1 levels increase in 35S:FT plants and decreses in ft mutants 

(Moon et al., 2005). However, SOC1 is also regulated by FLC, a key regulator of 

vernalization pathway indicating that SOC1 acts partially independent of FT (Searle et 

al., 2006). The loss-of-function and gain-of-function of SOC1 display late and early 

flowering phenotype, respectively. In contrast to SOC1 function, constitutive expression 

of another MADS-box gene AGL24 causes floral reversion, similar to ap1 and lfy 

mutants, indicating that AGL24 promotes inflorescence identity (Yu et al., 2004). Loss-

of-function of AGL24 reduces the inflorescence characteristics in ap1 and lfy mutants 

indicating that AP1 and LFY act to repress AGL24 (Yu et al., 2004). SOC1 is expressed in 

the inflorescence meristem and highly reduced in the early stages of floral meristem 

(Samach et al., 2000; Liu et al., 2007). AGL24 is expressed throughout the vegetative 

shoot meristem and in emerging leaf primordia but restricted to shoot apex and early 

stages of floral meristem during floral transition (Yu et al., 2002; Yu et al., 2004). SOC1 
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and AGL24 have overlapping expression in shoot apex during floral transition (Yu et al., 

2002; Michaels et al., 2003; Lee et al., 2008). LFY expression is reduced in both soc1 and 

agl24 mutants (Yu et al., 2002). In addition, SOC1 and AGL24 interact with each other to 

activate LFY (Michaels et al., 2003; Lee et al., 2008; Liu et al., 2008). Moreover, FUL 

also activate LFY expression (Ferrándiz et al., 2000). Once LFY expression is established 

AP1-CAL complex maintains the LFY expression to specify floral meristem identity. 

Thus, SOC1 and AGL24, members of MADS-box family, play an important role in 

specifying floral meristem identity. 

As mentioned above, SOC1 is not only regulated by FT as its expression increases 

irrespective of photoperiod regulators (Wang et al., 2009). Recent studies revealed a 

separate age-dependent flowering pathway that involves miR156 regulated SPL gene 

family (Wang et al., 2009). SPL transcription factor family are reported to be involved in 

the FT-independent but age-dependent regulation of several MADS-box genes including 

SOC1, AGL42 and FUL (Wang et al., 2009). Irrespective of photoperiod regulators, the 

expression levels of SOC1, AGL42 and FUL increases in the plants that has elevated SPL 

levels while decreases in plants that has reduced SPL levels (Franco-Zorrilla et al., 2007; 

Wang et al., 2009). However, AGL24 was unaffected (Wang et al., 2009). Several lines of 

experimental evidences revealed that SPL9, which is expressed at low levels in the 

juvenile phase but increases as the plants age independent of photoperiod, directly 

regulate the transcription of SOC1 and AGL42 (Wang et al., 2009). In addition, chromatin 

immunoprecipitation (ChIP) experiment indicates that SPL3 is a direct up-stream 

regulator of FUL as well as LFY and AP1 (Yamaguchi et al., 2009). Thus, SPLs and FT-
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FD complex functions in parallel in a feed-forward mechanism to activate floral 

integrator genes SOC1 and AGL24 to maintain floral meristem identity. 

 

Floral specification network requires the function of PENNYWISE and POUND-

FOOLISH 

 In Arabidopsis, the members of KNOTTED1 LIKE HOMEOBOX (KNOX) 

interact with the members of BELL1-like HOMEOBOX (BLHs) proteins to regulate 

floral specification (Hake et al., 2004; Hamant and Pautot, 2010). Two members of BLH 

family: PENNYWISE (PNY: also known as BELLRINGER, REPLUMLESS, BLH9 and 

VAAMANA) and POUND-FOOLISH (PNF) are expressed in vegetative and inflorescence 

and floral meristems (Smith and Hake, 2003). PNY and PNF regulate meristem 

maintenance through interaction with STM (Kanrar et al., 2006). Recent studies indicate 

that PNY and PNF regulate meristem maintenance by maintaining the integrity of the CZ 

(Ung et al., 2011). PNY and PNF also function to regulate the development of the shoot. 

First, PNY and PNF are required for the down-regulation of miR156. Second, the mature 

shoots of pny pnf plants fail to form flowers. Molecular and genetic studies show that 

PNY and PNF regulate LFY and the late flower meristem identity gene AP1 (Smith et al., 

2004; Kanrar et al., 2008). Moreover the ability of FT to activate AP1 and SPLs is 

dependent upon PNY and PNF. Based on these results, it appears as though the shoots of 

PNY and PNF are unresponsive to photoperiodic development that is mediated by FT. 

Since LFY is regulated by SOC1 and AGL24, the relationship between PNY and PNF and 

these inflorescence meristem identity genes were investigated in this study.  
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Results 

Floral integrators require the function of PNY and PNF during floral specification 

 Recent studies indicate that floral meristem identity genes LFY, AP1 and CAL act 

downstream of PNY and PNF (Kanrar et al., 2008). Moreover, FT and SPL3/SPL4/SPL5 

requires PNY and PNF to mediate flower formation (Kanrar et al., 2008; Lal et al., 2011). 

However, morphological and histological studies suggest that the shoots of pny pnf 

respond to floral inductive signals (Smith et al., 2004). First, the size of the SAM 

increases when pny pnf plants are induced to flower. Second, the mature shoots of pny 

pnf plants initiate leaves that are similar in morphology to cauline leaves produced by the 

wild-type inflorescence meristems. Experimental studies indicate that the flowering time 

pathways converge on SOC1 and AGL24 to mediate the floral transition and specify 

flowers on the flanks of the SAM. Therefore, in this analysis the transcript levels for 

SOC1 and AGL24 were examined in shoot apices of 28-day old wild-type and pny pnf 

plants (Figure 4.1a and 4.1b). In addition, the expression levels of these MADS-box 

genes were examined in the cauline leaves produced in wild-type and leaves with similar 

morphology in pny pnf plants (Figure 4.1). Using reverse transcriptase (RT)-PCR 

technique, results show that SOC1 and AGL24 are expressed in the shoot apices and 

leaves of wild-type and pny pnf plants (Figure 4.1c). However, the mRNA levels for 

SOC1 appear to be reduced in the shoot meristems and leaves of pny pnf plant compared 

to wild type (Figure 4.1c). In contrast, the transcript levels of AGL24 increased in the 

shoot apices and leaves of pny pnf plants (Figure 4.1c).  Therefore, the positive feedback 

loop between SOC1 and AGL24 appears to be altered in pny pnf plants. Previous studies 
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indicated that transcript levels of FUL were not altered in pny pnf plants (Smith et al., 

2004). However, results from this study showed that transcripts for FUL were not 

detected in the shoot apices of pny pnf plants (Figure 4.1c). Previous studies from our 

laboratory showed that the photoperiodic up-regulation of SPL3, SPL4 and SPL5 in the 

shoot apex is dependent upon PNY and PNF (Lal et al., 2011). Consistent with these 

results, the transcript levels for these SPLs were detected in the leaves of wild-type and 

pny pnf plants; however, the levels were reduced in pny pnf compared to wild-type 

(Figure 4.1c). Lastly, the mRNA levels of AP1 and LFY were highly reduced in the shoot 

apices of pny pnf compared to wild type (Figure 4.1c; Smith et al., 2004; Kanrar et al., 

2008). Taken together, the loss of PNY and PNF function has a greater impact in the 

expression levels of SPLs and MADS-box genes that mediate the floral transition in the 

shoot apex compared to mature leaves. These results are consistent with the fact that PNY 

and PNF are expressed in the shoot apical meristem and not in the leaves (Smith and 

Hake, 2003). 

 

Constitutive expression of FT failed to activate floral integrators in the absence of 

PNY and PNF to mediate floral specification 

In Arabidopsis, FT functions as the photoperioidic florigenic signal that promotes 

floral transition and flower specification (Abe et al., 2005; Wigge et al., 2005; Corbesier 

et al., 2007; Kobayashi and Weigel, 2007; Amasino, 2010). Genetic studies show that 

constitutive expression of FT (35S:FT) causes early flowering (Figure 4.2a and 4.2b; 

Kardailsky et al., 1999; Kobayashi et al., 1999; Moon et al., 2005). In addition, ectopic 
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expression of FT converts the coflorescence meristems into flowers, demonstrating that 

increased levels of FT also promote floral meristem identity (Kardailsky et al., 1999; 

Kobayashi et al., 1999). Although FT is expressed in mature leaves of pny pnf, the shoot 

apices fail to produce flowers in long-day growth conditions (Figure 4.1c; Kanrar et al., 

2008). Moreover, flower formation is severely attenuated in 35S:FT pny pnf plants 

indicating that FT is dependent upon PNY and PNF (Kanrar et al., 2008). At shoot apex, 

FT associates with FD to activate floral integrator genes SOC1 and FUL as well as the 

floral meristem identity gene AP1 (Schmid et al., 2003; Abe et al., 2005; Teper-

Bamnolker and Samach, 2005; Wigge et al., 2005; Searle et al., 2006). Recent studies 

indicate that FT somehow activates the miR156 regulated SPLs (Wang et al., 2009). 

Therefore, FT mediates the floral transition and flower specification in part through the 

age dependent/endogenous flowering time pathway. To determine whether constitutive 

expression of FT could activate the floral integrators in pny pnf plants, transcript levels of 

the SOC1, FUL, and the SPLs were compared between 35S:FT and 35S:FT pny pnf plants 

using RT-PCR (Figure 4.2d). In this experiment, the shoot apices of 35S:FT plants were 

dissected after the floral transition at 15 days (Figure 4.2a). In 35S:FT pny pnf plants, 

shoot apices were dissected after 30 days of growth, to ensure that FT had ample time to 

activate the SOC1, FUL, and SPLs. In this analysis, results showed that FT levels were 

readily detected in 35S:FT and 35S:FT pny pnf apices (Figure 4.2d). Despite increased 

levels of FT in the shoot apices of 35S:FT pny pnf plants, a significant increase in the 

levels of the floral integrators, SOC1, FUL, SPL3, SPL4, and SPL5 was not observed 

(Figure 4.2d). Interestingly, transcripts for LFY could be detected in 35S:FT pny pnf 
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(Figure 4.2d). However, the mRNA levels for AP1, a direct target of LFY and FT, were 

extremely low in 35S:FT pny pnf plants (Figure 4.2d). Taken together, results suggest 

that in the absence of PNY and PNF function, the ability of FT to activate floral 

integrators, SOC1, FUL and SPLs, as well as the late flower meristem identity gene, AP1 

was highly compromised. 

 

GA-dependent activation of SOC1 and AGL24 in the absence of PNY and PNF 

The plant phytohomone GA plays a role in promoting flowering in Arabidopsis, 

particularly under short-day conditions (Wilson et al., 1992). Experimental studies 

indicate that GA mediates flowering by up-regulating SOC1 and AGL24 (Yu et al., 2002; 

Moon et al., 2003; Liu et al., 2008). In addition, after GA application in short-days LFY 

expression gradually increases until the floral transition is reached (Blázquez et al., 1997; 

Blázquez et al., 1998; Eriksson et al., 2006). In this section, the possible interplay 

between GA and PNY/PNF was examined. Repeated applications of 100 µM GA solution 

did not promote flowering in pny pnf plants in long-days (Figure 4.3a and 4.3b) or short-

days (data not shown). The inability of GA to promote flowering in pny pnf plants could 

indicate that either: (1) GA requires PNY/PNF for activating SOC1 and AGL24 or (2) the 

function of SOC1 and AGL24 is dependent upon PNY/PNF. To test these hypotheses, 

shoot apices were isolated from pny pnf plants after application of 100 µM GA solution 

for several days. As a control, the solution without GA was added to pny pnf plants and 

the shoot tips were harvested. RT-PCR was performed to examine the levels of SOC1 and 

AGL24. Results showed that transcript levels for SOC1 and AGL24 increased in pny pnf 
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plants treated with GA (Figure 4.3c). To validate these results, GA was applied to 30 

short-day grown wild-type and pny pnf plants for several days. After GA treatment, the 

shoot apices of wild-type and pny pnf plants were isolated and quantitative-PCR (Q-PCR) 

was performed. Results showed that SOC1 and AGL24 increased to similar levels in 30-

day old wild-type and pny pnf shoot apices (Figure 4.4a and 4.4b). However, LFY levels 

failed to increase in pny pnf plants up to the level of wild-type after GA application 

indicating that it requires PNY and PNF function (Figure 4.4c). Therefore, results from 

this study show that PNY and PNF functions downstream of GA signaling pathway. 

Further, the fact that increased levels of SOC1 and AGL24 fails to restore flower 

formation in pny pnf plants indicates that SOC1 and AGL24 are dependent upon PNY and 

PNF for flower specification (Figure 4.4).  

 

Discussion 

Previous studies in Arabidopsis revealed genetic pathways that mediate flowering: 

photoperiod/long-day, age-dependent/endogenous, autonomous, vernalization and GA-

dependent pathways (Kobayashi and Weigel, 2007; Amasino, 2010). Experimental 

studies showed that multiple flowering pathways regulate FT, SOC1 and LFY expressions 

(Zeevaart, 2008; Amasino 2010). SOC1, in particular, regulated by FT, FLC and SPL9 as 

well as induced by GA (Moon et al., 2003; Abe et al., 2005; Wigge et al., 2005; Searle et 

al., 2006; Wang et al., 2009). The positive feedback regulation between SOC1 and 

AGL24 promotes flowering and their co-regulation and co-localization is required to 

directly regulate LFY (Lee et al., 2008; Liu et al., 2008). In addition, GA also regulates 
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LFY expression (Blázquez et al., 1998; Liu et al., 2008). Since, SPLs, FT and LFY 

expressions are dependent upon PNY and PNF, this study was focused on the relationship 

between PNY/PNF and SOC1/AGL24. Results provide evidence that FT requires PNY 

and PNF function for floral specification as well as to positively regulate SPL3, SPL4 and 

SPL5. However, GA activates SOC1 and AGL24 independent of PNY and PNF.  

 

FT requires PNY and PNF function to regulate SPLs during floral specification 

 In Arabidopsis, FT is a universal potent inducer of flowering in long-days and is a 

direct target of CO (Samach et al., 2000; Kobayashi and Weigel, 2007; Zeevaart, 2008). 

Recent studies indicate that FT expression was very low in pny pnf plants and ectopic 

expression of FT delayed flower formation in pny pnf double mutants for 3 months 

(Kanrar et al., 2008). In addition, ectopic expression of FD also suppressed floral 

specification in pny pnf plants (Kanrar et al., 2008). This indicates that floral specification 

activity of FT requires PNY and PNF function (Figure 4.5). Recently, it was proposed 

that FT-FD complex acts in parallel with SPLs to promote floral specification (Wang et 

al., 2009). The ectopic expression of FD in 35S:miR156 plants accelerates flowering as 

well as over-expression of rSPL3 in fd mutants flowered earlier than fd plants (Wang et 

al., 2009). These results are consistent with the hypothesis that FT-FD functions parallel 

with SPLs (Wang et al., 2009). PNY and PNF also acts to specify the floral meristem 

identity. Therefore, in this study, the correlation between the FT, PNY/PNF and floral 

integrators was investigated. Results showed that MADS-box genes SOC1 levels were 

reduced in both mature apices and leaves of pny pnf compared to wild-type whereas 
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AGL24 levels were induced. This indicates that the positive feedback loop between 

SOC1-AGL24 was not properly established and they failed to integrate flowering signals. 

In addition, SPL3, SPL4 and SPL5 levels were induced in the mature leaves of pny pnf 

but not in apices. Moreover, increasing the levels of FT, that acts as a florigen mobile 

signal, in the pny pnf failed to induce the levels of these SPLs. Therefore, it is more likely 

that the failure of long-day as well as endogenous pathways to integrate flowering 

integrators independent of PNY and PNF accounts for the non-flowering phenotype of 

pny pnf. Thus, we propose that PNY and PNF are key regulators of floral specification 

network and are required to specify floral meristem during inflorescence development 

(Figure 4.5).  

 

PNY and PNF acts down-stream of GA signaling pathway  

Previously, it was shown that GA application increased the SOC1 and AGL24 

expression level mainly in non-inductive photoperiod short-day grown plants (Borner et 

al., 2000; Moon et al., 2003; Liu et al., 2008). The GA-biosynthetic mutant ga1-3 failed 

to flower under short-days because of the highly reduced expression of LFY and SOC1 

(Blázquez et al., 1998; Moon et al., 2003). However, GA treatment of ga1-3 plants 

flowered at the same time to GA treated wild-type plants (Blázquez et al., 1998; Moon et 

al., 2003). In addition, it increases the LFY promoter activity and expression of SOC1-

AGL24 in ga1-3 mutants similar to the levels of GA treated wild-type plants (Blázquez et 

al., 1998; Moon et al., 2003; Liu et al., 2008). Thus, SOC1-AGL24 activation, is in-part, 

mediated by GA signaling pathway. In addition, GA regulates LFY expression partly 
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independent of SOC1. In this study, the GA treatment of pny pnf mutants increases the 

expression of both SOC1 and AGL24 similar to that for GA-treated wild-type plants 

indicating that SOC1 and AGL24 integrates in the GA-dependent flowering pathway. 

Moreover, LFY expression failed to induce in pny pnf mutants suggest that SOC1 and 

AGL24 are dependent on PNY and PNF to activate LFY. However, unlike wild-type 

plants GA treatment failed to promote flower formation in pny pnf mutants. This 

indicates that although GA application activates SOC1 and AGL24 it was not sufficient to 

influence flower specification in the absence of PNY and PNF (Figure 4.5). Therefore, 

PNY and PNF acts downstream of GA signaling pathway; and LFY, SOC1 and AGL24 

are dependent upon PNY and PNF for flower specification (Figure 4.5). Based on these 

analyses, we propose that PNY and PNF integrate with floral integrators to specify floral 

meristem identity (Figure 4.5). 

 

Material and Methods 

Plant material and growth conditions 

Arabidopsis thaliana, ecotype Columbia, plants were grown at 21°C in long-day 

(16 hr of light and 8 hr of darkness) and short-day (8 hr of light and 16 hr of darkness) 

conditions. The mutants used in this study have been previously described: pny-40126 

(Smith and Hake, 2003) and pnf-33879 (Smith et al., 2004). Primers for genotype 

determination for pny and pnf T-DNA insertions have been previously described (Smith 

and Hake, 2003; Smith et al., 2004).  
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Genetic analysis 

All genetic analyses were performed in the Columbia ecotype. To determine if 

increased expression levels of FT could promote flowering in pny pnf double mutants 

35S:FT plants were crossed to pny PNF/pnf plants. Selection marker for 35S:FT plants 

was BASTA. F1 PNY/pny PNF/pnf plants containing the 35S:FT were identified. The F1 

plants were self-pollinated and the F2 population was screened for 35S:FT pny pnf plants. 

Seeds obtained from F2 pny PNF/pnf plants containing the 35S:FT transgenes were used 

to characterize the 35S:FT pny pnf phenotypes.  

 

GA hormone application 

Wild-type and pny pnf plants were grown in long-day for 28 days and short-day 

for 30 days. Both wild-type and pny pnf were sprayed with 100 µM of GA3 and 100 µl of 

Silwet-77 for several days and apices were collected at the end of light cycle. For control, 

wild-type and pny pnf plants were sprayed with 100 µl of Silwet-77 without GA3. 

 

Reverse Transcriptase-PCR (RT-PCR) and Q-PCR analyses 

Tissues used for RT-PCR were collected at the end of the long-day light period. 

For RT-PCR experiments, inflorescence apices and mature leaves from wild-type and 

mature shoot apices and leaves from pny pnf plants were collected at the end of the 28-

day period. Inflorescence apices from 35S:FT and mature shoot apices from 35S:FT pny 

pnf plants were collected at the end of 15-day and 28-day period, respectively. For each 

RT-PCR experiment, three biological replicates were performed and 12-14 apices for 
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each replicate were harvested under the microscope. The RNeasy kit from Qiagen 

(http:///www.qiagen.com) was used for total RNA isolation from each biological sample. 

Four micrograms of total RNA for each sample was used to synthesize cDNA using 

RQ1-DNase (Promega, http://www.promega.com) and SuperScript-II reverse 

transcriptase system (Invitrogen, http://invitrogen.com). PCR, for each biological 

replicate, was normalized by comparing the levels of ACTIN gene for 15 cycles and 

following normalization, specific primers for SPL3, SPL4, SPL5, FT, SOC1, AGL24, 

FUL, AP1 and LFY were used to amplify these genes using 20 cycles. For RT-PCR 

analysis, in order to determine the transcript levels of SPL3, SPL4, SPL5, FT, SOC1, 

AGL24, FUL, AP1 and LFY genes 20 µl of PCR products were separated by 1.2% 

agarose gel, transferred to nylon membrane (Sambrook and Russel, 2001) and hybridized 

by using 32p radioactive isotope. Primer sequences for each gene used in RT-PCR 

analysis are provided in Table 4.1.  

For the Q-PCR experiments, wild-type and pny pnf plants were grown for 30-days 

under short-day growth conditions to delay flowering and long-days conditions to induce 

flowering. Plants were sprayed for several days with 100 µM GA3 under short-days. 

Shoot apices were isolated from 30-short- and long-day grown wild-type and pny pnf 

plants. For each condition, 40 wild-type and pny pnf apices were dissected under 

microscope. Three biological replicas were produced from each condition. Total RNA 

was extracted from the apices using the RNeasy Kit form Qiagen 

(http:///www.qiagen.com). One microgram of total RNA for each sample was used to 

synthesize cDNA using RQ1-DNase (Promega, http://www.promega.com) and 
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SuperScript-II reverse transcriptase system (Invitrogen, http://invitrogen.com). Q-PCR 

was performed using iQ SYBRGreen Supermix and iQ5 thermocycler (Bio-Rad, 

http://www/bio-rad.com). UBIQUITIN5 (UBQ5) was used as reference gene. Gene 

specific primers for SOC1, AGL24 and LFY were used and the experiment was performed 

in triplicates. 
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Figure 4.1. Transcript levels of floral integrators induced in the caulines 

leaves but failed to induced in the apices of pny pnf plants 

 

(a)  The inflorescence shoot of a wild-type plant. 

(b) An image of a pny pnf plant. 

(c) RT-PCR was used to determine the transcript accumulations of SOC1, 

AGL24, FUL, SPL3, SPL4, SPL5, AP1, LFY, FT and ACTIN2 from 

apices and cauline leaves of wild-type (WT) and pny pnf plants 28 

days after germination (DAG). 
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Figure 4.2. FT failed to induce the levels of floral integrators in pny pnf plants 

 

(a) An image of a 35S:FT plant. 

(b)  Close up of inflorescence shoot of 35S:FT plant. 

(c) An image of a 35S:FT pny pnf plant. 

(d) RT-PCR was used to determine the transcript accumulations of FUL, 

SOC1, AGL24, SPL3, SPL4, SPL5, AP1, LFY, FT and ACTIN2 in 15 DAG 

35S:FT and 30 DAG 35S:FT pny pnf plants. 
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Figure 4.3. Transcript accumulations of SOC1 and AGL24 in the pny pnf and 

GA3 treated pny pnf plants 

 

(a) An image of pny pnf plant with Mock treatment (No GA3). 

(b) An image of GA3 treated pny pnf plant. 

(c) RT-PCR was used to determine the transcript accumulations of SOC1, 

AGL24 and ACTIN2 in mock and GA3 treated pny pnf plants. 
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Figure 4.4. Gibberellin induced the levels of SOC1 and AGL24 but failed to 

induce the levels of LFY in the pny pnf plants 

 

   Q-PCR was used to determine the levels of (a) SOC1, (b) AGL24 and 

(c) LFY transcripts in ‘with and without 100 µM GA3 treated’ wild-type 

and pny pnf plants. The apices were collected from wild-type and pny pnf 

plants grown under 30-days of short- and long-day conditions. (Numbers 

above the bars indicate the amount of fold change). 
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Figure 4.5. Model of floral integrative network at the shoot apex specifying floral   

meristem identity 

 

This model displays the role of PNY and PNF in the photoperiod and GA-

dependent flower specification pathways. It was recently shown that FT-FD 

complex requires the function of PNY and PNF to regulate AP1 (Kanrar et 

al., 2008). This study indicates that FT is also dependent on PNY and PNF to 

positively regulate SPL3/SPL4/SPL5 (collectively referred as SPLs). GA 

regulates SOC1 and AGL24 expression independently of PNY and PNF. 

However, PNY and PNF are required to positively regulate the transcript 

accumulation of LFY during the shoot development indicating GA acts 

upstream of PNY/PNF. The dashed lines indicate direct/indirect interaction. 
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Table 4.1. Primer sequences used in this study 
 
 

Purpose Gene Name Sequence 
RT-PCR SPL3-Forward CAC CAT GAG TAT GAG AAG AAG CA 
 SPL3-Reverse GTC AGT TGT GCT TTT CCG C 
 SPL4-Forward ATG GAG GGT AAG AGA TCA CAA GGA 
 SPL4-Reverse CTA TCT AAT CTG TGG TCG CTT GAA T 
 SPL5-Forward ATG GAG GGT CAG AGA ACA CAA CGC  
 SPL5-Reverse TTA TCT GAT CTG TGG TCG CTT GAA TG 
 AP1-Forward ATG GGA AGG GGT AGG GTT CAA TTG 
 AP1-Reverse TCA TGC GGC GAA GCA GCC AAG G 
 LFY-Forward ATG GAT CCT GAA GGT TTC ACG AG 
 LFY-Reverse CTA GAA ACG CAA GTC GTC GCC GC 
 Actin-Forward AAA ATG GCC GAT GGT GAG G 
 Actin-Reverse ACT CAC CAC CAC GAA CCA G 
 AGL24-Forward ATA TAG AAT TCA TGG CGA GAG AGA 

AGA TAA GG 
 AGL24-Reverse ATA TAG TCG ACT CAT TCC CAA GAT GGA 

AG 
 SOC1-Forward CTG CAG GGA TCC GAA TGG TGA GGG 

GCA AAA CTC AG 
 SOC1-Reverse CTG CAG GTC GAC GGC TTT CTT GAA GAA 

CAA GGT A 
 FUL-Forward  CAC CAT GGG AAG AGG TAG GGT T  
 FUL-Reverse CTC GTT CGT AGT GGT AGG ACG 
 FT-Forward CAC-CAT-GTC-TAT-AAA-TAT-AAG-AGA-

CCC 
 FT-Reverse GGG-GAG-AAG-TTT-GTA-CAA-AAA-AGC-

AGG 
Q-PCR SOC1-Forward CTG CAG GGA TCC GAA TGG TGA GGG 

GCA AAA CTC AG 
 SOC1-Reverse CTG CAG GTC GAC GGC TTT CTT GAA GAA 

CAA GGT A 
 AGL24-Forward ATA TAG AAT TCA TGG CGA GAG AGA 

AGA TAA GG 
 AGL24-Reverse ATA TAG TCG ACT CAT TCC CAA GAT GGA 

AG 
 Ubiquitin5-Forward AAT GTG AAG GCG AAG ATC CAA 
 Ubiquitin5-Reverse ACG GAG ACG GAG GAC GAG AT 
Genotyping LBa1 TGG TTC ACG TAG TGG GCC ATC G 
 pnf-033879 CTT CGT CCA TCT CTC ATT TCG TG 
 pny-40126 TGG AAT TGG AGA CAA AAT GTG TTA 
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Table 4.2. Accession numbers of genes used in this study 
 

Gene Name  Accession Number 
AP1  AT1G69120 
AGL24 AT4G24540 
FUL AT5G60910 
LFY  AT5G61850 
SOC1 AT2G45660 
SPL1  AT2G47070 
SPL3  AT2G33810 
SPL4  AT1G53160 
SPL5  AT3G15270 
SPL9  AT2G42200 
SPL10  AT1G27370 
SPL14  AT1G20980 
TOE1 AT2G28550 
TOE2 AT5G60120 
FT AT1G65480 
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Chapter 5 

 

Conclusion 

 

The shoot apical meristem (SAM), which is located at the tip of shoot, produces 

inflorescence and axillary meristems (Steeves and Sussex, 1989; Lyndon, 1998). The 

transition from vegetative to inflorescence meristem is a highly regulated process that 

transforms the fate of the SAM from leaf bearing to flower producing meristem (Hempel 

and Feldman, 1993; Lyndon 1998). The transition from juvenile to adult vegetative phase 

is accompanied by the sequential actions of two microRNAs (miRNA): miRNA156 

(miR156) and miRNA172 (miR172; Wu and Poethig, 2006; Wu et al., 2009). In 

Arabidopsis, the transition from vegetative to reproductive phase of development is, in 

part, regulated by the photoperiod, autonomous, vernalization, gibberellin and 

endogenous flowering time pathways (Sung and Amasino, 2005; Amasino, 2010). The 

photoperiod long-day pathway acts mainly to activate FLOWERING LOCUS T (FT) and 

TWIN SISTER OF FT (TSF) in the leaves (Kobayashi et al., 1999; Samach et al., 2000; 

Yamaguchi et al., 2005; reviewed in Amasino, 2010). The vernalization pathway acts to 

repress FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP), 

allowing the photoperiod pathway to transcriptionally activate FT in the leaves under 

long-day growth conditions (Blázquez et al., 2003; Michaels et al., 2005; Searle et al., 

2006). The recently discovered endogenous or age-dependent pathway that interplays 

between microRNA156 (miR156) and SQUAMOSA-PROMOTER BINDING PROTEIN-

LIKE (SPL) transcription factor family induces flowering in the absence of FT-FD 
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complex (Wu and Poethig, 2006; Wang et al., 2009; Wu et al., 2009). Although the 

photoperiod and endogenous flowering time pathways act in parallel to mediate 

reproductive development, cross-talk between FT and SPLs may also function to promote 

floral transition and maintain inflorescence development (Wang et al., 2009; Yamaguchi 

et al., 2009). In Arabidopsis, two redundant functioning BELL1-like HOMEOBOX (BLH) 

genes PENNYWISE (PNY; also known as VAAMANA, REPLUMLESS, BELLRINGER) 

and POUND-FOOLISH (PNF) function in the shoot apical meristem to mediate the 

transition from vegetative to reproductive development (Smith et al., 2004; Kanrar et al., 

2008; Rutjens et al., 2009). Recent studies show that FT is dependent upon PNY and PNF 

for mediating the flower specification during inflorescence development (Kanrar et al., 

2008). However, the relationship between PNY/PNF and SPLs are not known. Results 

from this manuscript indicate that PNY and PNF act to regulate the SPL-endogenous 

flowering time and flower specification pathways. In addition the relationship between 

PNY/PNF and AGL24 and SOC1 was also investigated. 

 

PNY and PNF regulate SPL3, SPL4 and SPL5 via miRNA156 repression 

In Arabidopsis, the shoot maturation passes through sequential phases of 

development (Poethig, 2003). The interplay between miR156, miR172 and SPLs defines 

the age dependent shoot maturation pathway that regulates both the juvenile to adult as 

well as the floral transition (Cardon et al., 1997; Cardon et al., 1999; Schmid et al., 2003; 

Wu and Poethig, 2006; Wang et al., 2009). Recent studies showed that miR156 promotes 

juvenile shoot identity by repressing a subset of SPL genes, some of which act to promote 
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flowering and floral specification (Wu and Poethig, 2006; Wang et al., 2009; Wu et al., 

2009). During the juvenile mode of development, the levels of miR156 are relatively 

high, whereas SPL mRNA levels are low (Wang et al., 2009). As plants transition from 

juvenile to adult phase of development, the levels of miR156 decline, while the transcript 

levels of SPLs and miR172 increase (Cardon et al., 1997; Cardon et al., 1999; Schmid et 

al., 2003; Wu and Poethig, 2006; Wang et al., 2009). In both Arabidopsis and maize, 

ectopic expression of miR156 displays a prolonged juvenile phase, which results in a late 

flowering phenotype (Wu and Poethig, 2006; Chuck et al., 2007; Wang et al., 2008). 

However, reducing miR156 activity results in early flowering (Wu et al., 2009). In 

contrast, ectopic expression of miR172 promotes precocious flowering whereas reducing 

the miR172 activity causes late flowering (Jung et al., 2009; Todesco et al., 2010). In pny 

pnf plants, the levels of miR156 increase during the period at which its level declines in 

wild-type plants. The high levels of miR156 in pny pnf plants for a prolonged period of 

time may partially explain its non-flowering phenotype and the low level of expression 

for SPL3, SPL4, SPL5, SPL9 and SPL10 transcripts. PNY and PNF proteins bind with 

high affinity to the TGACAG(G/C)T sequence, a KNOX/BELL-like DNA binding motif 

(Smith et al., 2002). Remarkably, this motif is conserved at the 5’ end of nearly in all 

miR156 molecules of land plants, although, direct interaction has not yet been reported. 

Therefore, we propose that PNY and PNF are essential to repress the activity of miR156 

during floral transition and regulate a subset of SPLs including SPL3, SPL4 and SPL5 by 

repressing miR156 (Figure 5.1). 
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miR172 requires PNY and PNF function to promote floral specification 

miR172 plays a vital role in regulating juvenile to adult phase change in both 

maize and Arabidopsis by regulating floral integrators (Aukerman and Sakai, 2003; 

Chen, 2003; Chuck et al., 2007; Wu et al., 2009). In Arabidopsis, miR172 acts opposite of 

miR156 (Wang et al. 2009). Recent data indicates that miR172 promotes adult phase 

identity by repressing TARGET OF EAT1 (TOE1) and TOE2, members of AP2 

transcription family (Wu et al., 2009; Jung et al., 2010). Loss-of-function mutation in 

TOE1 and TOE2 produces early flowering phenotypes similar to over-expressing 

miR172, rSPL3, rSPL4 and rSPL5 plants (Wu and Poethig, 2006). In addition, SPL9 and 

SPL10 are the direct upstream activator of miR172b (Wu et al., 2009). In pny pnf double 

mutants, the miR172 transcript accumulation failed to increase at the time when wild-type 

transitioned to reproductive mode of development indicating that PNY and PNF are 

required to activate miR172 levels. In addition, TOE1 and TOE2 transcript accumulation 

failed to decline in pny pnf after floral transition indicating that PNY and PNF act to 

down-regulate floral repressors. Therefore, we propose that miR172 acts downstream of 

PNY and PNF. In support of this hypothesis, the ectopic expression of miR172 

transformed the leaves of pny pnf into organs containing carpel identity, indicating that 

the miR172 flowering time pathway partially induced reproductive development in pny 

pnf plants (Figure 5.1). 
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PNY and PNF function up-stream and/or in parallel with SPLs to specify floral 

meristem identity 

The floral transition results in a rapid transcriptional activation of SPLs including 

SPL3, SPL4, SPL5, SPL9 and SPL10. Gain-of-function studies indicate that SPL3, SPL4 

and SPL5 promote the floral transition and act to specify flower meristem identity (Wu 

and Poethig, 2006). To gain further insight into the role of PNY and PNF in the floral 

specification, the gene expression profiles between wild-type inflorescence and pny pnf 

apices were compared grown under floral inductive conditions. Microarray data analysis 

showed that the accumulation of SPL3, SPL4, SPL5, SPL9 and SPL10 did not increase in 

the shoot apices of pny pnf plants. In addition, RT-PCR as well as Q-PCR experiments 

demonstrated that an increase in the transcripts of SPL4 and SPL5 are dependent upon 

PNY and PNF. However, an increase in SPL3 levels was observed when plants were 

transferred from short- to long-day floral inductive conditions. SPL3 transcripts increase 

in the cryptic bracts and cauline leaf primordia under similar growth conditions (Wang et 

al., 2008). Hence, an increase in SPL3 levels in pny pnf plants are likely to be occur in the 

leaf primordia where PNY and PNF are not expressed. Therefore, we propose that a 

subset of SPLs including SPL3, SPL4, SPL5, SPL9 and SPL10 act downstream of PNY 

and PNF (Figure 5.1). In support of this hypothesis, at least SPL4 and SPL5 partially 

restored reproductive development in pny pnf plants. In addition, the intragenic regions of 

SPL3, SPL4, SPL5, SPL9 and SPL10 were scanned to find whether the promoters and/or 

introns of these genes contain KNOX/BELL-like DNA binding sequence 

[TGACAG(G/C)T]. Results indicate that only SPL3 contains this motif at the upstream 
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promoter. However, mRNA in situ hybridization studies indicate that SPL3 is expressed 

in bracts and the cortex cell of the stem (Cardon et al., 1997; Wang et al., 2009) that does 

not overlap with the expression patterns for PNY and PNF, which are expressed in the 

peripheral regions of the SAM. Therefore, we propose that PNY and PNF regulate SPL3, 

SPL4, SPL5, SPL9 and SPL10 indirectly (Figure 5.1). 

The ectopic expression of SPL3, SPL4 and SPL5 with altered or deleted miR156 sties 

(rSPL3, rSPL4 and rSPL5) promotes early flowering and floral specification (Cardon et 

al., 1997; Wu and Poethig, 2006; Gandhikota et al., 2007). SPL3, SPL4 and SPL5 are 

closely related genes and mutations in SPL3 have no affect on flowering or floral 

specification which is likely due to functional redundancy between the SPLs (Wu and 

Poethig, 2006; Gandikota et al., 2007; Wang et al., 2008). Interestingly, when rSPL3, 

rSPL4 and rSPL5 were ectopically expressed in pny pnf plants they produced differences 

in the reproductive phenotypes. Over-expression of rSPL3 did not promote any visible 

signs of reproductive development in pny pnf plants. In addition, ectopic rSPL3 failed to 

induce the levels of floral meristem identity genes LEAFY (LFY) and APETELLA1 (AP1). 

In contrast, ectopic expression of rSPL4 produced flowers and rSPL5 promoted floral 

transition by altering the fate of the leaves that acquired floral organ like identity in pny 

pnf plants. Ectopic expression of rSPL4 has the highest reproductive potential, as 

35S:rSPL4 pny pnf shoots terminate growth with the formation of flowers composed of 

carpels. In addition, the reproductive shoot apices of these plants express LFY and AP1, 

which was highly reduced in the pny pnf plants. Over-expression of rSPL5 in pny pnf 

plants induced sepal and carpel-like identities in the terminal shoots. In 35S:SPL5 pny pnf 
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shoots, AP1 was expressed but not LFY. The differences in the reproductive potentials of 

these rSPLs may be due to variations in the expression levels of these rSPLs in the SAM. 

Therefore, the inability of rSPL3, rSPL4 and rSPL5 to efficiently transform the SAM of 

pny pnf plants into flower producing shoots indicates that these SPLs are somehow 

dependent upon PNY and PNF for specifying floral meristems. Therefore, we propose 

that PNY and PNF act upstream and/or in parallel to SPLs to mediate floral specification 

(Figure 5.1). In addition, the floral specification is, in part, mediated by a feed-forward 

loop between PNY/PNF and the miR156/SPL module (Figure 5.1). 

 

Interplay between PNY/PNF and SOC1-AGL24 promotes flower formation and 

floral meristem identity 

In Arabidopsis, the floral meristem identity is specified by the combined activities of 

the FT-FD complex and flower meristem identity gene LFY. Previously and in this study, 

it was shown that LFY expression is highly reduced in pny pnf plants indicating that it 

acts downstream of PNY and PNF (Smith et al., 2004; Kanrar et al., 2008). This is further 

supported by the fact that ectopic expression of LFY promotes flower formation in pny 

pnf plants (Kanrar et al., 2008). LFY is also induced by gibberellin (GA), a plant hormone 

that induces flowering, especially in short-days (Blázquez et al., 1998; Eriksson et al., 

2006). SUPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) and AGAMOUS-LIKE24 

(AGL24), that are key regulators of LFY, are also induced by GA (Michaels et al., 2003; 

Lee et al., 2008; Liu et al., 2008). In this study, the GA treatment of pny pnf double 

mutants increases the expression of both SOC1 and AGL24 similar to that for GA-treated 
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wild-type plants, however, it failed to promote flower formation in pny pnf plants. This 

indicates GA dependent activation of SOC1 and AGL24 requires PNY and PNF function 

to influence flower specification. Furthermore, LFY failed to induce up to the level of 

wild-type in pny pnf after GA application, which partly explains the non-flowering 

phenotype of pny pnf after GA treatment. Hence, the interaction between PNY/PNF and 

SOC1-AGL24 to regulate LFY expression is crucial for the floral specification during 

inflorescence development (Figure 5.1). 

Recently, it was proposed that SPLs and FT-FD complex runs in parallel to specify 

floral meristem (Wang et al., 2009; Yamaguchi et al., 2009). FT-FD network activates 

floral integrator genes SOC1 and FUL as well as the floral meristem identity gene AP1 

(Schmid et al., 2003; Abe et al., 2005; Teper-Bamnolker and Samach, 2005; Wigge et al., 

2005; Wang et al., 2009). FT expression was highly reduced in the apices of pny pnf 

plants (Kanrar et al., 2008). Moreover, ectopic expression of FT is unable to efficiently 

restore flower formation in pny pnf plants indicating that it requires PNY and PNF 

function to regulate genes required for floral specification (Kanrar et al., 2008). 

Experimental evidences from this study indicate that the ability of 35S:FT to positively 

regulate SPL3, SPL4 and SPL5 was severely impaired in the pny pnf plants. In addition, 

ectopic expression of SPL3, SPL4 and SPL5 could not efficiently regulate the expression 

of floral integrators SOC1, AGL24 and FUL in the absence of PNY and PNF (data not 

shown). Therefore, we propose that long-day up-regulation of FT as well as SPL3, SPL4 

and SPL5 are dependent upon PNY and PNF (Figure 5.1). Moreover, FT requires PNY 
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and PNF function to regulate SPLs for floral specification. Although, at this time, it is not 

understood how FT and SPL3, SPL4 and SPL5 are dependent upon PNY and PNF.  

 

Position of PNY and PNF in the gene regulatory network that control floral 

specification 

In this manuscript, the fundamental roles of miRNAs and floral integrator genes 

were emphasized that promote floral specification in Arabidopsis. Taken together this 

study suggests that PNY and PNF plays an important role in juvenile to adult phase 

change as well as floral transition by repressing and activating miR156 and miR172 

respectively. The possibility that PNY and PNF may regulate SPL4 and SPL5 directly or 

via other networks to mediate floral transition cannot be ruled out. Further investigation 

will be focused on identification of other floral specification genes that functions in 

parallel or downstream of PNY and PNF to mediate floral transition and specification. In 

addition, it would be interesting to test whether PNY/PNF binds directly to the KNOX 

binding motif found in the miR156 and upstream promoter of SPL3 to regulate their 

expressions. Previous investigations have emphasized the role of PNY/PNF in FT-FD 

network (Kanrar et al., 2008); however, how FT depends on PNY/PNF has not been 

established. Therefore, how PNY/PNF and FT-FD pathways along with miR156/SPLs 

module converge to promote floral specification will be one of the important topics for 

future investigation. 
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Figure 5.1. Model displaying the role of PNY and PNF in the floral integrative  

network in the shoot apex specifying floral meristem identity 

 

A model is shown that displays the photoperiod, endogenous and 

gibberellin flower specification pathways. FT–FD acts in parallel and/or 

upstream of SPL3/SPL4/SPL5 (collectively referred to as SPLs) and also 

induces SOC1 as well as AP1 genes. FT-FD requires PNY and PNF for 

specifying flower meristem identity and regulating SPL3, SPL4, and SPL5. In 

addition, PNY and PNF regulate SPL3, SPL4, and SPL5 expression by 

repressing miR156 during shoot development. Based on the results from this 

manuscript, PNY and PNF may function in parallel and/or upstream of SPL3, 

SPL4, and SPL5. In addition, PNY and PNF act downstream of the GA 

pathway to regulate LFY. Results form this study also suggests that PNF and 

PNF act to repress floral repressors TOE1/TOE2 and activate miR172.  
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