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Role of bHLH93 in Controlling Flowering Time in Arabidopsis thaliana 
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In plants, flowering time is a tightly regulated process where several 

environmental and endogenous cues fine-tune the time of flowering.  In Arabidopsis, four 

major genetic pathways regulate flowering time, namely photoperiod, vernalization, 

autonomous, and phytohormone gibberellic acid (GA) pathways. Arabidopsis is a 

facultative long day (LD) plant. LD promotes flowering whereas flowering is delayed in 

short day (SD) conditions. Here, we identified a basic-helix-loop-helix (bHLH) 

transcription factor called bHLH93 that is necessary to promote flowering only in SD. 

Also, photoperiod plays more critical roles in regulation of flowering time of bhlh93 

mutant compared to GA and vernalization pathways. Thus, bHLH93 might represent a 

novel transcription factor absolutely required for Arabidopsis thaliana to evolve as a 

facultative LD plant. bhlh93 mutants also show severe adult phenotype such as shorter 

stature, curly and darker green leaves, and reduced fertility compared to wild type plants. 

These results suggest that bHLH93 controls plant stature, fertility and chlorophyll content 

in Arabidopsis. bHLH93 is expressed in a tissue-specific and developmental stage-

dependent manner. bHLH93-YFP protein is localized in the nucleus. bHLH93 

homodimerizes in yeast, and it has strong transcription activation activity in yeast. These 

data suggest that, like other bHLH proteins, bHLH93 may function as a transcriptional 

regulator in the nucleus controlling gene expression. We have identified floral repressor 

MAF5 as a major target of bHLH93 to promote flowering in SD.  bHLH93 binds to 
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MAF5 promoter element in vivo and in vitro. Other than MAF5, FLC and MAF1-2 are 

also up-regulated in bhlh93 but at a lower level than MAF5. The activation of multiple 

floral repressors correlates with bhlh93 flowering phenotype. Taken together, these data 

suggest that bHLH93 may provide selective advantage for evolution of facultative 

flowering behavior under varying environmental conditions for reproductive success.  
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CHAPTER 1: Literature Review 

Plants are sessile organisms and unlike animals they do not move away from 

unfavorable environmental conditions to ensure optimum growth. Thus, plants have 

developed versatile genetic networks to withstand the unfavorable conditions and 

optimize growth. These genetic networks often interconnect to fine-tune plant growth and 

development. One such sophisticated genetic mechanism in plants is regulation of 

transition from vegetative to reproductive phase, also known as flowering. Plants sense 

and respond to their environment to control flowering time. Arabidopsis thaliana, a 

model flowering plant, has been extensively investigated to understand the molecular and 

genetic basis of flowering time control. These genetic pathways relay environmental and 

endogenous signals to core flowering time genes, allowing their expression when the 

time is right for flowering transition. Reproduction at the correct time is very crucial for 

the survival of the offspring in favorable conditions. Thus, it is very critical for the plant 

to judge optimum environmental conditions for its reproductive success.  

In Arabidopsis, along with other factors, four major genetic pathways, namely 

vernalization, autonomous, photoperiod, GA pathways play central roles in regulating 

flowering time. These four pathways integrate at downstream genes called floral 

integrators. Floral integrators, FLOWERING LOCUS T (FT) and SUPPRESSOR OF 

CONSTANS1 (SOC1) activate expression of floral meristem identity genes such as 

LEAFY (LFY) and APETALA1 (AP1) which eventually activate stem cells at the shoot 

apical meristem (SAM) to induce flowering.  

VERNALIZATION PATHWAY 

Many winter annual and biennial plants flower in spring season after a long 

exposure to winter, a process called as Vernalization. Few Arabidopsis accessions also 
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have a requirement for vernalization to induce flowering.  Plants can differentiate 

between vernalization and a short exposure to cold in autumn and therefore acquire 

competence to flower only after several weeks of exposure to cold.  Vernalization 

induces an epigenetic switch of a floral repressor FLOWERING LOCUS C (FLC), which 

is active before cold treatment. FLC chromatin is repressed in response to a prolonged 

cold signal and switched to OFF conditions. This ‘off switch’ overcomes the repression 

of flowering by FLC and induces the downstream floral integrator genes FT and SOC1. 

This epigenetic repression of FLC is mitotically stable: i.e. once the vernalization signal 

is perceived in the SAM and FLC is repressed, plants retain their memory of the cold and 

eventually return FLC to the normal active state in the next generation of progeny 

(Sheldon et al., 2000; Sung et al., 2006; Sheldon et al., 2008; Jiang et al., 2008). 

Vernalization-requiring Arabidopsis accessions have a dominant allele of the gene 

FRIGIDA (FRI). This dominant allele of FRI encodes a full-length protein whereas the 

recessive allele contains mutation that makes the FRI protein non-functional (Johanson et 

al., 2000). Along with FRI, FLC is needed for vernalization requirement (Koorneef et al., 

1994; Lee et al., 1994). FRI with its family members FRI-LIKE 1 (FRL1) and FRL2 

induce FLC transcripts to a level to achieve a vernalization requirement (Michaels et al., 

2004; Schlappi et al., 2006). FLC, a MADS-box protein, directly bind to and represses 

the expression of floral integrators FT, SOC1 and FLOWERING LOCUS D (FD) 

(Hepworth et al, 2002; Helliwell et al., 2006; Searle et al., 2006). FLC interacts with 

SHORT VEGETATIVE PHASE (SVP) and together they bind to FT and SOC1 to 

repress their expression (Fujiwara et al., 2008; Li et al., 2008). FLC belongs to a group of 

MADS box containing Factors (MAFs) and this MAF clade has MAF1-5 genes.  Among 

the MAF clade, FLC is the major repressor of flowering, however other MAF genes have 
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been shown to repress flowering as well (Ratcliffe et al., 2001; Ratcliffe et al., 2003; Kim 

et al, 2010).  

First gene reported in vernalization mediated suppression of FLC is 

VERNALIZATION 2 (VRN2) which is a homolog of the Drosophila protein 

SUPRESSSOR OF ZESTE 12 (Chandler  et al., 1996; Gendall et al., 2001), which is a 

part of a Polycomb repression complex (PRC) that modifies chromatin (Muller et al., 

2002). Identification of VRN2 confirmed an epigenetic control of FLC chromatin, 

because in vrn2 mutants FLC expression is reduced during long exposure of cold but the 

repression is not retained (Gendall et al., 2001). Later it was shown that FLC chromatin 

undergoes two repressive histone modifications, histone H3 Lys 9 (H3K9) and H3K27 

methylation, following vernalization (Bastow et al., 2004; Sung and Amasino, 2004). 

Another vernalization pathway gene, VERNALIZATION-INSENSITIVE 3 (VIN3), is 

shown to be expressed during long exposure of cold (Sung and Amasino, 2004). In vin3 

mutants, repressive histone modifications such as H3 deacetylation, and H3K9 and 

H3K27 methylation do not occur on FLC chromatin (Sung and Amasino, 2004). VIN3 

belongs to a family of PHD finger domain proteins and another member of this family 

VERNALIZATION 5 (VRN5)/ VIN3-LIKE 1 (VIL1), is also required for epigenetic 

modification of FLC during vernalization (Sung et al., 2006; Greb et al., 2007). Thus, 

VRN2, VIN3 and VRN5/VIL1 are required for histone modification on FLC chromatin 

and they appear to form a repressive complex similar to the Polycomb Repressive 

Complex 2 (PRC2) found in many eukaryotes (Wood et al., 2006; De Lucia et al., 2008). 

A member of PRC2, ENHANCER OF ZESTE [E(Z)], adds methyl groups at H3K27 

residues (H3K27me3) (Muller et al., 2002). Arabidopsis has at least two homologs of 

E(Z) called CURLY LEAF (CLF) and SWINGER (SWN) in the VIN3 and VIL1/VRN5 

complex (Wood et al., 2006; De Lucia et al., 2008). Hence, vernalization process 
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involves a PRC2-like complex consisting of VRN2, VIN3, VRN5/VIL1, CLF, and SWN 

in Arabidopsis and this PRC2-like complex induces an epigenetic modification at FLC 

locus. 

Thus, the molecular cascades that initiate FLC repression during vernalization 

begin with induction of VIN3 by cold and enhancement of repressive activity at FLC by 

PRC2-like complex containing VIN3 and VRN5/VIL1 (De Lucia et al., 2008). VIN3 

expression is transient that ceases after cold exposure, but VRN5/VIL1 is constitutively 

expressed and remains with FLC after cold treatment. (De Lucia et al., 2008). However, 

following initiation of repressive state of FLC by histone modification requires a 

mechanism to maintain the repressed state through cycles of DNA replication for a 

mitotically stable modification. Initiation and maintenance of repressive state of FLC 

chromatin is likely to be a progression with no clear delineation (De Lucia et al., 2008; 

Kim et al., 2009). A plant specific protein, VRN1, and LIKE HETEROCHROMATIN 

PROTEIN 1 (LHP1)/TERMINAL FLOWER 2 (TFL2) are likely to be involved in 

maintenance of repression through a feedback loop that maintains H3K9 methylation 

(Maison and Almouzni, 2004) 

A major question that still needs to be explored is how cold is perceived in plants 

during vernalization. Activation of VIN3 followed by repression of FLC is an output of 

cold sensing, but what are the factors that sense long exposure of cold is still under 

investigation. Recent reports have shown a rapid increase in FLC antisense transcripts 

called COOLAIR during vernalization, which might activate PRC2 like complex for FLC 

repression (Swiezewski et al., 2009). However there is no direct evidence for a role of 

antisense transcripts in FLC repression during vernalization. More recently a sense 

transcript called COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR) is shown 

to be necessary for vernalization-mediated repression of FLC (Heo and Sung, 2011). 



 5 

COLDAIR directly interacts with a component of PRC2 complex and targets PRC2 to 

FLC chromatin for epigenetic modification (Heo et al., 2011). However the mechanism 

by which the expression of VIN3, COOLAIR and COLDAIR are induced by vernalization 

is still unknown.  

AUTONOMOUS PATHWAY 

In plants, flowering can occur only after the plant undergoes a transition from 

juvenile to adult phase (Poething, 2003). This process of control of flowering time comes 

under the category of autonomous pathway which is independent of environmental cues. 

In Arabidopsis, autonomous pathway has been characterized through mutations in genes 

that alter flowering time. These mutants have flowering phenotype independent of 

photoperiod (Simpson and Dean, 2002). Autonomous pathway mutants have been 

discovered to have a recessive FRI allele and therefore, flower without a vernalization 

treatment. The late flowering autonomous mutant phenotype is due to increased FLC 

expression and vernalization represses FLC in autonomous mutants to promote flowering 

(Michaels and Amasino, 2001).  

In Arabidopsis, several autonomous pathway genes have been identified, namely 

FCA, FLOWERING LOCUS K HOMOLOGY DOMAIN (FLK), FPA, and FY which are 

predicted to encode proteins involved in RNA metabolism (Macknight et al., 1997; 

Schomburg et al., 2001; Simpson et al., 2003; Lim et al., 2004; Manzano et al., 2009). 

Another autonomous pathway gene LUMINIDEPENDENCE (LD) encodes a 

homeodomain-containing protein involved in RNA metabolism and shown to bind RNA 

(Chan and Struhl, 1997). Other autonomous pathway genes such as RELATIVE OF 

EARLY FLOWERING 6 (REF6), FLOWERNG LOCUS D (FLD), MULTICOPY 

SUPPRESSOR OF IRA1 4 (MSI4)/FVE encode components of chromatin-remodeling 
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complexes (He, 2009; Kim et al., 2009; Michaels, 2009). REF6 and FLD belong to a 

class of histone demethylases (Noh et al., 2004; Agger et al., 2008); FVE encodes a 

member of an MSI1-like protein which has been found in several chromatin-modifying 

complexes in eukaryotes (Ausin et al., 2004; Kim et al., 2004; Henning et al., 2005). 

Recently small RNAs were proposed to be involved in FLC repression by guiding 

chromatin-modifying complexes to FLC chromatin (Baurle and Dean, 2008). Double 

mutant between DICER-LIKE1 and DICER-LIKE2 genes show vernalization-responsive 

delayed flowering due to FLC, similar to autonomous pathway phenotype (Schmitz et al., 

2007).   

Other than repressing FLC, autonomous pathway mutants display pleiotropic 

effects on growth. This was first noted when Henderson et al (2005) demonstrated that a 

double mutant between fy and fpa is lethal . Double mutants between autonomous 

pathway genes have pleiotropic phenotypes (Veley and Michaels, 2008).  

An additional autonomous pathway has been shown to involve the microRNAs, 

miR156 and miR172 that are expressed independent of day length. miR156 promotes the 

juvenile phase in Arabidopsis and maize to prevent precocious flowering (Wu and 

Poethig, 2006; Chuck et al., 2007). Oppositely, miR172 promotes flowering by 

repressing APETALA2-like repressor of FT (Aukerman and Sakai, 2003; Jung et al., 

2007; Mathieu et al., 2009). miR156 and miR172 show opposite expression patterns 

where miR156 expression drops during development and miR172 expression increases 

(Chuck et al., 2007; Wu et al., 2009). These two miRNA form a molecular circuit with 

SQUAMOSA PROMOTER BINDING –LIKE (SPL) class of genes, e.g., miRNA156, 

represses certain SPL genes that are positive regulators of miRNA172 expression (Wu et 

al., 2009). This circuit of regulation controls expression of FT and eventually activate 

floral transition genes, including SOC1, AGAMOUS-LIKE 42 (AGL42) and FUL (Wang 
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et al., 2009a). Thus, autonomous pathway brings an additional level of regulation of 

flowering time in Arabidopsis.  

GIBBERELLIC ACID PATHWAY 

Arabidopsis require GA for normal growth and it is involved in various 

developmental switches, including seed germination, juvenile to adult transition, and 

transition from vegetative to reproductive phases (Mutasa et al. 2008). GA biosynthesis is 

fine-tuned by GA metabolic genes (GA 20-OXIDASE and GA 3- OXIDASE) and catabolic 

genes (GA 2- OXIDASE) that maintain a threshold bioactive GA (mainly GA1 and GA4) 

in plants.  

Previously it has been shown that GA signaling is mediated by GRAS family of 

transcription factors called DELLA proteins with conserved amino acid sequence Asp-

Glu-Leu-Leu-Ala (D-E-L-L-A). DELLA proteins mainly function as repressor of GA 

signaling. DELLA family of protein consists of five members namely, REPRESSOR OF 

GA1-3 (RGA), GA-INSENSITIVE (GAI), RGA-LIKE1 (RGL1), RGL2, and RGL3. 

However, RGA, RGL2, and RGL1 have been shown to repress flowering and fertility 

(Cheng et al., 2004). The repression of GA signaling by DELLAs is removed by an E3 

ubiquitin ligase complex containing SLEEPY1 (SLY1), an F-box protein (Dill et al., 

2004). The SCF
SLY1

 complex targets DELLAs to destruction by the ubiquitin-proteasome 

pathway. Moreover, GA binds to receptor GA-INSENSITIVE DWARF1 (GID1), and 

this GA-GID1 binding stimulates GID1-DELLA binding (Murase et al, 2008). This 

molecular cascade is followed by increased affinity of F-box protein SLY1 for DELLAs 

(Griffiths et al., 2006) and eventual degradation of DELLAs by proteasome mediated 

pathway. However, there is an additional proteolysis independent GID1 mediated 

downregulation of DELLA repression (Ariizumi et al., 2008). Thus, GA signaling is 
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tightly regulated process where GA induces a molecular cascade that involves 

conformational change in the receptor followed by enhanced binding of an F-box with 

GA signaling repressors. The GA repressors are finally degraded to promote GA 

signaling.  

In Arabidopsis, GA regulates the switch from vegetative to reproductive phase. 

GA promotes transition of shoot apical meristem to inflorescence meristem that 

ultimately commits to produce floral meristems. In Arabidopsis LD pathway is mainly 

regulated through CO. However, GA is absolutely required for promotion of flowering 

under non-inductive SD conditions. This absolute requirement of GA has been shown by 

ga1-3 mutant that fail to make bioactive GA and do not flower under SD (Wilson et al., 

1992). GA promotes expression of floral integrator SOC1 (Bonhomme et al., 2000; Moon 

et al., 2003) and LFY (Blazquez et al., 1998) through GAI/RGA DELLA proteins (Gocal 

et al., 1999, 2001). GA regulates LFY through an additional pathway via SOC1. SOC1 

interacts with AGAMOUS-LIKE 24 (AGL24) and form an autoregulatory feedback loop 

(Liu et al., 2008). Thus, GA has a prominent role in promoting flowering time in 

Arabidopsis specifically under SD conditions.  

PHOTOPERIOD PATHWAY 

Plants respond to day length, called photoperiod, and regulate the flowering time 

accordingly. The first reports indicating role of photoperiod in flowering were published 

by Tournois (1914) and Klebs (1918). Garner and Allard (1920) confirmed this report 

and showed short-day plants (SDPs) flower when the night exceeds a critical length and 

long day plants (LDPs) flower when day length increases. Day length is perceived in the 

leaves (Knott, 1934) and flowering occurs in the SAM. This signal, referred to as florigen 
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(Chailakhyan, 1936) is transmitted to the SAM and the identity of the florigen has been 

an active field of research. 

Arabidopsis is a facultative/quantitative LDP, which means it flowers early in LD 

and shows delayed flowering in SD conditions (Gregory and Hussey, 1953). Mutants that 

display delayed flowering as compared to wild type in LD and SD produce more rosette 

leaves from SAM showing a compromised photoperiod-dependent flowering. On the 

contrary, hypersensitive mutants flower earlier than wild type and produce fewer leaves. 

Thus, it is very convenient to identify flowering mutants on the basis of leaf number 

(Amasino 2010). Photoperiod pathway mutants show a LD or SD specific mutant 

phenotype, unlike autonomous pathway mutants that have altered flowering phenotype in 

both SD and LD.  

As described earlier, a photoperiod signal called florigen moves from the site of 

perception in leaves to the site of execution in SAM. FT is now known to be a part of 

florigen because it is expressed in the leaves and FT protein interacts with a SAM 

specific protein FD to induce flowering at SAM (Abe et al., 2005). In Arabidopsis, FT is 

shown to move from young leaves to the SAM using FT:GFP and FT:MYC fusion 

proteins (Corbeisier et al., 2007; Jaeger and Wigge, 2007; Tamaki et al., 2007). This 

provides strong evidence that FT is an important component of florigen. CONSTANS 

(CO) and GIGANTEA (GI) induce FT expression in the leaves. CO, a zinc finger protein, 

is a transcription factor and GI, a plant-specific protein, is involved in circadian clock 

regulation (Fowler et al., 1999; Park et al., 1999). CO is necessary for inducing 

expression of FT and an FT relative called TWIN SISTER OF FT (TSF) (Wigge et al., 

2005; Yamaguchi et al., 2005). Following the induction in the leaves, FT acts in the 

meristem by interacting with FD, a bZIP transcription factor (Abe et al., 2005; Wigge et 

al., 2005). CO is controlled by circadian clock where GI along with FLAVIN-BINDING, 
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KELCH-REPEAT, FBOX PROTEIN 1 (FKF1) and CYCLING DOF FACTORS (CDFs) 

regulate CO expression. CDFs, which show circadian regulation, bind to CO promoter to 

repress CO expression. CDFs in turn are regulated by FKF1 through ubiquitin mediated 

degradation of CDFs (Imaizumi et al., 2005). GI, a clock protein, physically interacts 

with FKF1 and stabilizes it (Sawa et al 2007). GI-FKF1 stable complex targets CDFs on 

CO promoter and degrade CDFs to promote CO expression (Sawa et al., 2007).   

Other than photoperiod, light quality also affects FT expression through CO to 

regulate flowering time in Arabidopsis. Blue light receptors, namely CRYPTOCHROME 

1 (CRY1) and CRY2 and a red-far red receptor called PHYTOCHROME A (PHYA) are 

shown to stabilize CO protein, and another red-far red receptor PHYTOCHROME B 

(PHYB) is shown to promote turnover of CO (Valverde et al., 2004). An E3 ubiquitin 

ligase CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1) and SUPPRESSORS 

OF PHYA-105 (SPA) family of proteins are involved in CO turnover via proteasome 

mediated proteolysis (Valverde et al., 2004; Laubinger et al., 2006; Jang et al., 2008; Liu 

et al., 2008b; Ishikawa et al., 2006). Recently, it has been shown that phloem-specific 

expression of GUS-SPA1 reduces FT transcript levels and SPA1 expression in the phloem 

is sufficient to inhibit flowering (Ranjan et al., 2011).  

Following FT activation in leaves and movement through phloem to meristem, FT 

and FD complex activate expression of SOC1 and downstream floral-activation genes 

such as APETALA 1 (AP1) and LEAFY (LFY) in the meristem (Michaels et al., 2005; Yoo 

et al., 2005; Abe et al., 2005; Wigge et al., 2005). These downstream floral meristem 

genes activate flanking groups of cells of the SAM to differentiate into floral meristem.  

The transition from vegetative to reproductive phase in Arabidopsis is an irreversible 

process because of multiple positive feedback loops by genes expressed in the SAM, such 
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as AP1, LFY, SOC1, and AGAMOUS-LIKE 24 (Liljegren et al., 1999; Michaels et al., 

2005; Sablowski 2007; Lee et al., 2008; Liu et al., 2008a).  

To avoid precocious flowering by photoperiod induction, a floral repression 

mechanism involves two TEMPRANILLO genes (TEM1 and TEM2). TEM1 and TEM2 

directly repress FT expression (Castillejo et al., 2008). However, TEMs are 

downregulated over development to mark the timing of flowering. Recently a miR172 

was reported to be involved in flowering time regulation and another group of AP2 

domain-containing genes TARGET OF EAT 1-3 (TOE1-TOE3) have a miR172 target site 

(Aukerman and Sakai, 2003; Chen, 2004; Park et al., 2002; Jung et al., 2007). Also, in the 

meristem FT is counteracted by a closely related gene called TERMINAL FLOWER 1 

(TFL1) (Ahn et al., 2006; Kardailsky et al., 1999, Kardailsky et al., 1999). These findings 

suggest that photoperiod pathway presents a robust regulation of flowering via several 

floral activators and repressors.  

CONCLUSION 

Flowering in plants is a tightly regulated process where floral activators and 

repressors act at several levels.  Reproductive success of plants mainly depends on time 

of flowering under optimal conditions. Untimely flowering may lead to inferior progeny 

seeds that will not be able to withstand unfavorable conditions and will eventually affect 

seed yield. Flowering in Arabidopsis is synchronized by four major genetic pathways 

named vernalization, autonomous, GA, and photoperiod pathways. These pathways 

consist of several floral repressors and activators. However, the final product of 

regulation by floral repressors and activators is activation of floral-identity genes under 

favorable conditions only.  
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Among the repressors, MADS-domain and AP2-domain proteins play the major 

roles in repressing flowering time in Arabidopsis. The most studied floral repressor 

MADS-domain transcription factor (MAF) FLC acts in both leaves and SAM to integrate 

the vernalization and autonomous pathways (Schmitz et al., 2007; Simpson et al., 2004). 

FLC is regulated at both epigenetic and transcriptional levels by several factors (Farrona 

et al., 2008; Schmitz et al., 2007). FLC has been shown to directly bind FT and SOC1 to 

repress their expression (Helliwell et al., 2006; Searle et al., 2006). FLC belongs to MAF 

family, which has other MAF genes such as MAF1-5 that has been shown to act as floral 

repressors as well (Ratcliffe et al., 2001; Ratcliffe et al., 2003; Kim et al, 2010). Other 

floral repressors such as AP2 domain-containing proteins TEM1 and TEM2 directly 

repress FT expression and thus, quantitative balance between the activator CO and the 

repressor TEMs determines FT levels in LD pathway. Over the development, TEMs are 

downregulated to bring CO levels up in the balance. The higher CO levels activate FT to 

induce flowering in photoperiod pathway. Additional floral repressor such as miR172 and 

TFL1 regulate TOE1-TOE3 and FT respectively (Aukerman and Sakai, 2003; Chen, 

2004; Park et al., 2002; Jung et al., 2007; Ahn et al., 2006; Kardailsky et al., 1999, 

Kardailsky et al., 1999). Thus, floral repressors are essential to inhibit flowering under 

unfavorable conditions.   

Among the floral activatorrs, CO plays a major role under LD pathway to induce 

downstream floral integrators FT and SOC1. CO levels are regulated by CDF1, FKF1 and 

GI complex. However, in vernalization, repression by FLC is overcome by cold signal 

that activates COLDAIR intronic RNA and VIN3. FLC repression leads to activation of 

FT and SOC1. Autonomous pathway also involves repression of FLC via several 

autonomous pathway genes such as FCA, FPA, FY, FLK among others. Recently 

microRNAs are shown to regulate flowering time under autonomous pathway. 
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Phytohormones especially GA brings additional positive regulation in flowering time, 

specifically under SD. GA directly affects downstream floral integrator SOC1 and LFY. 

Therefore, floral activators negate the effect of floral repressors to optimize time of 

flowering.  

In summary, flowering is a crucial transition in growth pattern in plants and 

involves a complex network of genes. These genes interact at various levels to induce 

flowering only under optimum conditions. The correct timing of flowering ensures 

reproductive success in plants.  
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CHAPTER 2: Regulation of flowering time by a bHLH transcription 

factor in Arabidopsis 

 

ABSTRACT  

Flowering in plants is a dynamic and synchronized process where various cues 

including age, day-length, temperature and endogenous hormones fine-tune the timing of 

flowering for reproductive success. Arabidopsis thaliana is a facultative long day (LD) 

plant where LD photoperiod promotes flowering. Arabidopsis still flowers under short-

day (SD) conditions, albeit much later than LD conditions. Although, factors regulating 

the inductive LD pathway have been extensively investigated, the non-inductive SD 

pathway is much less understood. Here we identified a critical transcription factor called 

bHLH93 (basic Helix-Loop-Helix 93) that is essential to induce flowering specifically 

under SD conditions in Arabidopsis. bhlh93 mutants do not flower under SD conditions, 

but flowers similar to wild type under LD conditions. The late flowering phenotype is 

rescued by exogenous application of GA and prolonged vernalization, suggesting that 

bHLH93 acts in parallel with the GA and vernalization pathways to promote flowering. 

bHLH93 is expressed in meristematic regions and its expression peaks at 8 hours after 

dawn under SD conditions. bHLH93 is also localized to the nucleus. Taken together, 

these data suggest that bHLH93 is a key transcription factor necessary for promotion of 

flowering under noninductive SD conditions. bHLH93 may provide selective advantage 

for evolution of facultative plants under varying environmental conditions.  



 23 

INTRODUCTION 

Flowering, a transition from vegetative to reproductive phase, is one of the critical 

developmental transitions in plant life cycle. The time of flowering in plants is 

synchronized by various endogenous and environmental cues to produce flowers only 

under optimal conditions. Flowering time in the model plant Arabidopsis thaliana has 

been extensively studied. Four major genetic pathways, namely, vernalization (long 

exposure to cold), autonomous (genetic makeup), hormones, and photoperiod (day-

length) pathways regulate flowering time in Arabidopsis. These four genetic pathways 

emerged to control the expression of floral integrator genes, such as FLOWERING 

LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) 

that activate the downstream floral identity genes (e.g., APETALA1, AP1 and LEAFY, 

LFY) to promote flowering (Michaels and Amasino, 1999; Blazquez and Weigel, 2000; 

Lee et al., 2000; Onouchi et al., 2000; Samach et al., 2000; Moon et al., 2003; Moon et 

al., 2005). 

Vernalization pathway controls flowering time through the floral repressors FLC 

and FLC-clade members (Kim et al., 2009). The FLC-clade consists of MADS-box 

transcription factors FLOWERING LOCUS M / MADS AFFECTING FACTOR 1 (MAF1) 

and MAF 2-5 (Kim and Sung, 2010). Winter annual accessions of Arabidopsis containing 

FRIGIDA (FRI) and FLC require vernalization treatment to overcome repression of 

flowering (Michaels and Amasino, 1999). In non-vernalized plants, FLC represses 

expression of FT and SOC1 in phloem and in the meristem and FD in the meristem 

(Searle et al., 2006). After vernalization treatment, FLC expression is strongly repressed 

by epigenetic regulation (Kim et al., 2009). Repression of FLC leads to activation of 

downstream floral integrators, FT and SOC1 that allow plants to flower after a long 
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duration of cold exposure. Autonomous pathway also represses FLC through LD, FCA, 

FY, FPA, FLD, FVE, FLK, and REF6 (Noh et al., 2004; Simpson, 2004). FCA, FY, FPA, 

and FLK proteins are predicted to be involved in RNA metabolism (Macknight et al., 

1997; Schomburg et al., 2001; Simpson et al., 2003; Lim et al., 2004). FCA and FPA are 

RNA-binding proteins involved in repression of FLC and other genes. FY interacts with 

FCA’s WW domain to promote flowering (Simpson et al., 2003). FVE, FLD, and REF6 

have domains similar to chromatin-modifying components, and FLD and REF6 are 

predicted to encode histone demethylases (He et al., 2003; Noh et al., 2004; Jiang et al., 

2007). In summary, both vernalization and autonomous pathways converge on FLC, 

which regulates downstream floral integrator genes to regulate flowering time. 

Several phytohormones, such as GA, brassinosteroid (BR), nitric oxide (NO) and 

salicylic acid (SA) crosstalk to fine-tune the timing of flowering in Arabidopsis (Davis, 

2009). Among all the hormones, the roles of GA in controlling flowering time have been 

best understood. Under non-inductive short day (SD) photoperiod, ga requiring 1 (ga1) 

mutant fails to flower suggesting an absolute requirement of GA signaling in SD 

conditions (Wilson et al., 1992). GA directly promotes SOC1 and LFY expression under 

SD conditions (Moon et al., 2003; Mutasa-Göttgens and Hedden, 2009). Increased SOC1 

in turn activates downstream floral meristem identity genes, LFY and AP1, to promote 

flowering. This relay of information from GA to SOC1 occurs through degradation of the 

DELLA proteins RGA and RGL2 with a partial contribution from RGL1 (Cheng et al., 

2004). 

Photoperiod (day-length) plays a very critical role in controlling flowering time in 

Arabidopsis (Fornara et al., 2010). The photoperiod signal is perceived in the leaves and 

this signal, often called florigen, moves to the shoot apical meristem (SAM) where 

flowers are produced. Arabidopsis is a facultative long day (LD, 16h light/8h dark) plant 
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where long day acts as an inductive photoperiod to promote flowering, and flowering is 

delayed under non-inductive SD (8h light/16h dark) photoperiod. The biochemical basis 

for difference in flowering time under LD and SD is very well documented through an 

external coincidence model (Yanovsky and Kay, 2003). According to this model, light 

plays two major roles: resetting the circadian clock that generates daily oscillation of CO 

and regulating CO protein stability (Imaizumi and Kay, 2006). The daily oscillation of 

CO is regulated in part by two antagonistic groups of genes: activators FLAVIN-

BINDING, KELCH REPEAT, AND F-BOX 1(FKF1), GIGANTEA (GI), and repressors 

ELF3, CYCLING DOF FACTOR1 (CDF1), and RED AND FAR-RED INSENSITIVE 2 

(RFI2) (Fowler et al., 1999; Nelson et al., 2000; Covington et al., 2001; Suárez-López et 

al., 2001; Imaizumi et al., 2005; Chen and Ni, 2006). In the dark, CDF1 is present at the 

CO promoter repressing CO expression. However, after light is perceived in the leaves, 

GI interacts with the F-box protein FKF1 and the GI-FKF1 complex degrades CDF1 

through ubiquitin-mediated proteolysis. This leads to de-repression of CO transcription. 

On the other hand, CO stability is regulated posttranslationally, where photoreceptors 

such as phytochrome A (phyA), cryptochromes (cry1-2) have been shown to prevent CO 

protein degradation, while phyB promotes CO degradation (Valverde et al., 2004). Thus, 

CO mRNA and protein level peaks at 12h after dawn, which coincides with light in LD, 

but dark in SD. Therefore, increased CO protein promotes expression of FT only under 

LD. FT moves through phloem to meristem, where it associates with FD, and FT-FD 

complex activates expression of SOC1 and downstream floral identity genes such as AP1 

and LFY to promote flowering (Abe et al., 2005; Michaels et al., 2005; Wigge et al., 

2005; Yoo et al., 2005). However, in SD, CO protein peaks in the dark, where it is 

degraded through the COP1-SPA complex and thus, shows a delayed flowering response. 
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Although the LD photoperiod pathway is well known, recent evidence suggests 

the presence of a non-inductive SD pathway for promotion of flowering time. For 

example, Plant Homeo Domain finger-containing proteins such as VIN3-LIKE 1/VRN5 

and 2 (VIL1-2) have been shown to promote flowering through epigenetic repression of 

MAF1 and MAF5 genes respectively under SD conditions (Sung et al., 2006; Kim and 

Sung, 2010). vil1 and vil2 mutants flower later only under SD conditions, but eventually 

flower. On the other hand, spa1, cop1 and cul4cs mutants display early flowering only 

under SD conditions (Mcnellis et al., 1994; Ishikawa et al., 2006; Laubinger et al., 2006; 

Jang et al., 2008; Chen et al., 2010; Ranjan et al., 2011). SPA1 physically interacts with 

COP1, and COP1-SPA1 associates with CUL4 forming an E3 ubiquitin ligase, which 

promotes CO degradation through ubiquitin-mediated proteolysis (Laubinger et al., 2006; 

Jang et al., 2008; Chen et al., 2010). It appears that these factors are regulating 

components that control flowering time typically under LD pathway. Nonetheless, the 

non-inductive SD pathway is still poorly understood. In addition, the factors necessary 

for plants such as Arabidopsis thaliana to evolve as a facultative LD plant is still 

unknown. Here we describe a basic-helix-loop-helix (bHLH) transcription factor, 

bHLH93, which functions as a critical component of the SD photoperiod pathway. 

bhlh93 mutants fail to flower only under SD conditions, but flower like wild type under 

LD conditions. Therefore, bHLH93 may represent a pivotal transcription factor necessary 

for Arabidopsis thaliana to evolve as a facultative LD plant. 

MATERIALS AND METHODS 

Plant growth conditions and phenotypic analyses 

Plants were grown in Metro-Mix 200 soil (Sun Gro Horticulture, Bellevue, WA) 

under 24-h light or long day (LD, 16h light, 120 µmolm
-2

s
-1

 and 8h dark), or short day 
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(SD, 8h light, 200 µmolm
-2

s
-1

 and 16h dark), or 14hL/10hD or 12hL/12hD or 10hL/14hD 

photoperiod at 21
0
C + 0.5

0
C. Light fluence rates were measured using a 

spectroradiometer (model EPP2000; StellarNet Inc., Tampa, FL) as described (Shen et 

al., 2005). T-DNA-tagged bhlh93 seeds from SALK collection were obtained from the 

Arabidopsis Biological Resource Center (Alonso et al., 2003). Seeds were surface 

sterilized and plated on Murashige and Skoog growth medium (GM) containing 0.9% 

agar without Suc (GM - Suc) as described (Shen et al., 2005). After 4 days of 

stratification at 4
0
C, seeds were exposed to SD or LD or continuous white light 

conditions. T-DNA insertion lines were PCR-screened using primers described in table 

2.1. 

Complementation analysis 

To confirm the role of bHLH93 in controlling flowering time in SD, a genomic 

DNA fragment containing the entire bHLH93 gene with 1953 bb promoter and 531 bp 3’-

untranslated region (pbHLH93:bHLH93) was transformed into bhlh93-1 background. 

Single-locus transgenic plants were selected based on Kanamycin resistance. 

Homozygous transgenic lines were grown in SD and flowering time was quantified using 

number of days and number of rosette leaves.   

Exogenous GA application and vernalization response assays 

One hundred µM GA4 was applied twice a week directly on the meristem of the 

Wt, bhlh93-1, bhlh93-2, ga1 and phyB mutant plants grown under SD starting at day 6 

until the plants flowered (increasing amount of GA4 starting from 10 µl to 300 µl). 

Flowering time was quantified using the number of rosette leaves produced at the time of 

bolting. For vernalization response assays, seeds were surface sterilized and plated on 

GM – Suc plates as described above and exposed to SD for germination for 7 days. Then 
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the seedlings were transferred to 4
0
C for 8 weeks. Seedlings were transplanted on soil 

and then grown under SD (8h light/16h dark) conditions at 21
0
C until bolting. 

Spatial and temporal analyses of bHLH93 expression 

For tissue-specific and developmental expression of bHLH93, a 3680 bp DNA 

fragment including the 1953 bp promoter and the complete open reading frame without 

the stop codon was amplified by PCR using PFU polymerase (Stratagene, La Jolla, CA) 

and cloned into pBI121 vector to replace the 35S promoter. This construct 

(pbHLH93:bHLH93-GUS) was then transformed into wild type using the Agrobacterium-

mediated transformation protocol as described (Clough and Bent, 1998). Single-locus 

transgenic plants were selected based on Kanamycin resistance. A transgenic plant 

carrying the pbHLH93:bHLH93-GUS transgene in wt background was crossed into 

bhlh93-1 mutant and homozygous lines were produced for GUS analysis. Homozygous 

transgenic lines were grown on GM-Suc plates for various time points under SD, LD and 

continuous light as indicated, and histochemical GUS assays were performed as 

described (Shen et al., 2007). 

Subcellular localization of bHLH93 

For subcellular localization assay, the open reading frame of bHLH93 without the 

stop codon was cloned into pENTR_D_TOPO vector (Invitrogen Inc., Carlsbad, CA) and 

recombined with a destination vector pB7WGY2 (Karimi et al., 2005). This construct, 

named p35S:bHLH93-YFP, was sequenced and then transformed into wild type plants 

using the Agrobacterium-mediated transformation protocol as described (Clough and 

Bent, 1998). Several homozygous transgenic plants containing the transgene were 

identified based on Basta selection. Four-day-old dark-grown p35S:bHLH93-YFP 
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seedlings were used to investigate the sub-cellular localization of bHLH93 in stable 

transgenic plants using a fluorescent microscope. 

Semi-quantitative RT-PCR analyses 

Total RNA was isolated from 10 day-old bhlh93-1 mutant and wild-type Col-0 

seedlings grown under SD using the RNeasy plant mini kit (Qiagen, Valencia, CA). For 

reverse transcription reaction, total RNA was treated with DNase I to remove genomic 

DNA. One µg of total RNA was reverse transcribed using the RT-PCR kit (Invitrogen 

Inc., Carlsbad, CA), and first-strand cDNA was used as a template for PCR amplification. 

For semi-quantitative RT-PCR, 20 µL cDNA was diluted to 40 µL with water and 1 µL 

of diluted cDNA was used for PCR amplification of MAF5, SOC1, CO, FT, ELF7, EFS, 

FLC, AGL15, AGL24, AGL18, AGL19, SVP, VIL1, VIL2, GAI, RGA, GID1a, GID1b and 

UBQ10 fragments using gene-specific primers. The UBQ10 fragment was used as a 

control to normalize the amount of cDNA used. The RT-PCR primer sets are shown in 

Supplemental Table S1. For Southern blots, CO and FT probes were labeled using the 

random primer-labeling kit (TaKaRa, Berkeley, CA). CO and FT were amplified using 

semi-quantitative RT-PCR using 24 and 25 cycles, respectively. Amplified products were 

separated on a 1% agarose gel and blotted onto membrane for Southern hybridization 

using the labeled CO and FT probes. Blots were washed for 15 min at low stringency 

followed by a high-stringency wash at 42
0
C, and then the membranes were exposed to a 

phosphor screen (Kodak, Rochester, NY) at room temperature for overnight. The 

phosphor screen was developed using the Molecular Imager FX system (Bio-Rad 

Laboratories, Inc., Hercules, CA). 
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Genome wide microarray analyses 

For microarray, total RNA was isolated from 10-day-old bhlh93-1 and wild-type 

Col-0 seedlings grown under SD using the RNeasy plant mini kit (Qiagen, Valencia, 

CA). Five µg total RNA from Wt and bhlh93 mutants was reverse transcribed using the 

RT-PCR kit (Invitrogen Inc., Carlsbad, CA).  Microarray hybridization experiment was 

performed according to user manual of Roche NimbleGen Arabidopsis thaliana 12x135K 

Array (090717 Athal TAIR9 exp HX12; Cat No. 05543746001) (F. Hoffmann-La Roche 

Ltd, Basel, Switzerland). Log scale gene expression
 
values were calculated using a robust 

multiarray analysis (RMA). Fold
 
change values between various genotypes and 

treatments were
 
calculated using the mean expression value of the three biological 

replicate
 
samples. Statistically significant differential expression by two-fold (SSTF) with 

a false discovery rate (FDR) of 3.5% was determined using the SAM packages 

(http://www-stat.stanford.edu/~tibs/SAM/) (Tusher et al., 2001). SSTF genes were 

defined as those that differ by 2-fold with
 
q values  0.05. 

To simplify the functional classification analysis, a single
 
functional category was 

assigned to each locus as indicated.
 
Functional designations for each locus were 

determined using
 
a recent annotation of the Arabidopsis genome (TAIR10) as well as 

Gene Ontology (GO) information. Any gene product targeted to the chloroplast was 

assigned to the Photosynthesis/Chloroplast category. Gene products with predicted or 

established transcription or
 
DNA binding activity were assigned to the Transcription 

category.   

http://www-stat.stanford.edu/~tibs/SAM/
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RESULTS 

Isolation and characterization of bhlh93 mutant 

During genome-wide analyses of T-DNA insertion lines for Arabidopsis bHLH 

transcription factor genes (Toledo-Ortiz et al., 2003), we have identified two independent 

alleles of homozygous T-DNA insertion mutants in the bHLH93 (Fig. 2.1A). Both alleles 

have T-DNA insertions in the first exon of the bHLH93 gene. To investigate whether 

bHLH93 is expressed in these mutant lines, we performed a semi-quantitative RT-PCR 

analysis on Wt and bhlh93 mutant alleles. Both alleles did not show any detectable 

expression of bHLH93 compared to wt, suggesting that they are null mutants (Fig 2.1B). 

During growth of these mutants and wt plants under continuous light conditions in a 

growth room, we observed strong visible defects in the mutant plants compared to wt 

plants. bhlh93 mutants displayed shorter stature, curly and darker green leaves, and 

reduced fertility compared to wt plants (Fig. 2.1C; Fig. 2.2). Measurement of internode 

lengths showed that internode #1, 3 and 4 are significantly shorter than that of wt plants 

(Fig. 2.2A). These data suggest that bHLH93 regulates plant stature, chlorophyll content 

and fertility. 

bHLH93 regulates flowering time specifically under short day conditions 

To investigate adult phenotypes of bhlh93 mutant lines, we grew wt and bhlh93 in 

different photoperiod conditions. Under LD (16h light/8h dark) conditions, bhlh93 

mutants flowered similar to wt plants (Fig. 2.3A). However, under SD (8h light/16h dark) 

conditions, bhlh93 mutants failed to flower from the primary meristem (Fig 2.3B). 

Although we observed occasional bolting from auxiliary meristem at a low frequency 

(10-20%), most plants undergo senescence without flowering from the primary meristem. 

We quantified the flowering phenotype using both the number of rosette leaves formed at 
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the time of flowering and days taken to flower. Results showed that the number of rosette 

leaves and days to flower were similar for both mutant and wt plants grown under LD 

conditions (Fig. 2.3C, E), while bhlh93 mutant failed to flower even after producing ~100 

leaves under SD conditions (Fig. 2.3D, E). These data suggest that bHLH93 regulates 

flowering time specifically under SD conditions. 

bHLH93 can complement the bhlh93 mutant phenotypes 

Although two independent T-DNA insertion alleles of bhlh93 mutant displayed 

the late flowering phenotype under SD conditions, we transformed pbHLH93:bHLH93 

transgene with 2 kb promoter along with the entire coding region into bhlh93-1 mutant 

background for complementation analyses. We selected independent transgenic plants 

and examined their flowering time phenotype. Results showed that the native bHLH93 

gene rescued the bhlh93 mutant phenotype under SD (Fig 2.4A, B). These data confirmed 

that the mutant phenotype was indeed due to a disruption in the bHLH93 gene. 

bhlh93 is a recessive mutant, as the heterozygous plants flowered like wt plants 

(data not shown). The heterozygous plants also did not display the other morphological 

phenotypes including the short stature, curly and darker leaves, and reduced fertility. 

Ectopic expression of bHLH93 (p35S:bHLH93-LUC and pbHLH93:bHLH93-GUS) did 

not result in any observable difference compared to wt, including flowering time under 

either SD or LD conditions (Fig. 2.5, data not shown). The failure to flower only under 

SD suggests that bHLH93 is essential to induce flowering under SD.  

Day-length is critical for bHLH93 function 

Because bhlh93 mutant never flowered under SD, but flowered similar to wt 

under LD conditions, we examined the requirement of different lengths of daytime for 

bhlh93 to flower. We grew wt and bhlh93 under 16hL:8hD (LD), 14hL:10hD, 
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12hL:12hD, 10hL:14hD, 8hL:16hD (SD) conditions. Wt plants displayed late flowering 

phenotype under 14hL:10hD photoperiod conditions compared to LD (16hL:8hD) 

conditions (Fig. 2.6). However, wt plants still flowered earlier than SD (8hL:16hD) 

conditions. In addition, the flowering time for wt plants was similar under 12hL:12hD, 

10hL:14hD, 8hL:16hD (SD) conditions, suggesting that the LD photoperiod pathway is 

not functional when the day-length is shortened to 12h light conditions. Under 

14hL:10hD conditions, bhlh93 mutants flowered; however, they displayed significantly 

later flowering compared to wt plants. Strikingly, bhlh93 mutants failed to flower when 

the LD photoperiod pathway is turned off. These data suggest that the late flowering 

phenotype of bhlh93 mutant is strictly SD specific.   

Exogenous GA4 application rescues the late flowering phenotype of bhlh93 mutant 

under SD conditions 

Gibberellic acid (GA) has been shown to be essential to promote flowering 

predominantly under SD conditions (Wilson et al., 1992). To examine whether the 

flowering phenotype of bhlh93 mutant can be rescued by exogenous application of GA, 

we externally applied biologically active GA4 on the meristem of Wt, bhlh93 and phyB 

mutants grown under SD conditions. The bhlh93 mutant flowered same as Wt under SD 

conditions with exogenous GA application, suggesting that GA rescues the mutant 

phenotype under SD (Fig. 2.7; Fig. 2.8A). Interestingly, exogenous GA application 

partially rescued the other phenotypes such as curly and twisted leaves of bhlh93 under 

SD conditions (Fig. 2.8B). These data suggest that either bHLH93 is involved in GA 

biosynthesis and/or signaling or GA is acting further downstream from bHLH93 in 

regulating flowering time under SD conditions. 

To examine whether the expression of GA signaling genes (GID1a, GID1b, GAI 

and RGA) or GA regulated floral integrator gene (e.g., SOC1) are affected in the bhlh93 
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mutant relative to wt plants, we performed semi-quantitative RT-PCR analyses for these 

selected genes. Results showed that the expressions of these genes in bhlh93 mutant 

seedlings are largely similar to wt seedlings (Fig. 2.9A, C, see below), suggesting that 

GA is acting further downstream from bHLH93 in regulating flowering time. 

Prolonged vernalization treatment rescued the late flowering phenotype of bhlh93 

mutant under SD conditions 

To investigate whether bhlh93 is defective in vernalization pathway, we 

vernalized wt and bhlh93 mutant plants for 8 weeks at 4
0
C and then transferred to SD 

conditions to examine flowering time. Vernalization results in flowering of bhlh93 

mutants similar to wt plants (Fig. 2.10). Semi-quantitative RT-PCR and microarray 

analyses of selected vernalization pathway genes also did not show any difference in 

expression between non-vernalized wt and bhlh93 mutant (Fig. 2.9B, see below). These 

data suggest that the vernalization pathway is not defective in bhlh93 mutant, and 

bHLH93 may act in parallel with vernalization pathway to regulate flowering time. 

bhlh93 is epistatic to phyB, rga and  pif1 

Because the flowering phenotype of bhlh93 is rescued by GA application, we 

examined the epistatic interaction between bhlh93 and GA signaling mutants. phyB 

flowers early under both SD and LD conditions, and phyB and PIF1 are also known to 

regulate GA biosynthesis/signaling pathways. We created double mutants between 

bhlh93 and phyB, rga and pif1, and investigated their flowering time under SD 

conditions. Strikingly, all the double mutants failed to flower similar to bhlh93 single 

mutant under SD conditions (Fig. 2.11), suggesting that bhlh93 is epistatic to all these 

mutants. These data also suggest that bHLH93 functions independent of known 

components of the SD pathway.  
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bHLH93 is expressed in a tissue-specific and developmental stage dependent manner 

To investigate the spatial and temporal expression patterns of bHLH93 under SD, 

LD and continuous light conditions, we produced transgenic plants expressing bHLH93 

fused to GUS (β-Glucouronidase) from the native bHLH93 promoter 

(pbHLH93:bHLH93-GUS). The construct was transformed into Wt background and 

homozygous single copy transgenic lines were selected. We performed histochemical 

GUS assays at different stages of development (2, 4, 6, 8 and 10 day-old seedlings) using 

pbHLH93:bHLH93-GUS plants grown under different photoperiods. Under SD 

conditions, these seedlings displayed GUS activity mainly in root tips and SAM with 

weak expression in cotyledons throughout the development (Fig. 2.12A-E). GUS activity 

was observed in the hypocotyl only at day 2 with reduced or no activity at older ages. 

Under LD conditions, strong GUS activity was observed in the hypocotyl at day 2 and in 

root tips and SAM throughout the developmental stages (Fig. 2.12F-J). The GUS activity 

was reduced from cotyledons during developmental stage with strongest activity in two-

day old seedlings (Fig. 2.12F) and almost no activity in 10-day old seedlings (Fig. 2.12J) 

under LD conditions. However, 8 and 10 day-old seedlings displayed strong GUS activity 

in the primary leaves (Fig. 2.12H-J). The expression pattern in the hypocotyls is similar 

under both SD and LD with strongest activity at day 2 and a gradual reduction in activity 

from day 4 to 10 during development (Fig. 2.12A-J). On the other hand, bHLH93-GUS 

shows a very unique expression pattern under continuous light (Fig. 2.12K-O). Strong 

GUS activity was observed in the root tips throughout developmental stages (Fig. 2.12K-

O) and in SAM from 6-day old seedlings (Fig. 2.12M) under continuous light. 

Surprisingly, very faint or no GUS activity was observed in the cotyledons under this 

condition (Fig. 2.12K-O). A common feature among SD, LD and continuous light-grown 

plants is the strong GUS expression in the root tips (A-Q) and veins of leaves (Fig. 
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2.12A-R). These data are largely consistent with digital expression data on publicly 

available web sites (Fig. 2.13), and suggest that bHLH93 is expressed in a tissue specific 

and developmental stage-dependent manner and may function in specific tissues and/or in 

specific developmental stages. 

The expression pattern of bHLH93 was monitored during diurnal growth 

conditions using publicly available data 

(http://diurnal.cgrb.oregonstate.edu/diurnal_details.html) (Michael et al., 2008). These 

data showed that bHLH93 expression is regulated under diurnal conditions with a peak at 

12-16 h after dawn under SD conditions (Fig. 2.14A). Under LD conditions, bHLH93 is 

expressed constitutively without much variation (Fig. 2.14B). To confirm these data, we 

performed semi-quantitative RT-PCR in Wt and phyB mutant background grown under 

SD conditions. We examined bHLH93 expression in phyB because phyB mutants flower 

earlier than Wt under SD conditions, a phenotype opposite of bhlh93. We observed a 

peak of expression of bHLH93 gene at 12h after dawn in Wt as compared to a peak at 

16h after dawn in phyB mutant (Fig. 2.15). These data are largely consistent with 

previous reports (Fig. 2.14) (Michael et al., 2008), and suggest that a more robust diurnal 

regulation of bHLH93 expression observed under SD conditions might be important for 

its role in regulation of flowering time specifically under SD conditions.   

bHLH93 is localized to the nucleus 

To determine the subcellular localization of bHLH93, we introduced 

p35S:bHLH93-YFP transgene into Wt background and selected single copy homozygous 

transgenic plants. These plants expressing bHLH93-YFP fusion protein
 
were stained with 

DAPI and examined under fluorescence microscope. Strong YFP fluorescence was 

observed in an organelle that was also stained with DAPI (Fig. 2.12S), suggesting that 

http://diurnal.cgrb.oregonstate.edu/diurnal_details.html


 37 

bHLH93-YFP is localized in the nucleus in these stable transgenic
 
plants. These data 

suggest
 
that bHLH93 is a nuclear protein. We also examined whether bHLH93 can 

homodimerize using yeast two-hybrid assays. Results showed that bHLH93 has strong 

transcription activation activity in yeast. Moreover, bHLH93 can homodimerize in yeast 

two-hybrid assays (Fig. 2.16), suggesting that bHLH93 might function as a 

transcriptional regulator in the nucleus controlling gene expression as expected like other 

bHLH proteins. 

bHLH93 modestly controls several genes implicated in regulating flowering time 

Because bhlh93 displayed such strong flowering time phenotype, we investigated 

the molecular phenotype of bhlh93 mutant compared to wt control. We performed semi-

quantitative RT-PCR analyses for flowering time genes (e.g., SOC1, ELF7, EFS, AGL15, 

AGL24, AGL18, AGL19, SVP, CO and FT) using RNA isolated from wt and bhlh93 

mutant grown under SD conditions. Results showed that none of the selected genes are 

differentially expressed between wt and bhlh93 mutant (Fig. 2.9C, D), suggesting that 

bHLH93 may regulate novel genes involved in flowering time specifically under SD 

conditions. 

To identify differentially expressed genes between wt and bhlh93, we performed a 

genome wide expression profiling using 10 day-old Wt and bhlh93 mutant seedlings 

grown under SD conditions. We harvested triplicate independent biological samples at 

the end of the dark period and 4h after the light is turned on, and used NimbleGen chip to 

perform microarray experiment. Data analyses showed that expression of 821 genes 

change statistically significantly by twofold (SSTF) in bhlh93 relative to Wt (Table 2.2). 

Out of these SSTF genes, 35 and 122 genes were induced in the dark and light, 

respectively, with only two genes induced under both dark and light conditions. For 
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repressed gene category, 45 and 625 genes were repressed in the dark and light, 

respectively, with only three genes repressed under both dark and light conditions (Fig. 

2.17A). These data suggest that bHLH93 regulates expression of largely distinct set of 

genes in the dark and light conditions to promote flowering time.  

Functional categorization for these SSTF genes was performed using GO terms. A 

large proportion of induced and repressed genes under both dark and light conditions 

were unknown genes (Fig. 2.17B). A high percentage of repressed genes under both dark 

and light also includes the “other” category. Strikingly, 48% of the light repressed genes 

belong to the transposable element genes (Fig. 2.17B). The significance of differential 

regulation of these large numbers of “unknown”, “other” and “transposable element” 

genes in bhlh93 mutant is unknown.   

Although microarray analyses did not uncover any known target gene that can 

explain the dramatic late flowering phenotype of the bhlh93 mutant, a closer look at the 

differentially regulated genes revealed a set of genes that may play cumulative roles in 

regulating flowering time under SD conditions (Fig. 2.17C). Five genes involved in 

repression of flowering time (e.g., NIA2, PGI1, SKB1 and TCTP) (Yu et al., 2000; Wang 

et al., 2007; Berkowitz et al., 2008; Seligman et al., 2008) or GA signaling (e.g., GASA4) 

(Rubinovich and Weiss, 2010) are downregulated in bhlh93 mutant compared to wt 

controls under both dark and light conditions (Fig. 2.17C). Similarly, three genes (e.g., 

AGF1, CYP714A2 and NF-YC9) involved in GA metabolism/signaling and/or repression 

of flowering time are induced in bhlh93 mutant compared to wt controls (Matsushita et 

al., 2007; Kumimoto et al., 2010; Zhang et al., 2011). Therefore, the net result of 

upregulation of multiple floral repressors and down regulation of multiple floral activator 

genes may contribute to the strong flowering time phenotype of the bhlh93 mutant. 

Alternatively, the differential regulation of large numbers of “unknown”, “other” and 
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“transposable element” genes in bhlh93 mutant may contribute to its strong late flowering 

phenotype under SD conditions. 

DISCUSSION 

Arabidopsis thaliana is a facultative LD plant where transition from vegetative to 

reproductive phase is accelerated under LD conditions compared to SD conditions. 

Arabidopsis still flowers under SD conditions, but much later than LD conditions. The 

molecular basis for the facultative flowering behavior is still unknown. Here we provide 

genetic evidence that a critical transcription factor, called bHLH93, is essential to induce 

flowering specifically under SD conditions in Arabidopsis. Some autonomous pathway 

mutants also fail to flower under SD. However, they flower very late under LD as well 

(Kim et al., 2009). Unlike known late-flowering mutants, bhlh93 mutants failed to flower 

only under SD conditions, but not under LD conditions (Fig. 2.3). Thus bHLH93 is 

absolutely required for the transition from vegetative to reproductive phase under SD 

conditions. 

Previously, flowering time mutants affected only under SD conditions have been 

reported. For example, phyB, dnf, spa1 and cop1 flower early whereas vil1 and vil2 

flower late specifically under SD conditions (Reed et al., 1993; Mcnellis et al., 1994; 

Ishikawa et al., 2006; Laubinger et al., 2006; Sung et al., 2006; Kim and Sung, 2010; 

Morris et al., 2010). However, vil1 and vil2 mutants display quantitative difference in 

flowering time compared to wild type and still flower under SD conditions (Sung et al., 

2006; Kim and Sung, 2010). Although ga1 mutants also failed to flower under SD, ga1 

flowers significantly later under LD as well (Wilson et al., 1992). However, bhlh93 

mutants fail to flower in SD without any discernible delay in flowering under LD 
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conditions. Therefore, bHLH93 represents a novel positive regulator of floral transition 

functioning specifically under SD conditions. 

Phenotypic characterizations showed that flowering time defect in bhlh93 mutants 

is independent of GA and vernalization pathways (Figs. 2.7, 2.8, 2.10). On one hand, the 

stunted growth, reduced fertility, curly and darker leaves suggest that bhlh93 may have 

defects in GA pathway. In support of this hypothesis, exogenous GA application 

completely rescued all these phenotypes including the flowering time phenotype (Fig. 

2.8). However, several lines of evidence suggest against this possibility. First, curly and 

darker leaves are characteristics for the majority of the late flowering mutants and are not 

specific to bhlh93 mutants. Second, unlike GA deficient mutants like ga1, the rosette size 

of the bhlh93 mutant is similar to wild type (Fig. 2.8), suggesting that if GA deficiency is 

one of the reasons for delayed flowering of bhlh93 mutant, it might be localized in a 

tissue- or cell-specific manner, which contradicts the expression patterns of bHLH93 as 

evidenced from the pbHLH93:bHLH93-GUS expression data (Fig. 2.12). Third, both 

semi-quantitative RT-PCR and whole genome expression profiling did not reveal any 

significant difference in gene expression for the GA biosynthetic and/or signaling genes 

between wt and bhlh93 mutant (Fig. 2.9 Table 2.2). On the other hand, prolonged 

vernalization completely rescued the late flowering phenotype of bhlh93 mutant (Fig. 

2.10), suggesting that the vernalization pathway is not defective in this mutant. The lack 

of difference in expression of the majority of the vernalization pathway genes between wt 

and bhlh93 mutant supports this hypothesis (Fig. 2.9; Table 2.2). By contrast, variations 

of different day-length showed that bhlh93 mutants failed to flower as soon as the LD 

photoperiod pathway is turned off (e.g., the day-length is 12h or shorter) (Fig. 2.6). 

bhlh93 mutants flowered, although later than wt controls, when the day-length is 

increased to 14h light, a condition where the LD photoperiod pathway is still operative. 
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Taken together, our results suggest that bhlh93 is defective only under the non-inductive 

SD pathway as opposed to other genetic pathways regulating flowering time. 

Although the genetic data provide compelling evidence that bHLH93 plays a 

pivotal role in regulating flowering time specifically under SD conditions, the cellular 

and molecular mechanisms by which it regulates flowering time remain to be elucidated. 

bHLH93 is expressed at the meristematic tissues and primary leaves (Fig. 2.12 A-R), and 

the protein is localized to nucleus (Fig. 2.12S). Being a member of a well-characterized 

transcription factor family with transcriptional activation and homodimerization ability 

(Fig. 2.16), bHLH93 is expected to transcriptionally regulate gene expression. However, 

our semi-quantitative RT-PCR analyses of well-known candidate flowering genes as well 

as the whole genome expression profiling did not reveal any obvious difference in their 

mRNA expressions (Fig. 2.17; Fig. 2.9; Table 2.2). Interestingly, microarray data showed 

that a set of genes that has previously been implicated in regulating GA signaling and/or 

flowering time is either upregulated or downregulated in the bhlh93 mutant relative to 

wild type (Fig. 2.17C). One possibility is that bHLH93 controls a number of genes 

moderately, and the bhlh93 phenotype reflects the net result of upregulation of flowering 

time repressors and downregulation of flowering time inducers functioning in SD 

pathway. Alternatively, bHLH93 regulates gene expression at a later developmental stage 

or in a tissue- and/or cell type-specific manner that was not revealed in our whole 

genome expression profiling using 10-day old seedling aerial tissues. Because bhlh93 

mutants never flower under SD conditions, bHLH93 may constitute the SD pathway that 

regulates the facultative nature of flowering plants (Fig. 2.18). In this case, facultative 

plants may have evolved with regulators like bHLH93 that provide evolutionary 

advantage for reproductive success of facultative flowering behavior in varying 
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environmental conditions. Identification and characterization of direct targets of bHLH93 

will help distinguish these possibilities. 
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Table 2.1:  Primer sequences used in experiments described in the text  
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Table 2.2A: Genes up-regulated in dark 
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Table 2.2B: Genes down-regulated in dark 
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Table 2.2C: Genes up-regulated in light 
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Table 2.2C: Genes up-regulated in light (continued) 
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Table 2.2C: Genes up-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light   
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Table 2.2D: Genes down-regulated in light (continued) 
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Figure 2.1: Adult phenotypes of bhlh93 T-DNA insertion mutants. 

 A) Schematic diagram of the bHLH93 gene structure showing four exons (black 

rectangles) connected with three introns (black lines) and 5’- and 3’-untranslated regions 

(gray rectangles). Two T-DNA alleles (bhlh93-1 and bhlh93-2) have T-DNA insertion in 

the first exon. B) Semi-quantitative RT-PCR shows both bhlh93-1 and bhlh93-2 alleles 

are null mutants where bHLH93 is not expressed. C) Adult morphological phenotypes of 

bhlh93 mutant alleles along with wt controls grown under continuous light in a growth 

room. bhlh93 mutant shows stunted growth with twisted leaves  as compared to wild 

type. n>15 
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Figure 2.2: Adult phenotypes of the bhlh93 mutants compared to wt plants.  

Internode length (A) and number of siliques/plant (B) is shown for wild type and two 

alleles of bhlh93 mutant grown under continuous light in green house conditions. **, 

indicates statistically significant difference with a p value <0.01. n>15 
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Figure 2.3: bhlh93 does not flower specifically under short day (SD) conditions.  

Flowering time was quantified using both number of rosette leaves formed at the time of 

flowering and number of days to flower. Photographs of wt and two alleles of bhlh93 

mutant plants grown under LD (A) or SD (B) conditions. Rosette leaf numbers for wt and 

two alleles of bhlh93 mutant plants grown under LD (C) or SD (D) conditions. Number 

of days taken to flower for wt and two alleles of bhlh93 mutant plants grown under LD 

(E) or SD (F) conditions. n>15 
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Figure 2.4: Complementation of bhlh93 mutant with pbHLH93:bHLH93.  

A) Bar graph shows the number of rosette leaves formed at the time of bolting for wt, 

bhlh93 and four independent complementation lines grown under SD conditions. B) 

Photograph of bhlh93 mutant and one complemented line showing emergence of an 

inflorescence from the primary meristem. n>15 
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Figure 2.5: Overexpression of pbHLH93:bHLH93-GUS and p35S:bHLH93-LUC in wt 

background. 

Overexpression of bHLH93 in transgenic lines did not accelerate flowering time under 

SD conditions. Bar graph shows the number of rosette leaves formed at the time of 

bolting. n>15 
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Figure 2.6: Effect of day-length on the flowering time of bhlh93 mutant.  

Wt and bhlh93 mutants were grown under different photoperiods as indicated, and 

flowering time was measured using the number of rosette leaves at the time of flowering. 

**, indicates statistically significant difference with a p value <0.01. n>15 
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Figure 2.7: Exogenous application of gibberellin (GA4) rescues the late flowering 

phenotypes of bhlh93 mutant under SD conditions. 

Bar-graph showing the number of rosette leaves produced by various genotypes at the 

time of flowering. Plants were grown under SD (8h light/16h dark) conditions with and 

without GA application. n>15 
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Figure 2.8: Exogenous application of gibberellin (GA4) rescues the late flowering and 

leaf morphology phenotypes of bhlh93 mutant under SD conditions. 

 A) Photographs of wt and two alleles of bhlh93 mutant plants grown under SD 

conditions and treated with GA4. B) Photographs showing rosette morphology and curly 

leaf phenotypes of wt and bhlh93 mutants treated without (left) and with GA4 (right). 

n>15 
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Figure 2.9: Expression of genes involved in GA signaling, vernalization and flowering 

time in wild type and bhlh93 mutant seedlings.  

A) Semi-quantitative RT-PCR for GA signaling genes in wild type and bhlh93 mutant 

seedlings. B) Semi-quantitative RT-PCR for vernalization pathway genes in wild type 

and bhlh93 mutant. C) Semi-quantitative RT-PCR for flowering time genes in wild type 

and bhlh93 mutant seedlings. D) Semi-quantitative RT-PCR followed by Southern blot 

for flowering time genes in wild type and bhlh93 mutant seedlings. Total RNA was 

isolated from 10 day-old seedlings grown under SD conditions. n=3 
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Figure 2.10: Flowering time phenotype for the wild type and bhlh93 mutant in response 

to vernalization under SD conditions. 

Bar-graphs showing average number of rosette leaves at bolting under SD conditions. 

Plants were vernalized for 56 days at 4
0
C and then grown under SD (8h light/16h dark) 

conditions at 21
0
C until bolting. n>15 
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Figure 2.11: Double mutant phenotype of various genotypes.  

Photographs showing bhlh93 and various double mutant of bhlh93 did not flower under 

SD conditions. n>15 
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Figure 2.12: Tissue specific expression of bHLH93 under SD (A-E), LD (F-J), and 

continuous light (K-R) conditions.  

bHLH93 is expressed in the cotyledon, hypocotyl and root at 2 day-old seedlings grown 

under SD, LD and continuous light (A, F, and K). At day 4 and day 6 of growth, bHLH93 

is expressed in the cotyledon and hypocotyl (SD, LD), root (SD, LD and continuous 

light; B, G, and L). At days 8 and 10, bHLH93 is expressed in the true leaves under LD 

and continuous light conditions. Higher magnification shows bHLH93 is expressed 

mainly in root tips and veins in the cotyledons  (P, Q and R). S) bHLH93 is localized to 

nucleus. Subcellular localization of bHLH93-YFP fusion protein in transgenic plants. 

Left panel shows the YFP fluorescence, the middle panel shows the DAPI staining of the 

nuclei, and right panel shows the merge between YFP and DAPI signals. n=3 
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Figure 2.13: Developmental expression patterns for bHLH93.  

Digital expression patterns for bHLH93 in various tissues were obtained from eFP 

Browser web site (Winter et al., 2007).  
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Figure 2.14: Diurnal expression of bHLH93 under SD and LD conditions.  

bHLH93 shows more robust diurnal regulation of expression in wild type plants under 

SD conditions compared to LD conditions. These data were obtained from publicly 

available data (Mockler et al., 2007).  
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Figure 2.15: Expression of bHLH93 under SD conditions. 

 bHLH93 shows diurnal regulation of expression in wild type plants. Expression peaks at 

8-12h after the light is turned on. This peak of expression of bHLH93 is shifted in phyB 

mutant under SD conditions. In phyB mutant, bHLH93 expression peaks at 16h of day. 

n=3 
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Figure 2.16: Homo-dimerization and transcriptional activation activity of bHLH93 in 

yeast two-hyrbrid assays. 

 β-Galactosidase assays were performed in triplicate and the data represent mean + s.e.m. 

β-Galactosidase units are Miller units (M.U.). GAD, gal4 activation domain, and GBD, 

gal4 DNA binding domain. 
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Figure 2.17: Genome wide expression analyses in bhlh93 mutant and wt seedlings.  

A) Venn diagram showing the number differentially expressed genes in 

bhlh93 mutant compared to wt seedlings in the dark and 4h after light 

is on. These differentially expressed genes are induced or repressed at 

least two-fold in bhlh93 mutant in the dark and light with a q value 

<0.05. Seedlings were grown under SD conditions and dark samples 

were collected at the end of the dark period and the light samples were 

collected 4h after the light is on. B) Functional categorization of 

differentially regulated genes in bhlh93 mutants relative to wild type 

controls. C). Bar-graph showing upregulation or downregulation of a 

set of genes implicated in either repression or promotion of flowering 

time, respectively, in bhlh93 mutant compared to wt seedlings. These 

differentially expressed genes are induced or repressed at least two-

fold in bhlh93 mutant in dark and light with a q value < 0.05. n=3 
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Figure2.18: A simplified model showing the role of bHLH93 in a photoperiod-dependent 

regulation of flowering time.  

bHLH93 is not necessary for floral transition under inductive photoperiod (LD) 

conditions (top), where LD pathway plays a major role in regulating flowering time. 

Autonomous, GA and vernalization pathways play minor roles under LD conditions. In 

contrast, bHLH93 is essential for floral transition under non-inductive photoperiod (SD) 

conditions (bottom). GA also plays a major role, while autonomous and vernalization 

pathways play minor roles in promoting flowering time under non-inductive SD 

conditions. 



 82 

REFERENCES: 

Abe, M., Kobayashi, Y., Yamamoto, S., Daimon, Y., Yamaguchi, A., Ikeda, Y., Ichinoki, 

H., Notaguchi, M., Goto, K. and Araki, T. (2005) 'FD, a bZIP Protein Mediating 

Signals from the Floral Pathway Integrator FT at the Shoot Apex', Science 309: 

1052-1056. 

Alonso, J. M., Stepanova, A. N., Leisse, T. J., Kim, C. J., Chen, H., Shinn, P., Stevenson, 

D. K., Zimmerman, J., Barajas, P., Cheuk, R. et al. (2003) 'Genome-Wide 

Insertional Mutagenesis of Arabidopsis thaliana', Science 301: 653-657. 

Berkowitz, O., Jost, R., Pollmann, S. and Masle, J. (2008) 'Characterization of TCTP, the 

translationally controlled tumor protein, from Arabidopsis thaliana', Plant Cell 20: 

3430-3447. 

Blazquez, M. A. and Weigel, D. (2000) 'Integration of floral inductive signals in 

Arabidopsis', Nature 404: 889-892. 

Chen, H. D., Huang, X., Gusmaroli, G., Terzaghi, W., Lau, O. S., Yanagawa, Y., Zhang, 

Y., Li, J. G., Lee, J. H., Zhu, D. M. et al. (2010) 'Arabidopsis CULLIN4-

Damaged DNA Binding Protein 1 Interacts with CONSTITUTIVELY 

PHOTOMORPHOGENIC1-SUPPRESSOR OF PHYA Complexes to Regulate 

Photomorphogenesis and Flowering', Plant Cell 22: 108-123. 

Chen, M. and Ni, M. (2006) 'RFI2, a RING-domain zinc finger protein, negatively 

regulates CONSTANS expression and photoperiodic flowering.', Plant J 46(5): 

823-833. 

Cheng, H., Qin, L. J., Lee, S. C., Fu, X. D., Richards, D. E., Cao, D. N., Luo, D., 

Harberd, N. P. and Peng, J. R. (2004) 'Gibberellin regulates Arabidopsis floral 

development via suppression of DELLA protein function', Development 131: 

1055-1064. 

Clough, S. J. and Bent, A. F. (1998) 'Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana', Plant J 16(6): 735-43. 

Covington, M. F., Panda, S., Liu, X. L., Strayer, C. A., Wagner, D. R. and Kay, S. A. 

(2001) 'ELF3 modulates resetting of the circadian clock in Arabidopsis.', Plant 

Cell 13: 735-743. 

Davis, S. J. (2009) 'Integrating hormones into the floral-transition pathway of 

Arabidopsis thaliana', Plant Cell Environ 32: 1201-1210. 

Fornara, F., de Montiagu, A. and Coupland, G. (2010) 'SnapShot: Control of Flowering 

in Arabidopsis', Cell 141: 550e1-2. 

Fowler, S., Lee, K., Onouchi, H., Samach, A., Richardson, K., Morris, B., Coupland, G. 

and Putterill, J. (1999) 'GIGANTEA: a circadian clock-controlled gene that 



 83 

regulates photoperiodic flowering in Arabidopsis and encodes a protein with 

several possible membrane-spanning domains', EMBO J 18: 4679 - 4688. 

He, Y. J., Michaels, S. D. and Amasino, R. M. (2003) 'Regulation of flowering time by 

histone acetylation in Arabidopsis', Science 302: 1751-1754. 

Imaizumi, T. and Kay, S. A. (2006) 'Photoperiodic control of flowering: not only by 

coincidence', Trends Plant Sci 11: 550-558. 

Imaizumi, T., Schulz, T. F., Harmon, F. G., Ho, L. A. and Kay, S. A. (2005) 'FKF1 F-box 

protein mediates cyclic degradation of a repressor of CONSTANS in 

Arabidopsis', Science 309: 293-297. 

Ishikawa, M., Kiba, T. and Chua, N. H. (2006) 'The Arabidopsis SPA1 gene is required 

for circadian clock function and photoperiodic flowering', Plant J 46: 736-746. 

Jang, S., Marchal, V., Panigrahi, K. C. S., Wenkel, S., Soppe, W., Deng, X. W., 

Valverde, F. and Coupland, G. (2008) 'Arabidopsis COP1 shapes the temporal 

pattern of CO accumulation conferring a photoperiodic flowering response', 

EMBO J 27(8): 1277-1288. 

Jiang, D., Yang, W., He, Y. J. and Amasino, R. M. (2007) 'Arabidopsis relatives of the 

human lysine-specific Demethylase1 repress the expression of FWA and 

FLOWERING LOCUS C and thus promote the floral transition.', Plant Cell 19: 

2975-2987. 

Karimi, M., Meyer, B. D. and Hilson, P. (2005) 'Modular cloning in plant cells', Trends 

Plant Sci 10: 103-105. 

Kim, D. H., Doyle, M. R., Sung, S. and Amasino, R. M. (2009) 'Vernalization: Winter 

and the Timing of Flowering in Plants', Annu Rev Cell Dev Biol 25: 277-299. 

Kim, D. H. and Sung, S. (2010) 'The Plant Homeo Domain finger protein, VIN3-LIKE 2, 

is necessary for photoperiod-mediated epigenetic regulation of the floral 

repressor, MAF5', Proc Nat Acad Sci U S A 107(39): 17029-17034. 

Kumimoto, R. W., Zhang, Y., Siefers, N. and Holt, B. F. (2010) 'NF–YC3, NF–YC4 and 

NF–YC9 are required for CONSTANS-mediated, photoperiod-dependent 

flowering in Arabidopsis thaliana', Plant J 63: 379-391. 

Laubinger, S., Marchal, V., Le Gourrierec, J., Wenkel, S., Adrian, J., Jang, S., Kulajta, 

C., Braun, H., Coupland, G. and Hoecker, U. (2006) 'Arabidopsis SPA proteins 

regulate photoperiodic flowering and interact with the floral inducer CONSTANS 

to regulate its stability', Development 133: 3213-3222. 

Lee, H., Suh, S. S., Park, E., Cho, E., Ahn, J. H., Kim, S. G., Lee, J. S., Kwon, Y. M. and 

Lee, I. (2000) 'The AGAMOUS-LIKE 20 MADS domain protein integrates floral 

inductive pathways in Arabidopsis.', Genes & Development 14: 2366-2376. 



 84 

Lim, M. H., Kim, J., Kim, Y. S., Chung, K. S. and Seo, Y. H. (2004) 'A new Arabidopsis 

gene, FLK, encodes an RNA binding protein with K homology motifs and 

regulates flowering time via FLOWERING LOCUS C.', Plant Cell 16: 731-740. 

Macknight, R., Bancroft, I., Page, T., Lister, C. and Schmidt, R. (1997) 'FCA, a gene 

controlling flowering time in Arabidopsis, encodes a protein containing RNA-

binding domains', Cell 89: 737-745. 

Matsushita, A., Furumoto, T., Ishida, S. and Takahashi, Y. (2007) 'AGF1, an AT-Hook 

Protein, Is Necessary for the Negative Feedback of AtGA3ox1 Encoding GA 3-

Oxidase', Plant Physiol 143: 1152-1162. 

Mcnellis, T. W., Von Arnim, A. G., Araki, T., Komeda, Y., Misera, S. and Deng, X. W. 

(1994) ' Genetic and molecular analysis of an allelic series of cop1mutants 

suggests functional roles for the multiple protein domains.', Plant Cell 6: 487-500. 

Michael, T. P., Mockler, T. C., Breton, G., McEntee, C., Byer, A., Trout, J. D., Hazen, S. 

P., Shen, R., Priest, H. D., Sullivan, C., M. et al. (2008) 'Network Discovery 

Pipeline Elucidates Conserved Time-of-Day–Specific cis-Regulatory Modules', 

PLoS Genet 4(2): e14. 

Michaels, S. D. and Amasino, R. M. (1999) 'FLOWERING LOCUS C encodes a novel 

MADS domain protein that acts as a repressor of flowering.', Plant Cell 11: 949-

956. 

Michaels, S. D., Himelblau, E., Kim, S. Y., Schomburg, F. M. and Amasino, R. M. 

(2005) 'Integration of flowering signals in winterannual Arabidopsis', Plant 

Physiol 137: 149-156. 

Moon, J., Lee, H., Kim, M. and Lee, I. (2005) 'Analysis of flowering pathway integrators 

in Arabidopsis', PLANT AND CELL PHYSIOLOGY 46: 292-299. 

Moon, J., Suh, S., Lee, H., Choi, K., Hong, C., Paek, N., Kim, S. and Lee, I. (2003) 'The 

SOC1 MADS-box gene integrates vernalization and gibberellin signals for 

flowering in Arabidopsis. ', Plant J 35: 613-623. 

Morris, K., Thornber, S., Codrai, L., Richardson, C., Craig, A., Sadanandom, A., 

Thomas, B. and Jackson, S. (2010) 'DAY NEUTRAL FLOWERING represses 

CONSTANS to prevent Arabidopsis flowering early in short days.', Plant Cell 22: 

1118-1128. 

Mutasa-Göttgens, E. and Hedden, P. (2009) 'Gibberellin as a factor in floral regulatory 

networks', J Exp Bot 60(7): 1979-1989. 

Nelson, D. C., Lasswell, J., Rogg, L., Cohen, M. and Bartel, B. (2000) 'FKF1, a clock-

controlled gene that regulates the transition to flowering in Arabidopsis. ', Cell 

101: 331-340. 



 85 

Noh, B., Lee, S. H., Kim, H. J., Yi, G. and Shin, E. A. (2004) 'Divergent roles of a pair of 

homologous jumonji/zincfinger- class transcription factor proteins in the 

regulation of Arabidopsis flowering time', Plant Cell 16: 2601-2613. 

Onouchi, H., Igeno, M. I., Perilleux, C., Graves, K. and Coupland, G. (2000) 

'Mutagenesis of plants overexpressing CONSTANS demonstrates novel 

interactions among Arabidopsis flowering-time genes.', Plant Cell 12: 885-900. 

Ranjan, A., Fiene, G., Fackendahl, P. and Hoecker, U. (2011) 'The Arabidopsis repressor 

of light signaling SPA1 acts in the phloem to regulate seedling de-etiolation, leaf 

expansion and flowering time', Development 138: 1851-1862. 

Reed, J. W., Nagpal, P., Poole, D. S., Furuya, M. and Chory, J. (1993) 'Mutations in the 

gene for the red/far-red light receptor phytochrome B alter cell elongation and 

physiological responses throughout Arabidopsis development', Plant Cell 5(2): 

147-57. 

Rubinovich, L. and Weiss, D. (2010) 'The Arabidopsis cysteine-rich protein GASA4 

promotes GA responses and exhibits redox activity in bacteria and in planta', 

Plant J 64: 1018-1027. 

Samach, A., Onouchi, H., Gold, S. E., Ditta, G. S., Schwarz-Sommer, Z., Yanofsky, M. 

F. and Coupland, G. (2000) 'Distinct roles of CONSTANS target genes in 

reproductive development of Arabidopsis.', Science 288: 1613-1616. 

Schomburg, F. M., Patton, D. A., Meinke, D. W. and Amasino, R. M. (2001) 'FPA, a 

gene involved in floral induction in Arabidopsis, encodes a protein containing 

RNA-recognition motifs', Plant Cell 13: 1427-1436. 

Searle, I., He, Y., Turck, F., Vincent, C., Fornara, F., Kröber, S., Amasino, R. A. and 

Coupland, G. (2006) 'The transcription factor FLC confers a flowering response 

to vernalization by repressing meristem competence and systemic signaling in 

Arabidopsis.', Genes & Development 20: 898-912. 

Seligman, K., Saviani, E. E., Oliveira, H. C., Pinto-Maglio, C. A. F. and Salgado, I. 

(2008) 'Floral Transition and Nitric Oxide Emission During Flower Development 

in Arabidopsis thaliana is Affected in Nitrate Reductase-Deficient Plants', PLANT 

AND CELL PHYSIOLOGY 49: 1112-1121. 

Shen, H., Luong, P. and Huq, E. (2007) 'The F-box Protein MAX2 Functions as a 

Positive Regulator of Photomorphogenesis in Arabidopsis', Plant Physiol 145: 

1471-1483. 

Shen, H., Moon, J. and Huq, E. (2005) 'PIF1 is regulated by light-mediated degradation 

through the ubiquitin-26S proteasome pathway to optimize seedling 

photomorphogenesis in Arabidopsis', Plant J 44: 1023-1035. 



 86 

Simpson, G. G. (2004) 'The autonomous pathway: epigenetic and post-transcriptional 

gene regulation in the control of Arabidopsis flowering time', Curr Opin Plant 

Biol 7: 570-574. 

Simpson, G. G., Dijkwel, P. P., Quesada, V., Henderson, I. and Dean, C. (2003) 'FY is an 

RNA 30 end-processing factor that interacts with FCA to control the Arabidopsis 

floral transition', Cell 113: 777-787. 

Sua´rez-Lo´pez, P., Wheatley, K., Robson, F., Onouchi, H., Valverde, F. and Coupland, 

G. (2001) 'CONSTANS mediates between the circadian clock and the control of 

flowering in Arabidopsis', Nature 410: 1116-1120. 

Sung, S., Schmitz, R. J. and Amasino, R. M. (2006) 'A PHD finger protein involved in 

both the vernalization and photoperiod pathways in Arabidopsis', Genes & 

Development 20: 3244-3248. 

Toledo-Ortiz, G., Huq, E. and Quail, P. H. (2003) 'The Arabidopsis basic/helix-loop-helix 

transcription factor family', Plant Cell 15(8): 1749-70. 

Tusher, V. G., Tibshirani, R. and Chu, G. (2001) 'Significance analysis of microarrays 

applied to the ionizing radiation response', Proc Nat Acad  Sci  USA 98: 5116-

5121. 

Valverde, F., Mouradov, A., Soppe, W., Ravenscroft, D., Samach, A. and Coupland, G. 

(2004) 'Photoreceptor regulation of CONSTANS protein in photoperiodic 

flowering', Science 303: 1003-1006. 

Wang, X., Zhang, Y., Ma, Q., Zhang, Z., Xue, Y., Bao, S. and Chong, K. (2007) 'SKB1-

mediated symmetric dimethylation of histone H4R3 controls flowering time in 

Arabidopsis', EMBO J 26: 1934-1941. 

Wigge, P. A., Kim, M. C., Jaeger, K. E., Busch, W., Schmid, M., Lohmann, J. U. and 

Weigel, D. (2005) 'Integration of Spatial and Temporal Information During Floral 

Induction in Arabidopsis', Science 309: 1056-1059. 

Wilson, R. N., Heckman, J. W. and Somerville, C. R. (1992) 'Gibberellin Is Required for 

Flowering in Arabidopsis thaliana under Short Days', Plant Physiol 100: 403-408. 

Yanovsky, M. J. and Kay, S. A. (2003) 'Living by the calendar: how plants know when to 

flower', Nat. Rev. Mol. Cell Biol. 4: 265-275. 

Yoo, S. K., Chung, K. S., Kim, J., Lee, J. H., Hong, S. M., Yoo, S. J., Yoo, S. Y., Lee, J. 

S. and Ahn, J. H. (2005) 'CONSTANS Activates SUPPRESSOR OF 

OVEREXPRESSION OF CONSTANS 1 through FLOWERING LOCUS T to 

Promote Flowering in Arabidopsis', Plant Physiol 139: 770-778. 

Yu, T.-S., Lue, W.-L., Wang, S.-M. and Chen, J. (2000) 'Mutation of Arabidopsis Plastid 

Phosphoglucose Isomerase Affects Leaf Starch Synthesis and Floral Initiation', 

Plant Physiol 123: 319-326. 



 87 

Zhang, Y., Zhang, B., Yan, D., Dong, W., Yang, W., Li, Q., Zeng, L., Wang, J., Wang, 

L., Hicks, L. M. et al. (2011) 'Two Arabidopsis cytochrome P450 

monooxygenases, CYP714A1 and CYP714A2, function redundantly in plant 

development through gibberellin deactivation', Plant J 66: doi: 10.1111/j.1365-

313X.2011.04596.x  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 88 

CHAPTER 3: Identification and functional characterization of target 

genes for bHLH93 

ABSTRACT  

Arabidopsis is a facultative long day (LD) plant where LD condition promotes 

flowering. Arabidopsis also flowers under short day (SD) conditions; however, flowering 

is delayed under these conditions. The molecular mechanism for this facultative behavior 

is still unknown. Recently, we have shown that bhlh93 mutants never flowered under SD, 

but flowers similar to wt under LD conditions. Thus, bHLH93 plays a pivotal role in 

promoting flowering time specifically under SD conditions. To understand the molecular 

mechanism by which bHLH93 regulates flowering time, we performed additional 

phenotypic characterization. Results showed that bhlh93 mutant phenotypes appeared 

more prominently at later stages of development than at the seedling stage. Transfer of 

SD grown plants to LD conditions at various ages showed that bhlh93 mutants lose 

competency to flower after 30 days of growth under SD. Vernalization treatment showed 

that bhlh93 mutants require 8 weeks of vernalization treatments to promote flowering 

under SD conditions, suggesting that, although bhlh93 is responding to vernalization, it is 

hyposensitive to vernalization treatments. Quantitative RT-PCR analyses from the 

meristem tissues of adult plants showed that FLC clade genes, especially FLC and MAF5, 

are upregulated in bhlh93 mutant compared to wt controls. Chromatin 

immunoprecipitation assays showed that bHLH93 associates with MAF5 promoter region 

containing E boxes. Gel-shift assays with E-box region from MAF5 promoter showed 

that bHLH93 can directly bind to MAF5 promoter. These data suggest that bHLH93 

directly targets MAF5 and possibly other FLC clade genes to regulate flowering time 

specifically under SD conditions. 
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INTRODUCTION 

Plants being sessile organisms do not have the ability to travel to a favorable 

environment. To avoid adverse conditions, plants have evolved genetic mechanisms to 

optimize growth and development. One mechanism to maximize reproductive success of 

the plant is to regulate transition from vegetative to reproductive phase. This transition, 

known as flowering, occurs when the shoot apical meristem (SAM) is converted to 

inflorescence meristem which is eventually modified into floral meristem. This switch 

from SAM to floral meristem is a tightly regulated process where several genetic 

pathways come together to induce flowering. The timing of flowering is fine tuned by 

other environmental and endogenous signals such as light, temperature, nutrients, 

hormones, etc. 

 In Arabidopsis, two floral integrator genes FLOWERING LOCUS T (FT) and 

SUPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) activate the 

downstream floral identity genes (e.g., APETALA1, AP1 and LEAFY, LFY) to induce 

flowering (Michaels and Amasino, 1999; Blazquez and Weigel, 2000; Lee et al., 2000; 

Onouchi et al., 2000; Samach et al., 2000; Moon et al., 2003; Moon et al., 2005). SOC1 

and FT expression is regulated by four genetic pathways, namely, vernalization, 

autonomous, hormones, and photoperiod pathways.  

Vernalization, or prolonged cold exposure, represses FLOWERING LOCUS C 

(FLC) and FLC-clade members including MADS-box transcription factors FLOWERING 

LOCUS M / MADS AFFECTING FACTOR 1 (MAF1) and MAF 2-5 to induce flowering 

time in Arabidopsis (Kim et al., 2009; Kim and Sung, 2010 ). Prior to vernalization, FLC 

represses expression of FT and SOC1 in phloem and in the meristem and FD in the 

meristem (Searle et al., 2006). However, vernalization induces an epigenetic modification 
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at FLC and some FLC clade members locus via VERNALIZATION INSENSITIVE 3 

(VIN3) (Kim et al., 2009). The repression of FLC and FLC clade members leads to 

activation of FT and SOC1 that allow plants to flower after a long duration of cold 

exposure (Kim et al., 2009; Dennis et al., 2007; Sung et al., 2004; Henderson et al., 2004; 

Sung et al., 2006; Sheldon et al., 2009). VIN3 belongs to a small gene family, known as 

the VIN3/VERNALIZATION LIKE (VEL) gene family (Sung et al., 2006; Greb et al., 

2007). VEL gene family consists of VIN3-LIKE 1 (VIL1)/VERNALIZATION 5 (VRN5), 

VIL2/VEL1, VIL3/VEL2, and VIL4/VEL3, while VIL4/VEL3 appears to be a pseudogene 

(Sung et al., 2006; Greb et al., 2007). In eukaryotes, Polycomb Repressive Complex 2 

(PRC2) promotes histone modification during epigenetic regulation. A member of PRC2, 

ENHANCER OF ZESTE [E(Z)] adds methyl groups at H3K27 residues 

(H3K27me3)(Muller et al., 2002). In Arabidopsis, VRN2, VIN3 and VRN5/VIL1 appear 

to form a repressive complex similar PRC2 and this complex is required for histone 

modification at FLC locus (Wood et al., 2006; De Lucia et al., 2008). Arabidopsis has at 

least two homologs of E(Z) called CURLY LEAF (CLF) and SWINGER (SWN) in the 

VIN3 and VIL1/VRN5 complex (Wood et al., 2006; De Lucia et al., 2008). Thus, only 

epigenetic regulation of FLC and FLC-clade members has been shown in flowering time 

in Arabidopsis. 

Photoperiod (day length) also regulates flowering time in Arabidopsis (Fornara et 

al., 2010). Long day (LD, 16h light/8h dark) acts as an inductive photoperiod in 

Arabidopsis and promotes flowering. However, flowering is delayed under non-inductive 

SD (8h light/16h dark) photoperiod. LD pathway functions via CONSTANS (CO) gene 

and CO is regulated in part by two antagonistic groups of genes: activators FLAVIN-

BINDING, KELCH REPEAT, AND F-BOX 1(FKF1), GIGANTEA (GI), and repressors 

ELF3, CYCLING DOF FACTOR1 (CDF1), and RED AND FAR-RED INSENSITIVE 2 
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(RFI2) (Fowler et al., 1999; Nelson et al., 2000; Covington et al., 2001; Sua´rez-Lo´pez 

et al., 2001; Imaizumi et al., 2005; Chen and Ni, 2006). Stable CO protein promotes 

expression of FT. FT associates with FD to activate expression of SOC1 and downstream 

floral identity genes such as AP1 and LFY to promote flowering (Abe et al., 2005; 

Michaels et al., 2005; Wigge et al., 2005; Yoo et al., 2005). 

Unlike LD pathway, non-inductive SD pathway is poorly understood. Recently 

we identified a transcription factor, bHLH93 that is necessary to induce flowering 

specifically under SD conditions. bhlh93 mutants do not flower under SD, but flower like 

wt in LD. However, how bHLH93 regulates flowering only under SD conditions is still 

unknown. Here we show that bHLH93 mainly functions at the adult stage and controls 

adult vegetative to adult reproductive phase transition. Thus we mainly focused on adult 

stage in this study. We show that bhlh93 mutants lose floral competence at 30 days of 

growth in SD and bhlh93 mutants need prolonged vernalization treatment to promote 

flowering in SD. Recently, VIL1-2 has been shown to promote flowering through 

chromatin modification of MAF1 and MAF5 genes, respectively under SD conditions 

(Sung et al., 2006; Kim and Sung, 2010). vil1 and vil2 mutants flower late under SD 

specifically, but bhlh93 mutants do not flower at all in SD. Here we have identified 

MAF5 and FLC as putative targets of bHLH93 to promote flowering. We describe a 

novel mechanism of MAF5 regulation by a transcription factor. bHLH93 directly binds 

MAF5 promoter region containing consensus E-box sequence. This is the first report of 

MAF5 gene regulation directly by a transcription factor other than epigenetic 

modification.  
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MATERIALS AND METHODS 

Plant growth conditions and phenotypic analyses 

Plants were grown in Metro-Mix 200 soil (Sun Gro Horticulture, Bellevue, WA) 

under 24-h light or long day (LD, 16h light, 120 µmolm
-2

s
-1

 and 8h dark), or short day 

(SD, 8h light, 200 µmolm
-2

s
-1

 and 16h dark), at 21
0
C + 0.5

0
C. Light fluence rates were 

measured using a spectroradiometer (model EPP2000; StellarNet Inc., Tampa, FL) as 

described (Shen et al., 2005). T-DNA-tagged bhlh93 seeds from SALK collection were 

obtained from the Arabidopsis Biological Resource Center (Alonso et al., 2003). Seeds 

were surface sterilized and plated on Murashige and Skoog growth medium (GM) 

containing 0.9% agar without Suc (GM - Suc) as described (Shen et al., 2005). After 4 

days of stratification at 4
0
C, seeds were exposed to SD or LD or continuous white light 

conditions.  

Loss of floral competence 

bhlh93 and wt plants were grown under SD conditions and then transferred to 

continuous light conditions. Flowering time was noted at the time of bolting.  

Vernalization treatment 

After stratification in dark for 4 days, seeds were exposed to SD (8 h of light and 

16 h dark) for 7 days for germination at 21
0
C + 0.5

0
C. Seedlings were vernalized for six, 

eight and ten weeks at 4°C under SD. Vernalized seedlings continued to grow in SD at 

21
0
C + 0.5

0
C until bolting. Flowering time was quantified in both non-vernalized and 

vernalized plants using rosette leaf number and days to flower.  

Quantitative RT-PCR analyses 

Total RNA was isolated from meristems of 54 day-old bhlh93-1 mutants and wt 

Col-0 plants grown under SD using the RNeasy plant mini kit (Qiagen, Valencia, CA). 
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For reverse transcription reactions, total RNA was treated with DNase I to remove 

genomic DNA. One µg of total RNA was reverse transcribed using the RT-PCR kit 

(Invitrogen Inc., Carlsbad, CA), and first-strand cDNA was used as a template for PCR 

amplification. For quantitative RT-PCR, 20 µL cDNA was diluted to 40 µL with water 

and 1 µL of diluted cDNA was used for PCR amplification using gene-specific primers. 

The PP2A fragment was used as a control to normalize the amount of cDNA used. The 

qRT-PCR primer sets are shown in Table 3.1.  

Purification of bHLH93-His recombinant protein from E.coli. 

bHLH93 cDNA was amplified using primers listed in Table 3.1. bHLH93 cDNA 

was cloned into pCR®-Blunt II-TOPO® Vector  (Zero Blunt® TOPO® PCR Cloning 

Kit, Invitrogen). bHLH93 was cut with EcoR1 enzyme from bHLH93-TOPO clone and 

ligated to EcoR1-cut pCold vector (Takara Bio Inc.). bHLH93-pCold clone was 

transformed into SoluBL21 competent cells according to user manual (Genlantis, Inc.). 

bHLH93-His protein in SoluBL21 was induced with 1mM IPTG in M9 minimal media at 

26
o
C overnight. Recombinant bHLH93-His protein was purified using Ni-NTA resin 

according to user manual (Qiagen).  

Gel shift Assay 

DNA gel-shift assays were performed as described (Huq and Quail, 2002; Moon 

et al., 2008). EcoR1-cut bHLH93 from bHLH93-TOPO clone (described above) was  

ligated to EcoR1-cut pTnT vector (Promega). bHLH93 protein was synthesized 

according to user manual (Promega). A 41-bp MAF5 promoter fragment containing a E-

box motif was labeled with 
32

P-dCTP. The binding conditions and gel compositions were 

as described (Huq and Quail, 2002).  
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Chromatin Immunoprecipitation Assay 

ChIP assays were performed as described (Gendrel et al., 2002), except meristems 

from 54-day-old SD grown pbHLH93:bHLH93-GUS (Sharma et al., 2011) and wt plants 

were harvested at end of dark period. Tissue was vacuum-infiltrated with 1% 

formaldehyde for 1 h at 4°C, and cross-linking was quenched by vacuum infiltration with 

0.125 M glycine for 15 min. Antibody against GUS (Invitrogen Inc., Carlsbad, CA) was 

used for IP. 

Double mutant analysis 

bhlh93-2 and flc-3 mutants were artificially crossed to get bhlh93-2flc-1 double 

mutants. Double mutant plants were PCR screened for homozygous genotype using 

primers listed in Table 3.1. Flowering phenotype of bhlh93-2flc-1homozygous mutant 

was quantified using both number of days to flower and number of rosette leaves formed 

at the time of flowering. bhlh93maf5 double mutants were screened using primers listed 

in Table 3.1. 

RESULTS 

bhlh93 show mutant phenotype later in development 

bhlh93 mutants have severe mutant phenotype, however we observed that this 

mutant phenotype appears late in development (Fig 1). Under SD, the bhlh93 mutants 

looks similar to wt until 40 days. But around 55 days in SD, bhlh93 mutants start 

showing curled leaves and the meristem is different than Wt. Eventually after 70 days in 

SD, bhlh93 mutant shows deformed meristem and prominent curled leaves (Fig 3.1). This 

suggests that bHLH93 functions later in development of Arabidopsis.  
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bhlh93 mutants lose competence to flower after 30 days in SD 

As mentioned above, bhlh93 mutants show a mutant phenotype later in 

development and fail to flower in SD. Thus we were interested in identifying the 

developmental stage when bhlh93 mutants lose competence to flower. We grew wt and 

bhlh93 mutants under SD conditions and then transferred bhlh93 and wt from SD to 

continuous light. Both wt and bhlh93 mutants flowered similar to wt plants when 0-30 

day-old plants are transferred from SD to continuous light (data not shown). However, 

bhlh93 failed to flower after 30 days of growth under SD conditions, while wt plants 

flower normally even after 60 days of growth under SD conditions (Fig 3.2). These data 

suggest that bhlh93 mutants lose competence to flower after 30 days of growth under SD.  

bhlh93 mutants respond to saturating vernalization treatment 

Because bhlh93 mutants show age dependent flowering phenotype, we tested the 

effect of increasing amount of vernalization treatment on bhlh93 flowering time. We 

treated bhlh93 and wt plants for four, six, and eight weeks at 4
o
C and then transferred 

them to SD conditions. bhlh93 mutants failed to flower after four and six weeks of 

vernalization; however, bhlh93 flowered like wt after eight weeks of vernalization (Fig 

3.3). These data suggest that bhlh93 mutants might be hyposensitive to vernalization 

treatment and may require longer vernalization to induce flowering under SD conditions.  

Floral repressors MAF5 and FLC are upregulated in bhlh93 mutants 

Vernalization treatment causes epigenetic repression of floral repressors FLC and 

FLC-clade members including MAF1-5. We examined the expression profiles of these 

floral repressors in bhlh93 and wt plants. Previously we investigated possible target genes 

of bHLH93 at the juvenile stage and we did not find any strong candidate. Thus, we 

focused on adult stage to identify bHLH93 target genes in this study. We harvested 
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meristems from different developmental stages such as 30 and 54 day-old bhlh93 and wt 

plants grown in SD (Fig 3.4 A and B). RNA from these meristems was used to perform a 

quantitative RT PCR to investigate expression levels of floral repressors in bhlh93. Our 

results show that in bhlh93, MAF5 is two- and four-fold upregulated in 30-d- and 54-d- 

old plants, respectively (Fig 3.4 A, B). This result suggests an increasing activation of 

MAF5 during development in bhlh93. The linear upregulation of MAF5 in bhlh93 

correlates with the timing of loss of floral competence in bhlh93 in SD.  The higher levels 

of MAF5 in bhlh93 plants suggest MAF5 is directly or indirectly regulated by bHLH93 in 

SD.  

We examined relative expression of bHLH93 and MAF5 in wt plants grown under 

SD. The results show that the expression of bHLH93 increases with developmental stage 

from 10d to 68d in SD (Fig 3.4 C). However, MAF5 expression is maintained low 

throughout the development as compared to bHLH93. We see similar repression of 

MAF5 corresponding to higher bHLH93 in publicly available expression data (Fig 3.5). 

This result is consistent with the hypothesis that bHLH93 represses MAF5 expression in 

SD.  

 Other than MAF5, FLC and two other FLC-clade members namely FLM/MAF1 

and MAF2 are also upregulated in bhlh93. FLC and FLM/MAF1 are ~1.5-fold 

upregulated in both the dark and light in bhlh93 whereas MAF2 is ~1.5-fold upregulated 

in dark only (Fig 3.4 A). These results suggest FLC and MAF1-2 are also possible targets 

of bHLH93.   

bHLH93 binds to MAF5 promoter in vivo (ChIP) 

bHLH transcription factors have been shown to regulate expression of target 

genes by  binding to a consensus promoter element (CANNTG) called E-box. We 
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examined MAF5 promoter region and found three E-boxes. Two of these E-boxes at the 

5’ of promoter are very close to each other and the third E-box is closer to transcription 

start site of MAF5 (Fig 3.6 A). bHLH93 is a transcription factor and MAF5 is a main 

candidate target of bHLH93. Thus we were interested to see if bHLH93 directly or 

indirectly regulates MAF5 expression. We performed a chromatin immunoprecipitation 

(ChIP) assay using pbHLH93:bHLH93-GUS transgenic plants (Sharma et al, 2011). We 

harvested meristems from different developmental stages like 54-d-old 

pbHLH93:bHLH93-GUS and wt plants grown in SD. After immunoprecipitation of 

protein–DNA complexes using antibody to GUS, enriched DNA sequences were 

amplified using primers to the promoter regions of the MAF5. ChIP assay results show 

that the MAF5 Ebox2 region was amplified from the immunoprecipitation (IP) fraction of 

pbHLH93:bHLH93-GUS meristems but not the upstream Ebox1 (Fig 3.6 B). This data 

suggests bHLH93 associates with MAF5 promoter element at Ebox2 site in vivo and 

regulates MAF5 expression. 

bHLH93 binds to the E-boxes present in MAF5 promoter in vitro  

To determine whether bHLH93 directly binds the E box 2 within MAF5 promoter, 

a gel-shift assay was performed. We expressed bHLH93 protein in TnT expression 

system and used MAF5 Ebox2 probe to examine DNA binding. Our results show that 

bHLH93 binds the labeled MAF5 Ebox2 promoter, which can be competed with wt cold 

probe (Fig 3.7). Although, further studies are necessary to examine the specificity of this 

binding using mutant cold probes, these preliminary data suggest that bHLH93 directly 

binds to the E-box region of MAF5 promoter.. 
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bhlh93 is epistatic to flc (double mutant phenotype) 

FLC is another possible target of bHLH93, and we tested genetic interaction 

between bhlh93 and flc using double mutant analyses. We created bhlh93flc double 

mutants and compared their flowering phenotype with single mutants under SD 

conditions. bhlh93flc double mutants did not flower like bhlh93 single mutant in SD (data 

not shown). This suggests bHLH93 is epistatic to FLC. We are creating a double mutant 

between bhlh93 and maf5, however bHLH93 and MAF5 are only 250kb apart on 

chromosome 5. We have not been successful in obtaining bhlh93maf5, though bhlh93-/-

maf5-/+ plants show bhlh93 mutant phenotype under SD. On the other hand, bhlh93-

/+maf5-/- show maf5 phenotype under SD (data not shown). These data suggest that 

multiple FLC clade mutants in bhlh93 background might be necessary to suppress bhlh93 

phenotype under SD conditions. 

Purification of bHLH93-His recombinant protein from E coli.  

We cloned bHLH93 cDNA into pCold vector (6 X His protein tag at the N-

terminus) using EcoR1 enzyme. bHLH93-pCold clone was transformed in SoluBL21 

competent cells and His-bHLH93 protein was induced using Isopropyl β-D-1-

thiogalactopyranoside (IPTG). A strong induction band is seen in SDS-PAGE gel stained 

with Coomasie Blue (Fig 3.8A). His-bHLH93 protein was purified using Ni-NTA resin 

and SDS-PAGE gel shows purified His-bHLH93 protein (Fig 3.8B). This recombinant 

protein will be used for future studies.   

DISCUSSION 

In Arabidopsis, vernalization signal is sensed at the meristem and leads to 

activation of VIN3. VIN3, in turn, induces an epigenetic modification of FLC. FLC 

belongs to MAF family of transcription factors including FLM/MAF1 and MAF2-5. 
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During epigenetic modification, FLC chromatin undergoes distinct histone modification 

such as H3K9 and H3K27 di- and tri-methylation, H4R3sme2, histone deacetylation, and 

H3K4 demethylation (Bastow et al., 2004; Finnegan and Dennis, 2007; Greb et al., 2007; 

Schmitz et al., 2008; Sung and Amasino, 2004; Sung et al., 2006). Until now, FLC and 

MAFs have been shown to be regulated via epigenetic modifications only. Here we 

describe an additional mechanism of regulation to repress floral repressors to promote 

flowering in SD. bHLH93, a transcription factor, directly represses MAF5 and possibly 

other FLC clade gene expression in SD to promote flowering in SD.  

The life cycle of flowering plants is characterized by three distinct phases: 

juvenile, adult vegetative, and adult reproductive phase. We recently described a novel 

mutant bhlh93 that does not flower in SD. We noticed that bhlh93 starts showing a 

mutant phenotype later in the development. bhlh93 mutants show the same morphology 

as wt until 40 days in SD, and the mutant phenotype is prominent only after 70 days in 

SD (Fig 3.1). Apparently, bHLH93 regulates adult vegetative to adult reproductive phase 

transition and has little or no role in juvenile-to-adult vegetative phase transition. bhlh93 

mutants undergo normal juvenile to adult vegetative phase of growth as observed by leaf 

morphology (Fig 3.1). We also observed that bhlh93 loses competence to flower after 30 

days in SD (Fig 3.2). Before 30d, bhlh93 mutants can still flower from primary meristem 

after being transferred to continuous light chamber. Thus bhlh93 shows developmental-

specific regulation of flowering time and this result suggests that bHLH93 has a 

prominent role at later stage of development. 

Vernalization promotes flowering in Arabidopsis. This prompted us to look at the 

effect of increasing vernalization treatment. However bhlh93 mutants did not flower with 

four and six weeks of vernalization treatment and flowered like wt following eight weeks 

of vernalization (Fig 3.3). This result suggests that bhlh93 is hyposensitive to 
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vernalization and bhlh93 mutants need saturating cold treatment to induce flowering in 

SD. Previous reports have shown vernalization epigenetically represses FLC and FLC-

clade members. Thus we tested expression of floral repressor genes involved in the 

vernalization pathway. We observed MAF5 was two-fold higher in bhlh93 and FLC 

showed 1.5-fold higher expression in bhlh93 in 30-d-old plants grown under SD (Fig 3.4 

A). MAF5 expression is four fold in 54d old bhlh93 plants in SD (Fig 4B). Relative 

expression profile shows in wt plants, bHLH93 is highly expressed and MAF5 expression 

is maintained low in SD (Fig 3.4 C, 3.5). Overexpression of MAF5 and FLC in bhlh93 

background correlates with the bhlh93 late flowering phenotype in SD. These results 

suggest MAF5 is a major target of bHLH93 in regulating flowering time, and FLC is also 

a possible target of bHLH93. 

This raised an intriguing question as how bHLH93 regulates MAF5 expression. 

Recent reports show that a Plant Homeo Domain finger-containing protein, VIN3-LIKE 2 

(VIL2) regulates MAF5 expression by maintaining the epigenetically repressed state 

of MAF5 (Kim et al, 2010). Thus, we investigated regulation of MAF5 by bHLH93. 

bHLH93 belongs to basic-helix-loop-helix (bHLH) family of transcription factors. Many 

bHLH proteins have been shown to directly bind to their target genes to regulate 

transcription. In-vivo ChIP assay showed that bHLH93 associates with MAF5 promoter 

region Ebox closer to transcription start site (Fig 3.6). In-vitro DNA binding assay 

showed that bHLH93 binds to MAF5 Ebox 2, and this binding is competed by the wt 

MAF5 promoter fragment (Fig 3.7). This result suggests that bHLH93 binds to the MAF5 

promoter. This study is the first report of a new mechanism of regulation of floral 

repressor MAF5 suggesting fine-tuning of flowering in Arabidopsis by independent 

mechanisms.  
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Double mutant studies with bHLH93 and FLC shows bhlh93flc homozygous 

double mutants do not flower in SD, a phenotype similar to bhlh93 single mutant. This 

suggests bHLH93 is epistatic to FLC in flowering time pathway. We have not been 

successful in making bhlh93maf5 double mutants. bHLH93 and MAF5 genes are 250MB 

apart on chromosome 5. However, bhlh93 homozygous and maf5 heterozygous double 

mutant shows same late flowering phenotype as bhlh93 single mutant. The opposite maf5 

homozygous and bhlh93 heterozygous double mutants flower same as wt in SD. We have 

previously shown that the bhlh93 heterozygous mutant flowers like wt in SD (Sharma et 

al, unpublished data).  Further investigation is needed to confirm the double mutant 

phenotype. Together, these data suggest a novel regulation mechanism of floral 

repressors by a bHLH transcription factor.  
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Table 3.1: Primer sequences used in experiments described in the text. 
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Figure 3.1: Adult phenotypes of bhh93 mutants in SD. 

  bhlh93 and wt plants were grown under 8h light/16h dark SD photoperiod and visual 

phenotype was monitored throughout development. Digital images were taken to 

document the phenotype. bhlh93 mutant starts developing  mutant phenotypes only after  

55d of growth under SD conditions. n>15 
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Figure 3.2: Flowering phenotype of wt and bhlh93 transferred from SD to continuous 

light.  

bhlh93 and wt plants were grown under SD conditions (8h light/16h dark) at 21
o
C and 

plants of each genotype were transferred to continuous light every week. Flowering time 

was noted at the time of bolting. bhlh93 mutants  lose competence to flower after 30 days 

of growth in SD.  n=2 
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Figure 3.3: Flowering phenotype of wt and bhlh93 after vernalization treatment.  

bhlh93 and wt plants were grown under SD for 7 days to induce germination. Plants were 

vernalized at 4
o
C (8h light/ 16h dark) for 4, 6 and 8 weeks and transferred back to SD at 

21
o
C. Flowering time was noted at the time of bolting. bhlh93 mutants are hyposensitive  

to vernalization treatment and require at least 8 weeks of vernalization to induce 

flowering in SD. n>15 
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Figure 3.4: Expression of genes involved in floral repression. 

 A) qPCR  of MAF5, FLC, MAF1/FLM, and MAF2 after 30 days in SD. bhlh93 and wt 

plants were grown under SD for 30 days and meristem was harvested at the end of dark 

period and 4 hours after light was turned on.  B) qPCR of MAF5 after 54 days in SD. 

bhlh93 and wt plants were grown under SD for 54 days and meristem was harvested at 

the end of dark period and 4 hours after light was turned on. C) qPCR of MAF5 and 

bHLH93  at 30, 40, 54, and 68 days in SD. bhlh93 and wt plants were grown under SD 

for 30, 40, 54, and 68 days and meristem was harvested at the end of dark period and 4 

hours after light was turned on. n=3 
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Figure 3.5: Developmental expression pattern of bHLH93 and MAF5. 

 Digital expression patterns for bHLH93 and MAF5 were obtained from Genevestigator 

website.  
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Figure 3.6: bHLH93 binds to MAF5 promoter.  

A) Diagrammatic representation of the MAF5 gene structure showing  bHLH93 binding 

sites. Two E-boxes are closely placed upstream and was named E-box 1. Third E-box is 

closer to transcription start site and was named E-box. Black arrow represents 

transcription start site of MAF5 gene. 2. B) Chromatin Immunoprecipitation (ChIP) assay 

using pbHLH93:bHLH93:GUS transgenic plants. Chromatin was pulled down using anti-

GUS antibody and quantitative RT-PCR was done using primers specific to E-box 1 and 

2. Meristem tissue from 54 days old pbHLH93:bHLH93:GUS SD grown plants was 

harvested at the end of dark period.  
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Figure 3.7: bHLH93 directly binds MAF5 promoter.   

bHLH93 protein was expressed in TnT expression system and MAF5 promoter fragment 

containing E-box 2 region was used as a probe. MAF5 wt probe was used for binding 

competition.  
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Figure 3.8: SDS-PAGE gel showing recombinant bHLH93-His protein from E. coli. 

 bHLH93 (39 KD) was cloned into pCold vector using EcoR1 restriction sites. pCold 

vector has 6X His tag at N-terminus. Two independent clones (#13, #26) of recombinant 

bHLH93-His protein (98KD) were transformed into Solubl21competent cells.A) Protein 

was induced using 1mM IPTG at 26
o
C overnight. U=Un-induced total protein, I=Induced 

total protein, M=Protein marker. B) Purified protein from clone #26. His-bHLH93 

protein is seen as a distinct band on SDS-PAGE gel stained with Coomasie Blue stain.  

A B 
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Figure 3.9: Model representing a novel mechanism of regulation of MAF5 expression by 

bHLH93.  

VIL2 has been shown to regulate MAF5 by epigenetic modification. bHLH93 regulates 

MAF5 expression by directly binding to the MAF5 promoter and bHLH93 act as 

transcriptional repressor.  
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